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1 Introduction

In the effort to produce more power with solar energy, solar plants are being built at different locations
around the world. In order to qualify a location for a potential solar plant, it is important to know the
available star resources at the location as accurate as possible. The most accurate measurement
stationsfor continuous measurements unt&rell-maintained conditions consist of threkermopile

sensors, that each measure either the direct normal irradiance (DNDseihorizontal irradiance (DHI)

or global horizontal irradiance (GHI). To reduce the effect of soiling, these sensors have to be cleaned
daily on order to perform as desirddessen et al., 20LAVhile themeasurementaccuracy achieved by
these measurement stations under watlaintained conditions is high, théeaning and acquisition costs
are a nonnegligible cost factor. The cleaning costs are especially important when the desired location is
very remote and impedgdaily cleaning in many cases.

Rotating Shadowband Irradiometers (RSIs) measure all threéain@a components with one sensor
that is less affected by soiliffdessen et al., 201.7RSls can therefore be deployed at remote locations
with much lower maintenance costim addition, RSls are cheaper than hégicuracystations because
the used sensor is more inexpensive and no additional hardware is ngledsdn et al., 2017et al.
Licor, 2004 However, RSls are in return not as accustenunder well maintained conditions with
daily cleanindWilbert et al., 201%h The sensors that are built into the RSIs produce aurgform

output signal The magnitude of the output signal depends on the incorsprertrum,the sensor
temperature andangle between the sensor surface and the incoming light.

All of these quantities induce ermin the measurement of the RSI and therefore reduce the accuracy of
the RSiIs. In order to remove these errassfar as pasble the RSIs measurements are corrected using
correction functions. Current correction methods are developed solely on empirical relationships that
were found at the respective development locaticatswvhich the RSl measurements were compared to
thermopile sensor measurement3 hese correcticgreducethe sensor temperature, the incidence

angle and the spectral erraf the RSI measuremenAs soon as the sensor is deployed at a location

with different climatic conditions, these empirical relationshipigint reach a lower accuracy than at the
site at which they were developed. Themainingerrors can bepartly compensated by aite-specific
calibration under atmospheric conditions that are similar to the ones expected during the measurement
campaignThs is not always possible and implies additional c&&tkbration results obtained with

current calibrationat a different siteshowalocationdependence

Thenew correction and calibration method, which is developed in this thesis, attempts to retheve
measuremenerrors in the measurements using a physical metHbghbased on information of the
sensor properties and the atmospheric conditionsret measurement siteThis wayno empiric
relations obtained from a specific site are required. Tirethod requires estimates of the current DHI
and GHI spectra during each measurement of the semsed on these spectra,spectral correction
which includes a spectrum dependent temperate@rection,can be made without employing
empirical relationkips.
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2 State of the art

2.1 Irradiance and atmospheric irradiance transport models

Extraterrestrial elar radiationrA & G KS St SOGUGNRYIFIySGAO a2t N SySNAE& N
atmosphere. Sun light however, is only the visible part of the radigdéO, 2014. Radiation

expressed in power per unit area is then defirmedtheA NNJ RA L yOS® ¢ KS a2f | NJ ANNI F
surface can be divided into three components. The global horizontal irradiancei¢G@ldfinedas theall

irradiancethat reaches a horizontally aligned surfdoem a solid angle af“ . The diffuse horizontal

irradiance (DHI) is definexs theallirradiance that reaches a horizontal surface frginsolid angle but

gAGK GKS a2t AR Fy3af S (@WO, 20RFinalyiyeditect Rokmal@radiabcdB Sy SR 2
(ONDOI'Y 6S RSTAYSR Ida (G4KS RANBOG ANNIRAIFYOS FNRY (K
the sun(WMO, 2013. These three components are connected by the following relationgbgs§en et

al., 2017, Eq. 2.1]:

00 O

(1)

The SZA is the solar zenithgler YR RS&AONR 6Sa& GKS & dzy amgle hadvéeh theh 2 y & L
S I NBuKaeinormal and the position vector of the sgessen et al., 201.7The here used GHI, DHI
and DNI represent broadband values with the unit .

Alsq the spectral irradiances GHDH{ and DNl are of interest. Thy have the unit and form

t

the direct normal, diffuse horizontal and global horizontal solar spectra. Because broadband values are
the spectra integrated over the wavelengthg.(1) applies to the spectra of GHI, DHI and DNI as well.

The spectra of GHI, DHI abi\I are very different. Generally speaking, the DHI spectrum has more
irradiancein the blue wavelength region and the DNI spectrum nig@diancein the yellow to red

wavelength region compared the other wavelength regions of the solar spectrum.

During the course of a day, the spectra chanfeis is the effect obdinction, which is bothscattering
and absorption by moleculemnd particlesn the atmospherdWMO, 2014. Anyone can verify that the
sky and sun have different colagissun riseand sun set as opposed to the sky and the sun atdaid
This is because in the early mornings and late evenings the distance, which the sun light travels through
the atmosphere, is longer than at mahy. Thiglistanceis quantified as the aimass. The relative air
massd 0 is definedasthe pathlength of air® 0 hthrough which thdight travels from the current
solar position to the observer with respect to the palkinough which the light travels ata : &f 0°
(Kasten & Young, 1989

b- 3: ! — (2)
Theabsolute air mas8 0 is, amongst others, dependent on the air density at a specific height.
Therefore, one can also define a relative pressure corrected air mass, which accounts for the variation in
air density with pressure, and an altitude corrected air masschvaccounts for the height of a sensor
above sea levdKasten & Young, 1989
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The extinction of solar radiation in the atmosphere

How much of the sufight is absorbed or scattered on its way through the atmosphere depends on the
gaseous and particle composition of the atmosphere. Especially, aerosols, which include dust, sea salt
and smoke particles, that are present in the atmosphere can have dicagmiinfluence on the

absorption and scattering of theolar irradianc§WMO, 2014. They therefore change the spectrum of

the GHI, DHI and DB$ well

The absorptiorand scatteringf solarradiationby the atmosphere can be describbdthe aerosol
optical depth (AOD)'he AODs defined as a measure for the distributed aerosols in the column of air
between the sensor and the top of the atmosphé@ueymard, 2006 This includes the extinction by
pollutants as well as water vap@VMO, 2014. Theefore, theACQD is dependent on the location and
current weather.

The AOD is defined as a function of the wavelength of the incoming light. It changes strongly with the
wavelength because, amongst others, the aerosols in the atmosphere have distinct absorption bands at
different wavelengths. ThAODt is defined with the Angstroem coefficient for turbidityand the
Angstroem exponents and| by (Gueymard, 200t

o — ®3)

| is defined for wavelengths below 500nm a@ndabove this wavelength isf above 500nm and

q I below 500nm. This is an attempt to account for the different spectral characterigtics o
aerosols at different wavelengtli{&ueymard, 2001 With the Angstroem exponentsingle scattering
albedo and the asymmetry factor, whichgsigibe the scattering characteristics of the aerosol, the
aerosol combination that is present in the atmosphere can be categorized into types, such as urban or
rural (Gueymard, 1996

Another significant impact on the solar spectrum has precipitablemeaapor in the atmospheraVater
molecules have very distinct absorption bands in the solar spect@umymard, 200l The precipitable
water vapor is defined for the entire atmosphere column above the sensor and has the unVjeviQ,
2014). It can either be measured by a statiometers(cf. below)or calculated with approximations
derived by(Gueymard, 19931994), usingthe ambient temperature and the relative humidity. The
formulation is based on computed fit coefficients from engal data and can be found {Gueymard,
1993 1994). A brief discussion is given in the following paragraph.

At first, the saturation vapor pressuféis calculated with the ambient temperatude  in Kelvin
along

, LPTIT . p it AT A
@] AQQ&cw(pumﬁrncrtw—ep— p BC p Ytu-6— T® WT P Vip—B—
440 A 4ii A pmm

This relationship is based on an exteescomputational fit of saturation data set byGueymard,
1993.
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Then, a relative temperatureoefficient that references the ambient temperature to qa4C3 is
calculated:

y
C X@v

Thewater vapor isow calculated with the relative humidity'Q the saturation vapor pressure and the
relative temperature coefficientThe relaibnship is derived solely from an emperical data set

Yop

s 8t 8 8 i 8 i 8 & t 8t i
W w : 3 (4)

With this relationship, it is possible to estimate the precipitable water vdimon the relative humidity
and the ambient temperature. It is further discussedattion4.7.

Simplification of the AOD

In order to simplify the AOQneichen & Perez, 200proposed the Linkéneichen turbidity’Y , which
essentially references the how many clean and dry atmospheres are needed in order to observe the
currert extinction. The formulation b{ineichen & Perez, 2005 air mass independent.

The Linkdneichen turbidy “Y ¢ is calculated along the following equatiginichen & Perez, 2002
Eq. 9]

v o 5)

With "Y being the Linkdneichen turbidty,Othe solar constantQ (0 e current direct normal
irradiance,l the mean distaceandi the current distance between earth and sub gtlte altitude of
the station andd0  the altitude corrected air mass.

For’Y ¢ a correction is applietb account for the coherence between the GHI, DHI andvidiklan
equationprovided by(Ineichen & Perez, 2002Appendix]:

Y i Y @ dc Y 8 fory<2 (6)

(Ineichen, 2008proposed the following the equation to convert the Lidkesichen turbidity to the
current AOD at 550nmasing precipitable water vapor and the curraitmosphericpressureat ground
leveln):

+ 8 i 8 i— 8t — 8 t— (7)
gt © &

With 'Y being the Linkdneichen turbidityc wthe precipitable water vapor) p 1t @ab A A O
normal pressure. Thiglationship is obtained by a fit from radiation transfer models anfiirther
discussed isectiors4.7.1and4.7.2for different locations.
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Spectroradiometers

To know the eact spectral distribution of the three irradiance components, ground measurements with
spectro radiometers have to be conductéithese sensors conduct measurements with a narrowband
interference filter and a silicon based photodiode. They can be useddasumements of the AODno
cloudsarewithin a 10° angle of the stamd measurements of the precipitable water vapor in the
atmosphere column above the sengp¢¥MO, 2014.

The Aeronetderosolrobotic network) by the(NASA, August 2018 one example of a network of
spectro radiometers. It measures, amongst othéne Angstroem exponents, single scattering albedo
and asymmetry factoat specific wavelength®{bovik & King, 2000The broadband parameteos| |,

| , single scattering albedo and asymmetry factor can be calculated from these measurements as
described by{Wilbert, 2014 at different locations around the world. Aeronalso provides historical
data for some measurement sites well as measurements of the ozone concentration and the
precipitable water vapofNASA, August 201.8

Atmospheric irradiance transport models

Since the Aeronet does not provide detailed atmosphere information for all desired locations,
atmospheric irradiance transport models are developed.sEnadiative transfer calcualtiorsre based
ondifferentinput parameters descrihg the atmospheric condition&ueymard developed such a
model calledA Smple Model of theAtmosphericRadiativeTransfer ofSunshine SMARTS 2.9.5
(Gueymard 1995 Gueymard, 200Bthat simulates the spectrum at the ground from a number of input
parameters. The input parameters that are used to model the needed spedhs ithesis are the
following (Gueymard, 2006

the pressure

the atmosphee type as defined by the temperature, season, relative humidity, and average
daily temperature

9 the precipitable water vapor

9 the ozone concentration

91 the CO2 concentration

1 the aerosol type|( ,| , single scattering albedo and asymmetry factor)

1 the turbidity (eithert orf )
1

1

1

= =4

the sunearth distance and the extraterrestrial solar spectrum
the nonpressure corrected air mass
GKS FfoSR2 2F (KS aSyaz2NRa ad2NNRdzyRAy 33a

From these input parameters, SMARTS 2.9.5 is able to simulate the GHI, H\laméctra at the
SFNIKQ& &adzNFIFOS F2NJ I Of 2dzRf Saa ajleo

Clouds affect the spectra dfi¢ irradiance componentsn very different measures. A cloud in front of
the sun for instance, affects the DNI heavily. The magnitude of the effect depends on th@ &@oud/ | (i dzNB @&
A cloud, however, thatis not dirdcte Ay T NB y i ¢hly afféckils: GHIdayd DRIZ2bSt &lgohé
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DNI. The irradiance might be lessened through absorption or even increased by reflections between
clouds and the groun{Nann & Riordan, 1991

As described above clouds have various impacts on the examined spectra. Nann and Rieettgoede
an empirical model, called Sedes?account for the impact of clouds on the spectr@iiann & Riordan,
1991 S. Nann, 1990The model assumes that clouds act as grey filtarhe spectra, and change the
irradiancedistribution across the wavelengths through scattering mechanisms. The model derives a
clearness index based on the GHI broadband measurement and the extraterrestrial irradiance. The
clearness parameter is then ustmicalculate a cloud cover modifier. This modifier is an empirical
relationship developed with data from Stuttgart, Germghann & Riordan, 1995. Nann, 1990

Input parameters inlude the precipitable water vapor, the solar geometry, the DHI and theTaél|
output is the cloud modified spectrum of the GTI (global tilted irradiafidahn & Riordan, 1991

(Myers, 2012altered the original algorithm for the processing of hourly broadband global, diffuse and
direct irradiance to theicorresponding spectra. Sedes2 was also enhanced to use the local standard
time and calculates the solar position with subroutines friichalsky, 1988Wilcox & Marion, 2008

The here used algorithm is altered in such a way that the spectra of the GHI &ageDflbud modified
(Jessen et al., 20)8

The followingsection 2.2describesthe measurement of the broadband irradiance components GHI, DHI
and DNI.

2.2 Conventional measurement of irradiance s
The three irradiancecomponentsare conventionallyneasured with thermopile sensors.

These are based on a serial circuit of
thermocouples, which consist of wires of
different materials. When light falls onto the
__ Pyranometer sensor, it warms an absorber coating, which

o (ventilated) > covers one of the surfaces of the diskaped
g & thermopile. The temperature difference
DNI \== [ r induces an electric potential into the
thermopile, which is then proportional to the
solar flux. Because of the sep, the response
time is relatively low, about-bs, but the
measurement does not depend on the incoming
spectrum(Jessen et al., 201 Figurel displays
the detailed set up of the sensors for a
conventional meaurement stationlt consists

. . of two sensors for the GHI and DMihich are
pyranometers and a pyrheliometer with an

automated tracker anda shadowbal[DLR measured witlpyranometersand one sensor
from (Wilbert et al., 2013, p. 41] for the DNJ which is measured wita pyr-

heliometer. The pyrheliometer is deployed on

shadowball

Pyrhello—

.' '[ -frackerQ

Figurel: Detailed setup of a measurement
station for GHI, DHI and DNI withkvo
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a sun tracker that also utilizes a shadowballtfer measurement of the DHI. The tracker operates with
asun sensagrwhich is also displayed in FigureThe following twosectiors 2.2.1and2.2.2explain the
deployment of thermopile sensors togasure the irradiance components GHI, DHI and DNI.

2.2.1 Pyrheliometer

A pyrheliometer is a thermopile sensor that measures the DNI. The thermopile sensor is built into a tube
that shades the sensor from any light that does not fall directly into téNmeexampe of a

pyrheliometer is displayed in FigureThe entire sensor is then aligned with the sun by a solar tracker
(cf.Figurel). This way, it is ensured that only the irradiance coming fronstiel angle of thesurQ a

disk whichis the definition of the DNI, is measurdelyrheliometers that are deployed in the field are
covered with a window to shield the sensor from difar this reason, they have to be clearredularly

2.2.2 Thermopile p yranometer s

The GHI and DHI are measurethwiyranometers. Thermopile pyranometers consist of thermopile

sensors that are shielded from dirt and wind by a glass dome. For both, the measurement of the GHI and
DHI, the pyranometers have to be aligned exactly horizontally. This ensures that alblavaitliation

from a¢” solid anglaeaches the sensor and can be measured. For the measurement of the DHI

however, the sun is blocked out by a shadow ball. This is a tracked shading device that will block out any
radiaionf NBY (G KS &2t AR ITifaBvap hen€astieihént o theyDEIEnclBiasSsdlely

the radiation that does not come directly from the s(iessen et al., 201.7An automated trackefor

the shadow ball is needethd can beseen inFigurel. Both pyranometers are ventilated in order to

reduce unwanted temperature effects on thesasurements.

2.3 Measurement of irradiances with Rotating Shadowband Irradiometers

Although the measurements carried out with a solar tracker and thermopile sensors are very accurate
under weltmaintained conditions, the initial costs are very high becausbeheeded auxiliary devices.
When deploying the pyranometers outside, a layer of dust and other forms of dirt will collect on the

glass dome. This heavily impairs the measurement of the thermopile sensor because the light is damped
through the layer of dt. For this reason, pyrheliometeesd pyranometers have to be cleaned daily,

which increases the maintenance coglsssen et al., 2017

The soiling effect is most noticeable for the pyrheliometers as the opening angle defined by the sensor
element and the entrance window is quite small (2.5°) and even foraeaittering by dust particles

reducesthe DNI measurement strong(yessen et al., 201 Due to these shortcomings of thermopile
measurements Rotating Shadowband Irradiometers (RSIs) were developed. RSIs determine all three
irradiance components with one sensor. The used sensor is a silicon pyranomé&igure2 the

general appearance of a Twin RSI by CSP Services can be seen as deployed at the PSA, Spain. Twin RSIs
use two sensors as opposed to one, but the general measurement is the same for RSls and Twin RSIs.



Si pyranometers The Twin RSI uses two silicon pyranomesesr

; measurement sensors, whiee displayedn
Figure2. A shadowband, which is dispéadin
Figure2 in the resting position, rotates 360°
around the silicon pyranometers. The
measurement principle is as follows: First, the
sensor measures the GHI, unskddwhile the
shadowband is pointing towards the ground
just like in Figure .20nce every minute, a
shadow band rotates around the sensés
soon as this rotation starts, the frequency of
measurement recording is increasdtkcause
the shadowband rotate860° around the
sensor, it will shade the sun at one point during
the rotation. From that measurement burst, the
DHI can be deducted as the lowest
measurement value. The DNI can then be
calculated along Eq1)from the GHI and DHI
Irradiometer by CSP Services in resting measurgment%Jesgen etal, ?pl?l’he useF’
position. The two Si pyranometers are sensor is less impaired by soilingchase of its
indicated as well as the shadow!nal. measurement techniquéWilbert et al., 201%

Figure2: Twin Rotating Shadowband

Therdore, the RSI can be deployed at remote locatisakelywith a solar panel as power source and
little additional maintenance is required. This aspect as well as the facbithabne sensor ando
additional equipmensuch as a trackes needed, reducethe cost of such a measurement station
significantly(Wilbert etal., 2015.

One downside of the RSl is its silidmsed sensor, whids essentially a photodiodét. can therefore
only measure wavelengths froabout400nm to 110@m (Licor, 2003and the sensors responsivity to
each wavelength of incoming light is not uniform. The response of the sensor, however, is within
microsecondslts output is the short circujtwhichis proportional tothe portion ofthe incoming
radiationthat is converted to electrical enerdyignola et al., 2016

Due to the inhomogeneougpectral response of the photodiode, the measurement of the RSl is
dependent on the spectrum under which it is operaté&tiis is referred to as the spectral errdhe
inhomogeneous spectral response is illustrate&igure3 as well asthe GHI spectrum for G173
atmospheric conditions and air mass {¥5TM, 201R Thespectralresponse curve is provided by
(Licor, 2004 It is assumed that this spectral response was measured at 25°C because that is the
standard temperature for laboratory conditions



Spectral response LI-COR Generic for 25°C and spectral GHIG173 AM1.5
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Figure3: Spectral response of the 1200sensorfrom (Licor, 2004 under laboratory conditions
(assumed to be 25°@nd the GHI spectrum unde6173, air mass.h atmospheric conditiongASTM,
2012.

The average responsivjtwhich references the short circuit to the broadband irradiance of the incoming
spectrum,of the pyranometer is defined as

Y w—fg (8)
Here the spectral responsér"Y_ is defined as the size of the output signal relative to the highest signal
andOis the spectrum under which is sensor is operai¢iginola et al., 2016

The spectral response of a crystalline siliceBijghotovoltaic sensor is dependent on the temperature
because of the temperature dependency of the indirect band gapSi{i€ingSmith, 1989 This stems
from an increased electrephonon couplindBludau, 1974KingSmith, 1989. Phonons are defined as
the lattice vibrations of the crystéKlingshirn, 2006 When the temperature icreases, the phonon
energy as well as the electrgghonon coupling increases and the electrons then can overcome the
indirect band gap at lower photon energi@ajkanan, Singh, & Shewchun, 1@®8arshni, 196y, p.7].
This corresponds to longer wavelengths of the incoming light.

Near the absorption edge of the indirect band gap of silicon of 1.1557eV7/@nh®this effect is most
dominant(Rajkanan et al., 1979This leads to an increasgeld of electrons per photon at higher
temperatures at long wavelengths. The yieldetdctrons per photons is defined as quantum efficiency

0 ‘OTherefore, the spectral response, which is proportional to the quantum efficiency of the device
(Hishikawa et al2018), is increased for long wavelengths and high temperatures especially near
1073nm. However, this is only an examination of pure silicon and can change when dealing with actual
photovoltaic devices due to impurities and lattice deformations of thetatyj(Varshni, 196), pp.1-2].

The measurement of the RSI is therefore also affected by a temperature error. As explained above, for
the silicon based photodiode the spectral and tengtere error are intervened.
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(Hishikawa et al., 20)8leveloped a model for-8i based photovoltaic devices, which is based on a
wavelength dependent temperature shift of tlgiantum efficiency. In this thesis, that model is applied
to the quantum efficiency of the RSI sensor for the first time. Mbdel as well as its application for this
specific case discussed in detail isection3.1.2

Theusedsilicon pyranometers covered with an acrylic diffuser he@dcor, 2004 The shape and the
physical properties of the diffes define the sensorsensitivityon the angleof incidence The

dependence is not perfectly following a cosine, which is expected for a perfect black bedylifter
shapeddiffuser allows irradiance to enter through the top of the cylinder as well as throughidbs.s

This compensates that at very low AOIls, the transmittance of the cylinder &bgoigery low. One

reason for that is that a bigger portion of the irradiance is reflected at the top of the cylinder. However,
some deviations from the cosine dependerstill occurThis is referred to as the cosine dependence of
the sensor

2.3.1 Existing Calibration and Correction Functions for RSIs
The following twasectiors explain the currently available calibration and correction functions that are
based on empirical tationshipsfor RSls with E200 sensorgWilko Jessen, 20)7

King, Myers, Augusty and Vignola

The correction functions described Pyugustyn et al., 20Q0King & Myers, 199¥ignola, 200§ in the
following referred to as Vignola, are based on a GHI correction on the grounds of the fokoapirgal
formula [(Jessen et al., 20),7Eq. 3.1]:

O O t 9
With"O'@ being the ucorrected measured GHD the temperature correction factofQ the
spectral response paramet€r) the cosine response parameter afld the solar height or cat ear
parameter.

The temperature correction factor is a broadband lineamperature correction, formulated b{King &
Myers, 1997.

O p | tY Y (10)

The slope was derived by measuring seven differe@@R sensors at different temperatures following
a standard procedure for photovoltaic reference cells.is determined to bej& t p ™ pf0 (King &
Myers, 1997.

The spectral response correction or air mass correctis a cubic function of the absolute air mass
derived by(King & Myers, 1997or clear sky conditions. Clear sky in this context means no clouds are
present at the sky. The function onlysesthe change of the spectrumvith the change of air mass and
was obtained by a fit through the measurements displayeigure4. Theobtained formulaby (King &
Myers, 1997is:
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Figure4: Air massbased correctiorfunction by King and Myersréproduced from(Jessen et al., 2027
p. 9]

The sensarthat is used in a R®,covered with an acrylic diffusdiead that only cosine corrected up to
80° SZALicor, 2004 For this effect,lie cosine correction functioi®© is developed byKing & Myers,
1997 andthe cat ear correctioriO (cf. below) is developed Hugustyn et al., 2004

"Ocorrectsti KS aSyaz2NnRa NBalLkRyasS (2 RATFTFSNRWgsdenatalf I NJ T Sy i
2017), Eq. 3.5]:

O I mpm Y pdUTYD @8txtpTm tYDOp (12)

This function is derived in an outdoor test (§ing & Myers, 1997For tis, the sensor is mmted on a
tracker and the response at different SZA is measured by moving the sensordefpred anglesEven
though the outdoor parameters like the absolute irradiance, the spectra and the ambient temperature
were kept constant diing the measurement(King & Myers, 1997p. 5], the obtained function is still
dependent on the air mass correction functi@ For this reason it is not possible to apply the cosine
correction function on its own to the GHIhe data was also onacquiredup to 80°SZAand was
extrapolated to 90° SZA.

(Augustyn et al., 2004lerived an additional angl® 2 NNBE OG A2y O f f SR ItéckoSntsa OF G S|
for an increased sensor response at solar zenith angles above 75° because of the sensor geometry

which is not covered by the extrapolated cosine correction functogure5 displays the cat ear

correction as published Kugustyn et al., 2004 The corresponding equation for calculating the cat

ear correction is(Augustyn et al., 2004Eqg. 4 and 5, p. 3]:

PO TP EiYd TR T EIVOO Alx®wJ 3:! Ypl
O L@oTTEE LYXURPOYWdp T iYO  ANWPI3:! Y& (13)
P Al 3:! xvd:'y&J
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Figureb: Cat ear correction by Augustyn et dteproduced from(Wilbert et al., 2019, p. 27]

(Augustyn et al., 2004lerived this function after all corrections described above were applied to the
measurements. This meaagainthat it isonly possible to apply this function in combination with
and™O.

Finally, a DHI correction is made using the fully corrected GHI accordiug(8). This corrections
necessary because the spectral distribution of the DHI is fundamentally different from the GHI. It has
more irradiancein the blueregion of the spectrum as opposed to the Gtllsection2.1). The used
sensor idesssensitive in that region of the spectrufof. Figure3), which is whyVignola 2006

proposed a DHI correction. The equations are derived with empirical measurements from Eugene,
Oregon and are defined as the followi@ggnola, 200p[(Jessen et al., 20),7Eq. 3.7 and 3.8]:

Foro@ ¢ o&)—
O™ 0O oY)
t wptpmm tO®@® Bwxign tO®W @pdpm O 1™ p X
ForO@®@ g o&H—
0O O O f{miouvwd tpm {TOW . (14)
This set of correction factors is used to correct the GHI and DHI measureonéme RSI.
Calibration procedure for RSIs with corrections froifVignola, 2009

This set of correction factors is used to correct the GHI and DHI measurement of the RSI. The calibration
procedure is that the RSl is first deployed at a calibration station with a nearby reference station
equipped with thermopile sensors measuring DBHI and DHI.

After the data acquisition and proper filtering of the raw data, th€ OR constant is applied to all
measurements of the RSI. This is a calibration factor provided®®RIBiosciences, the manufacturer
of the used sensqLicor, 2004. This calibration is a coarse calibration with 5% uncertainty that is not
accurate enough for the field deployment of the Rlgksen et al., 2017
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Then, the correction functios are applied as descrilweabove.Then, thecalibration factorof the GHI is
obtained byminimizing the root mean square deviation (RSMD) of the corrected GHI and the reference
GHI. The corrected GHI is then multiplied with the obtained calibration factor. The result is used as th
GHI for all further calculations. Then, the DHI is correatedg Eq(14)using the previouslgalculated

GHI. The corrected DHI is multiplied by the calibration factor for the DHI which is determined using a
RMSD minimization of the corrected DHI ahd reference DHI. Finally, a calibration factor for the DNI

is calculated with an RMSD minimization of the calculated DNI from the RSI and the reference DNI. The
calculated DNI is obtained leymploying Eq(1) and using the GHI and DHI that are fully eated and
multiplied with their respective calibration facto®NI is then multiplied with its calibration factor

(Jessen et al., 2017

The result is a set of three calibration factors for GHI, DHI and DNI, respectively. When the RSl is
deployed at any location, the measurements of the three components are ated ke the following.

First, the GHI is corrected and then multiplieidh the GHicalibration factor.Then the DHI is corrected,
using the fully corrected GHI, and the DHI calibration factor is applied. Then, the DNI is calculated from
the fully corrected GHI and DHI and the DNI calibration factor is applibd results are improved
measurements of the RElessen et al., 2017

To compensate remaining spectral and cosine erthies minimum calibration time for a RSl is one
month although two months are recommendéiessen et al., 2017

DLR2008(Geuder et al., 2008

Another set of calibration and correction functions is published@suder et al., 2008 The used
functions are propritary and are therefore not presented completely in this thesis.

First, a temperature correction is applied as well according tq1EXy. but with a different slope . The
difference stems from a different measurement conducted®guder et al., 2008&nd was derivees

| xtp 1 p70. The measurement procedure is described later in more detail when comparing it to
a correction function derived within this thegseesection3.1.2).

Then,(Geuder et al., 2008ises a DHI spectral correction parameter, which is calcufabead the
broadband GHI, DHI and DNI to account for underestimations especially for deep blue skies. This
spectral correction parameter is also dependent on the ambient temperafitre.GHisthen corrected
with a combination of the cat ear and angle ¢idence correction, which also accounts for spectral
effects(Jessen et al., 2017

At last, the DHI and DNI are corrected by cubic and lingaecmon functions dependingn the
intensities of the irradiance@essen et al., 2017

Calibration procedure by Geuder

The calibration and correction procedureli® same as described for Vignola (eliove. The main
difference is tha(Geuder et al., 200®nly use two calibration factors, one for the GHI and one for the
DHI. The calibration factor for tHaH| is calculated with an RMSD minimization of the correEtdtdand
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the referenceDHI. To obtain the GHI calibration fact@lso a RMSD minimizatiandone, but with
respect to the reference DNI. The DNI is calculated with the corréattcpplied with the already
determinedDHI calibration factor and the correctggHI applied with a variabléH| calibration factor

for the RMSD minimization. The RM&Dhe calculated DNI and the reference DNI is minimized by
variating theGHI calibration factor. The advantage of this method is, that only two calibration factors
are needed and the relationship between the GHI, DHI and DNI is fully exflstesn et al., 2017

The calibration duration is similar to the Vagacalibration,one month minimumput two months are
recommendedJessen et al., 2017

In the field, the obtained calibration factor for the GHI is applied first to the correctecti@ithe DHI
is corrected and the DHI calibration factor is applied. The DNI is then calculated from the fully corrected
GHI andDHI(Jessen et al., 2017

3 Development of the physical cor rection and calibration method

In thissectionthe physical correction process is described. First, the basic concept as well as the new
spectral temperature and cosine correction gnesented The basic concept is then used to explain the
correction metlod in the field

3.1 Basic concept of the physical correction
The basic concept behind the physical correction function is illustratEayirre6.

Simulation of Spectral Temperature CosineCorrection
GHI DHI DNI Correction

spectra N (QC — - \
oLCalculate alculate the
gl(\)/llﬁRTS temperature cosine correction
modification corrected spectral wApply cosine
with Sedes? response correction on the
uCalculate and applyf direct part of the
spectral spectral
temperature temperature
correction factors corrected
for GHI and DHI broadband GHI
\_ J \. J

Figure6: Basic concept of the physical correction

At first, the current DNIGHI and DHI spectra are simulated with the clear sky radiiansfer model
SMARTS 2.9dénd modified for the presence of clouds using the enhanced Seded2lwith the best
available input parametersThe resulting spectra are thersed to calculate the temperature corrected
spectral response for the current temperature. With that spectral response and the current spectrum, a
combinedspectralandtemperature correction factor can be calculated for GHI and DHI, respectively.
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Thiscombinedspectralandtemperature correction factor compensates the spectral errortfer
apparentspectrum and the specific spectral response ofphetodiode sensarThen a cosine

correction is calculated and applied to the direct part of the spectalgerature corrected broadband
GHI. The result is a spectral temperature and cosine corrected GHI, a spectral temperature corrected
DHI and the associated DEIne main goal of the physical correction method is the reduction of the
location dependence ohe set of calibration factors and measurement corrections.

In the following the involved determination of thepecificspectral responsand following spectral
temperature correction as well as the involvedssine correction are described in detail.

3.1.1 Simulation of the GHI, DHI and DNI spectra

The simulation of the spectrum isrc&d out with a combination oBMARTS 2.9.5 and an enhanced
version of the 8de code as explained gection2.1 The required inpytwhich is also deeribed in
section2.1, for these calculationss obtained as follows.

The ambient temperature, relative humidity and pressure are measuredeference meteorology
station. With the information about the location of the sesrsand the current time stamp, it is possible
to calculate the current true sun height and the apparent solar height angle with refraadtog
equations byMichalsky, 1988 With the calculated sun position it is then possible to calculate the
pressure corrected, uncorrected and altitude corrected air mass as do(i€alsyen & Young, 1989The
current CQconcentration is estimated with a simple model including the seasonal variation,of CO
provided by OlsefOlsen & Randerson, 20pdlong the method described b{\Wilbert, 2014, p.56].

The, possibly season dependent, surroundinghefdensor have to be evaluated by the user and
corresponding albedo settings must be select&dhumber of preset surroundings are already
implemented in SMARTS 2.9Gueymard, 2006

Some of the input parameters are obtained from different sources depending on whether or not the
corrections argerformed during the calibration of the RSI or during its application in the firldng

the calibrationsomeinput parameters are obtained by reference sensaush asan Aeronet station
which aretypically not available for RS| based measurement cpaign

During the calibrationaerosol data from a nearby Aeronet station can be used to calculate the
Angstroem exponents i andthe Angstroem turbidity coefficiert as described bgwilbert, 2014.

They are related to the AOD by Eq. {3)e needed broadband single scattering albedo anythasetry
factor are being calculated by weighing their spectral componentsavil spectrum undez173
atmospheric conditiongt a rough estimate of the apparent air mgasSTM, 2012Wilbert, 2014. The
Angstroem exponents, single scattering albedo and asymmetry factors describe the currently present
aerosol typg(cf. section2.1). The Aeronet station also provides an accurate measurement of the
apparer ozone concentration in [Dobson] and the apparengcipitable watewapor in [cm]. All these
parameters have to be estimated for the application of the RSI in the field. This will be described in
section3.3.

Using these vaks, the spectrum can be estimated with a SMARTS 2.9.5 simul@iienesulting
spectra for GHI and DNI are then corrected with the Sedes2 cloud modifier. For this correction, the most
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accurate available measurements of the broadband GHI and DNI areaudetetmine the right cloud
modifier. During the calibration these values come from the reference statibith is located directly

next to the RSI under calibration and which uses thermopile radiometers. For the application of the
method at a remote sitavithout a reference station the best available preliminary GHI and DNI from the
RSI are used as further explairsttion3.3. The cloud corrected spectra for GHI and DNI are then used
to calculate the DHI cloud corrected speen with the apparent solar zenith angle aloting

transformed Eq. (1)

0000000 1A 1" 0hd (15)

This equation applies to broadband irradiances as well as for each wavetengiplained isection
2.1

All of the steps described above lead to the estimation of the apparent GHI, DHI and DNI spectrum that
is received by the photodiodbased pyranometer, mounted in the RSI.

3.1.2 Description of the combined spectral and temperature correction

As previously explained section2.3, the used €Si pyranometer in the RSI has a temperature
dependent spectral response. The temperature effect is especially dominant around 1073nm.
Additionally, the spectral response is not uniform for all wavellea@f the incoming irradiance.
Therefore, theresponsivity (cf. Eq8)), which is the output signal of the silicon pyranometed
depends on the spectral respondge dependent on the current spectruamd the temperature.

In order to incorporate the tmperature dependence of the spectral response into the spectral
correction, the wavelength per temperature shift of the quantum efficiency describdtiishikawa et
al., 2018 for silicon based photovoltaic devices is ugasl previously referenced gection2.3).

Essentially, Hishikawa proposes that with a known spemsgonse at one temperaturey, the
guantum efficiency at that temperate can be calculatedith Eq.(8) in section2.3. The wavelengthat
which the quantum efficiency maximuml | is then determined

To calculate the quantum efficiency at a desiteshperature™Y, the quantum efficiency at temperature
“Yis shifted by @ ©"Y— in wavelength above . 3"Yis the temperature difference betwe€ty

and”Y.Below_  the quantum efficiency atY equals the quantum efficiency 4t (Hishikawa et al.,
2018:

00_ m v—iw WY Y
0 O_RY "Y

0 O_RY "Y

o e
=1

= (16)
Finally, the quantumféiciency at’Y is convertedoackto the spectral response a¥ with Eq. (8) in
section2.3.

The manufacturer of the silicon pyranometer provides a generic spectral resganee, 2004 It is not
clear from the provided information bfiLicor, 2003 at which temperature this spectral response is
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measured. This thesis assumes the temperaagé’ ¢ vddbecause this is the standard
temperature for laboratory conditions.

Usingthe above described method with the generic spectral response, the spectral response at different
temperatures can be calculated@he calculated spectral responsaswo temperatures as well as the
spectral response at reference temperature are displayed in Figure 7.

Spectral response LI-COR Generic for -30°C. 25°C and 70°C and spectral GHI AM1.5
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Figure7: Calculated spectral response of the200 at-30°C 25°Cand 70°C and the GHI under G173 air
mass 1.5 atmosphericonditions(ASTM, 2012)The spectral response for 25°C is fr@bicor, 2004
and is assumed to be 25°C as a standard laboratory temperature.

Figure7 shows theobtainedspectral response curves for different temperatufes-30°C 25°Cand
70°Cas calculated with the modaind the GHI spectrum under G173 atmospheric conditions afran
mass of 1.5 for comparisdASTM, 201R As discussed in section 2.3, the temperature effect on the
spectral response is especially dominant around 1073nm, the indirect band gap of Silicoitlustrates
that the spectral temperature dependenod the spectral response is not negligible, especially in hot
climates.

After calculating the spectral response at the current sensor temperature, the responsivities can be
calculated, using E¢B). The integralsire carried out numerically using trafed integration as defined
in (ASTM, 2016 With the obtained average responsivities, the spectral temperature correction factor
"0 can be defined:

¢

0 J = (17)

=y

Where"Y is the reference temperature, he25°G”Y  the current temperature;Yrn ‘Q ¢&o i ¢he
reference spectrum undgASTM, 201pstandard conditiongor 50  p® and"Yr Qd®o i dhe
current spectrum of the incoming irradiance.
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This spectral temperature correction fact® has the advantage that is corrects the measurement of
the RSI to standard conditions (G173 spectra for air mas@STM, 201pand™Y ¢ vd), which is
useful for the later definition of calibration factors (sgection3.2below).It also combines the
temperature and spectral correction into one correction factor.

With the previously estimated spta (cf. 3.1.1 abovgthe spectral temperature correction factoi®
for the GHI and DHI spectra and the current sensor temperature can be calculated and applied. This
results in spectral and temperature corrected GHt#l DHI measurements.

As briefly explained isection2.3, each LICOR 200 sensor is calibrated beforehand QR
.A2a0ASy0Sa dzy RSNJ ay(Licog200%ip.7]RThedbtair@d&dalibréxipn/faRtbriil A 2 y & ¢
commonly referred to as {COR constant, is known for each used sensor and applied to the
measurements of the GHI, DHI and DNI by default through the data logger pr@igasen et al., 2017

Using this calibration method, the-CIOR costant is a GHI calibration factor and can not necessarily be
applied to the DHI measurement because of the different spectra oGdHDHI.

Therefore, theLFCOR constaritas to be transformed onto thepectrum of theDHIbefore applying it

This is acleived by calculatingd® with the LF200 spectral responsgicor, 2004andthe GHI spectrum
under G173 air mass 1.5 atmospheric conditihSTM, 201pas reference spectrurand DHI spectrum
under G173 air mass 1.5 atmospheric conditihSTM, 201Pas current spectrum (cf. E(L7)). This

factor is1.2787and isapplied to the HImeasuremenbf the RSI additionally to the-CIOR constant,
before the measurements are correctfarther. The G173 atmospheric conditions are used as a coarse
reference because the actual spectrum under which the sensor was calibrated is unfticovn2002.

Comparison of the thus obtained temperature correction to pexisting
temperature corrections

(King & Myers, 1997and(Geuder et al., 200&alculated a broadband temperature correctid@(cf.
section2.31)that can now be compared witl® . The slope of the broadband temperature correction
obtained by(King & Myers, 1991s J 31 T 1T Yfe and the slope obtained bfGeuder et al.,
2008 isq 18t 1T TPY+ . Figure8 shows the temperature correction factors as a function of the
sensor temperature. The curv® is the temperature correction function (dq.(10)) calculated with

| and’O is catulatedwith|

To compardhe new correction to theséunctionsfrom the literature "O is calculated for a fixed GHI
spectrum under G173 atmospheric conditions at a specific air mass and different temperatures. When
"O is then plottedagainst the temperaturecf. Figure8), one obtains the slope as defined byKing &
Myers, 1997 and(Geuder et al., 2008 An | T3t 1t T Ypd+for an air mass of 4 ahan

1 T3t 11 U XpfHefor an air mass of 1 is obtainédignola et al., 20180 is siown inFigure8 for

the different slopes
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Emperical temperature corrections in comparison
with the calculated spectral temperature correction
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Figure8: Spectral temperature correction factoy, . in comparison with currently used fmadband
temperature correction factors

The measurments carried out byGeuder et al.2008 to obtain"™O were conducted at the PSA, Spain.

For the experiment, the used-CIOR200 was cooled down to 0°C and then mounted outside close to
solar noon. As the sensor heated up to 40°C, the sensor signal was measured as well as theéummpera
inside the sensor. To account for possible changes of the irradiance during the measurement campaign,
a reference photodiode at a constant temperature measured the irradiance cloggdungder et al.,

2008.

A review of the original data set (Geuder, 2008and the facts that the experiment was conducted

around solanoon and with a high maximum temperature lead to the conclusion that the experiment
was conducted in midsummer. The high SZA around solar noon in midsummer leads to the assumption
that the air mass at the time of the experiment was not much above AsEigure8 shows, the newly
obtained™O for airmass 1’0 'O 0 0Op) fitsthe curve obtained byGeuder et al., 20030 ,

quite wellespecially in the region of the conducted experiment from 0°C to 40°C.

It could not be determined exactly under which specific spectral conditions the experimen{Kiomé&
Myers, 199Fwas conductedThe publication states that the temperature correction was determined
with a routinely used standard for photovoltaic c€ksng & Myers, 1997The used standard has been
updated since the publication {iKing & Myers, 199%0 that the exact procedureoald not be
determined.The resuling™O from (King & Myers, 199%an be reproduced using 0 4.

3.1.3 Description of the new cosine correction

As discussed in secti@?3, the sensors response changes with different ADh& data sheet of the

used L4200 sensor states, that the diffoshead is cosine corrected up to 80° AO¢or, 2004 This is

not sufficient because the sensor is also operated in early mornings and late evenings where the AOI is
between 80° and 90°.
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For this reason, a cosine correction is developed from two measurement series, whesertsars are
illuminated with a small light source in a darkened room under different. Ak different AOIls are
achieved by rotating the 1200 sensor as well as a reference sengitin respect to the light sourcerhe
reference sensor measures the clganin intensity of the lamp. The final measurements of th200I

are corrected for the intensity change of the lampdare conducted with accuracy to the fifth
AAIAYATFAOLIYG RAIAG F2N GKS &aSyaz2NRE0 Zarzéctslthd aA Iyt o
signal to the ideal cosine of the current AOI. Because of the measurement techihiguarrection

factor can be applied as a staatbne functionto the DNI as opposed to the currently published cosine
and cat ear correction facte that depend on the air mass correction function and are applied to the
GHI(cf. sectior2.3.1) (Geuder et al., 2008 ugustyn et al., 200King & Myers, 199¥ignola, 200%
Between 0° and 8080l the correction factor vads between 1 and 0.96 and above 8®Ibetween

0.94 and 1.4.

This cosine correction factor is applied to the direct component of the spectrally and temperature
corrected GHI along the following formula:

o® ‘0@ O'® t'0 Yoo O (18)

To obtain the final RSI measuremeritge calibration factors are applie@incethe spectral correctioris
different for DHI and GHtwo calibration factorsQand Qare defined for GHI and DHI respectively. The
fully corrected GHI and DHI measurements of the RSI are calculdistbas:

Lo (O IR ¢ oY () (19)
o'  Qtom (20)

From the final resultingO'@® andO™D |, the correspondingd GO  can be calculated along Eq.
(2). The calibration method and afigation of the corrections and calibration factors in the field are
described in the folloing twosectiors 3.2and3.3.

3.2 Calibration procedure

Because of the simulation of the spectra during the physical correction, additional reference sensors are
needed for the calibration of the RSHtst of all, just like fo{Geuder etal., 2008 and (Vignola, 2005 a
reference station with a tracked pyrheliometer measuring the DNI and two thermopile pyranometers,
one equipped with a tracked shadow ball is neededs@ttion2.2). From this statiomomes the input

for the reference GHI, DHI and DNI. A meteorology station is needed to measure the pressure, ambient
temperature and relative humidity. Additionally, an Aeronet station should be present in the near field
of the measuring campaign and provide the ozone concentration, precipitable water vaper and
measurements for the calculation of the Angstroem turbidity factor and exponents, single scattering
albedo and asymmetry factor throughout the entire calibrateampagn. The RSI itself needs to have

an internal temperature sensor to measure the temperature of the photodiode sensor.

" The used data set tonducted byA. Driesse, PV Performance Labs Germanyisowhfidential It can therefore
not be shown in this thesis.
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After the measurements are conducted, the raw data is screened and filtered in order to calibrate only
with trustworthy measurement datalo calibrate the RSI, its measurements are corrected using the
basic concept of the physical correction @&dction3.1andFigure6). A detailed flowchart of all steps of
the calibration method is gen in Appendixon page50. In summarythe spectraof the GHI and DHI

are simulatedor each time stampvith SMARTS 2.9.5 and cloud modified with Seddsihg the

apparent temperature of the Bton pyranometer, the spectral response is calculated for each time
stamp as well. Then, the spectral and temperature correction fa@ois calculated for each time

stamp using the specific spectrum and spectral response. Because the spebeaGHitand DHI are
fundamentally different;O is calculated separately for bottradiance components

Up until here, everything, except for the spectral respqgngkich is calculated with the internal
temperature sensor of the RS$ calculatedvith measurements from reference sensors. Now, the raw
GHI and DHI are multiplied with theCOR constant. The DHI is additionally multiplied with the
transformation factor of 1.287 described irsection3.1.2 Each obtained Bl measurement value is

then multiplied with the appropriatéO and each obtained DHI measurement value is multiplied with

the correspondentO  resulting in"O"@D andO @D . Because of the cosine dependence
of the direct part of the GHI, each indiual"O"'@ is cosine correctedlong Eq(18). The
HOXC)) andO are now physically corrected.

To obtain a calibration factor for the GHI, the RMSD of the difference betwee@tie
timesa variable calibration factor and the reference GHI over the entire calibration time is minimized.

The thus resulting calibration factd@®s then applied to théO' alongEq.(19), resultingin
‘O@ .In order to calculate the calibration factor for the DHI, the RMSD is minimized with respect to
the absolute deviation between the calculated DNI, from&D  and theO 'GD times a

variable alibration factor, and the reference DNI, leading to the calibration fa@@ "G s then
obtainedwith Eq.(20).

The results are the final corrected measuremeé@€® , OGO andthe’'OUO , whichis
calculated from the final GHI and DHI along(Epandthe calibration factorsQand’Q These calibration
factors are referenced to standard conditions (G173 AM ofASI'M, 201Pand 25°C sensor
temperature) and can therefore be applied in tiield if the measurements areorrected to these
standard conditions as well. That way, the location dependerfi¢be calibrationis reduced

3.3 Estimation of the spectra for the application of the correction = method

As mentioned above irsection3.1some of the input parameters used for the estimation of the spectra
during the calibration are not available for most RSI measurement campaigns. These parameters are
those measuredvith the nearbyAeronet stationand of course the reference irradiances. Especially the
aerosol parameter¢ ,| , single scattering albedo and asymmetry factor) and Af@»f importance

and complex to determinelhe process will be outlaid in the following for an alreaddasured time

range from the RSI. In Appendiia flowchart of the entire correction method can be found.

First, just like during the calibration, the solar position, different air masses and average temperature
are calculated. Additionally, the precipitable water vapor is calculated along the formula@ddvy
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(Gueymard, 1993(cf. Eq. (4). Aerosol parameters, such as tAegstroem exponents i , the single
scattering albedo and the asymmetry factor are set to temporally contant values. Thdgrared by
evaluating a year of Aeronet data from the station that is expeemtiost representative for the site of
interest and defined befotgand. The spectral single scattering albedo and the asymmetry faaters
calculatedfrom the Aeronet data setas described bgwilbert, 2014 are averages over time. These
temporalaverages are then spectrally weighted with the GHI spectrum uBd&i8 air mass 1.5 spectral
conditions(ASTM, 2010 obtain the broadband single scattering albedo and asymmetry factor
required forSMARTS 2.9.8 is possible to provide seasonal values for these four parameters if more
detailed information is availablén this thesis, gear of reference ozone concentratioisprovided by
the reference Aeronegtation to the correction methodo account for thdarge seasonal dependence of
the ozone concentratioover the course of one yearfhis is done as a test and can be improved in the
future. Instead of Aeronet data also other data sources could be usedatellite derived information
for the estimaton of the ozone concentration

Now, the current AOD has to be estimatadrder to simulate the spectrum appropriatelyjhe AORat
550nm can be calculated with the Linkeeichen turbidity (cf. Eq7)). The input parameters for the
calculation of the Like-Ineichen turbidity include the current DNI (cf. Eg). and (6). It is important that

this DNI is not affected by any clouds in front of the gMMO, 2014, p. 183] If the AOD is calculated

for these timestamps it is estimated todgh because absorption effects from the cloud and the present
aerosols are mixed. It is therefore crucial to identify the sunny timestamps, i.e. no cloud is masking the
sun, and only estimate the ACGID550nm for these time stamp$om the Linkelneichen trbidty. For

the calculation ofY it is less important if clouds are present somewhere else in the sky.

For the calculation of the Linkeeichen turbidity, only the measured DNI from the RSl is available. This
DNI is not yet corrected because an estimation of the spectrum is ndleddioe spectral temperature
correction.But a simulation of the spectrum can only be done with a good estimation of the AOD for
which”Y is neededIn orderto solve this problem, an iteration process is started, which is described in
the following andshownin Figure9.

Preliminary to thecloud detection and théeration process, a spectral temperature correction is done
with the most basic assumptions about the spectrum. This is necessary, in odktetd clouds and
start the iteration process from a better initial estimation. This preliminary correction is done with an
estimation of the GHI, DHI and DNI spectsingan air mass of 1.5 anddefaultturbidity. With the
obtained spectra, a spectral temperature cottiea and cosine correction is performed on thetire

GHI and DHIme series which are already multiplied with the calibration factd@and’Q These
corrections result in the preliminary measuremei@ andO from whichO GO is
calculated using Eq1).

In order to identify the sunny time stamps, a cloud checker is used. It first calcitateigh ‘O GO

for each time stamp and then analyzes its temporal gradient. A cladetésted if an upper threshold

of 13 for the Linkdneichen turbidity is exceeded or'¥ variates strongly over time, i.e. a difference of
more than 0.6 between two time stamps that are apart by 30 min. The DNI is then compared to the
clear sky NI, which is derived from the lowesY inthe examined time series. dhe examinedtime
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stamp isuP lower than the clear sky DNI, the time stamp is interpreted as clavdya variable
threshold that depends on the air mass. Time stamps arswon with deviation larger than 10% are
classified as cloudy, however, time stamps at sun rise have to reach a deviation @i&@¥4rology
Group,August 2018

For the thus obtained sunny time stamps, the iteration process, displayeigume9, is started with

O , 0 andO U0 . First, the Linkéneichen turbidity is calculated along Eq. (5) and
(6) usingO ('O . Then, the AORt 550nm is calculated using Eg. (7) and the obtaii¥dWith this
AODat 550nm and all other input parameters (see abouibe spectra of GHI, DHI and DNI are
simulated with SMARTS 2.9.5 and cloud corrected with Sedes2. The cloud modification is necessary
because clouds can still be present in the sky and affecspleetra. With the modified spectra of the

GHI and DHI, the specific spectral temperature correction factor for GHI am‘c‘DDI—TI , is calculated
along Eq. (D(c.f.section3.1.2. The GHI and DHI, already multiplied with their respective calibration
factors, are then spectral temperature corrected and the GHI additionally cosinected as described
in section3.1.3

A 4
ITERATION PROCESS
to determine AOD

repetitions =
repetitions + 1| :

‘Calculate T_L with DNI_prelim F ------------

‘Calculate AOD550 with T L‘

-
/Simulate spectra with calculated /
/ AODS550, modify with Sedes2 /

/ Spectral temperature Correction /’

set
F_c. F GHI/DHI prev to
current F_o. F GHI/DHI
Y

N

{' Cosine Correction /

Resulting in new: :

DHI _prelim = DHI_spec temp Yes

GHI _prelim = GHI_spec temp cos :

DNI_prelim = (GHI_spec cos - DHI_spec)/cos(SZA)
F_a F GHI/DHI

F_a F GHI/DHI changed |

i N Vo e compared to F a F \
fepetitions < max ves GHI/DHI prev and above /

predefined limit

DHI_corr = DHI_prelim
GHI_corr = GHI_prelim
DNI_corr = DNI_prelim

Figure9: Iteration process of the correction method for the most accurate estimation of the AOD with
the available DNI measurement of the RSI.

This results if© D and"'O'@ , which define a new set of preliminary measurements
for the examined sunny time stamp. From these two preliminary results, @n&@® is calculated
using Eq(1).
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Now, the beak conditions of the iteration process are examined. If the spectral temperature correction
factors"O for GHI and DHI deviate more than 0.0005 from the previous correction factors and are
above a predefined limit of 1.1, the iteration is repeatattil a maximum of 10 repetitions is reached. If
any break conditions are met, the next sunny time stamp is processed until A@BtaBationsfor all

sunny time stampsgxist

Finally alltime stamps where the sun is masked carmpbgsically correctedsing the temporally closest
estimatedAOB50 as an input parameter. With this input, the physical correction is made following the
basic principle described section3.1andFigure6. This results ithe spectral temperature cosine
corrected GHI, the spectral temperature corrected DHI and the corresponding DNI as final corrected
measurements. It should be emphasized that the only difference between the calibration method and
the correction method is th estimation of the AOD because of the lack of reference sun photometers in
the field.

3.4 Summary

A newphysical correction methollas beerdevelopel for Rotating Shadowband Irradiometers. The
correction is based othe change of the spectral response witrettemperature as well as the
difference in responsivity for different incoming spectra. It was shown, that the spectral temperature
correction could reproduce the fiérent broadband temperatureorrectiors from (King & Myers, 1997
and(Geuder et al., 2008y varyingthe input spectrumA new cosine correction is developed as well
that can be applied directly on direcontribution of the GHI.

In summary, a physical correction contains thregpste

1. The estimation of the spectrum with SMARTS 2.9.5. and the enhanced Sedes2 using the best
available input parameters either from reference stations in the calibration process or from the
iteration process during the correction in the field

2. The spectraind temperature correction, which references the average responsivity with the
spectral response at the current sensor temperature and the estimated current spectrum to
standard conditions (G173 atmospheric conditions at air masAE5M, 201pand 25°C).

3. The cosine correction on the direct part of the GHI

The GHI calibration factéfis obtained through RMSD minimization of the corrected GHI with respect
to the reference GHIThrough RMSD minimization of thercected DHI with respect to reference DNI,
the DHI calibration factdRis calculated They are both refrenced to standard conditions.

4 Experimental setup and evaluation of the method performance

Within thissectionthe experimental seup inclusive thaised sensorsf calibration stations and field

measurements is explained. The results of the correction and calibration meshaliferent locations
are shown andhen discussedFinally, @ analysis of the improvement of the method is conducted.
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4.1 Motivati on

In order to quantify thecorrectionresults, two sensors are calibrated at one locatibheyare then

deployed at two different locations in different climates than the calibration station. The measurements
are then corrected with the newly developedreection method, the correction b§Geuder et al., 2008

and the correction byAugustyn et al., 200King & Myers, 199¥ignola, 200%

4.2 Measurement sites, used sensors and datasets

In this thesisthe followingthree locations are considerdd test the new calibration and correction
function andto compare them to the praxisting set of dibration and correction functions bigeuder
et al., 2008 (referred to in the following a&ey and(Vignola, 200B(referred to in the following as Vig).

The Plataforma Solae Aimeria (PSA[37.09TN2.358W) in Tabernas, Spaat an altitude of500m
above mean sea levid locatedn an arid, steppe, cold arid climate (BEX).R, 2018 ottek, 200%. The
reference station at the PSA is epgped witha Kipp&Zonen pyrheliometgmodel CHP1)mounted on
an automated trackeand Kipp&Zonethermopile pyranometersor the measurement of the GHI and
the DHI(model CMP21{DLR, 2018 An Aeronet statiomear toof the reference and calibration station
provideslevel 2.0data, which is fully cloud filtered and calibratesh atmospheric parameters for most
of that time range(Aeronet, August 2018dFor one of the examined sensors (RSB7333L) one year
of reference and RSI data from January 2015 to February @@Hvailable from this sitel his sensor
wasthen deployed at NETRA, Inddd. below). For the other examined sensor (FRX88668L), four
months of reference and RSI data from April to August 286availableBut the Aeronet station was
only online from June to August 2016, which is why the calibration data set is reduced to that time
range.This sensowasthen deployed irLondrina,Brazil(cf. below).

The NETRA station is deployed in Greater Noida, Dehi, India(28.5019N77.465F at an altitude of
195m above mean sea levala warm temperature, winter dry, hot summer (Cwéijnate(DLR, 2018
Kottek, 200%. Reference and RSI data from June 2016 to August a@d&vailable. The reference
station atNETRAs alsoequipped witha Kipp&Zonen pyrheliometémodel CHP1nounted on an
automated tracker and Kipp&Zonen pyranometers (model CMR2the measurement of the GHI and
DHI(DLR, 2018 The nearest Aeronet station, that measured in the desired time raisdecated in

Gual Paharig8.4258N77.150F at an altitude of 250m above average sea lewdlich isabout 32km
awayfrom the station(see alsahe map inAppendixill on page53) and provides 1.5 level Aeronet data
(Aeronet, August 2018l5500gle Earth, 2038For the estimation of the Angstroem parameters,
symmetry and asymmetry factor, level 2.0 Aeronet data from 2009 from the site irD#vi(28.63CN
77.175F at an altitude of 240m above sea lev®usedAeronet, August 2018cThis choice is made
because this station is located in the main wind dii@en from NETR#see alsdhe map inAppendix||

on pageb3). That waya better estimation of the aerosol type at NETRA can be made.

The Lon station is deployed in Londrina, Par&mazilin a warm temperature, fully humid, warm
summer (Cfbglimate (Kottek, 200%. The used reference and RSI data from November 2017 to May
2018 iskindly providedby Fotovoltec Solar Engineeritigrough CSP ServiceBhe reference station at
Lonis equipped witha pyrheliometer, mountedon an automated trackefor the measurement of the
DNland pyranometers for the measurement of DHI and.GH& nearest Aeronet statierareabout
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46%m away andocated in Campo Grande, Sormled Sao Paul(Google Earth, 2038Campo Grande,
Sonda(20.438S54.538W) at an altitudeof 677m above average sea lepebvides 1.5 level Aeronet
datafor this evaluation(Aeronet, August 2018aEven though the climate at the site is equatorial,
winter dry (Aw)(Kottek, 200%the site is still chosen as source of Aeronet data because the population
of the cities is about the sam®@Vikipedia, August 20184), both cities are not near the coaand at

about the samaltitude at different sites of th&io Parana (see altoe map inAppendixiV on page55)
(Google B&rth, 201§.

Thehere examineRSls ardwin RSlone examplesishown inFigure2, manufactured by CSP Services
(CSP Services, August 2DI8eyuse a L1200 sensor(Licor, 2003 for the irradiance measurements.
Fa this examination, only dati@ 10 minute resolutiothat was measured up until 24 hours after a
cleaning event is taken into account. This assures thaséimsors are not affected by soilirig
addition, the automaticquality controldescribed by{Geuder et al., 2015is usedo discard suspicious
dataandonly solar zenith anglabove85°, GHI and Dhheasurements above 10 W/mz2 amNI|
measurementsabove 300 W/m?2 areonsideredJessen et al., 20).7All correctedmeasurements that
deviate more than 25% from the reference measurement are assumed to be eusraand are not
used for the calculation of the calibration factoltshas to be stated thathe sensorsat the NETRA
stationwere cleaned irregularly, which meatie available data set is reduced significarhd the
used time stamps might be temponaliar apart

4.3 Evaluation method

In order to quantify the performance of the physicalilsgation and correction methodhe two sensors

are calibrated at the PSA and then deplogtdlonor NETRA. At both stations the RSI measurements
are corrected with(Geuder et al., 2008Gey, (Vignola, 200B(Vig) andnot only thephysical correction
method (Phys}o allow a benchmark. Evaluations are performed using several time ranges at each site
Then, the absolute bias and the root mean square deviation (RM8BHf DIl and HI is calculated

and compared as a measure the performance of the calibration and correction methods

Secondly, an additional calibration is performr®@dNETRA and the seasonal dependence of the
calibration factorsat the PSA and NETRAanalyzed.

4.4 Performance with the calibration factors from the PSA at two locations

4.4.1 Correction results with different correction methods at NETRA, India

The correction®f the data from NETR#e done with the calibration factors froone year of

calibraion time for the physical correctio(Phys)Geuder Gey and VignolgVig) Figurel0displays the
absolute bias and RMSDtbE corrected GHI measuremerftyr six different time ranges over the
course of one yeafhe differenttime ranges are displayed above each subplot. The x axis references
the average GHI, measured with the thermopile pyranometer, for each time range.
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Quality of calibration factors for RSI-PY87333-1, Calibration on PSA for GHI
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FigurelO: Absolute bias and RMSD of corrected measurements from NETRA withratidib factors
from the PSA for the GHI

The physical correction method is able to reduce the bias of the GHI measurements comp@sad to
for all time rangescompared taviga small reduction is founfibr all but one time range. In two time
ranges the aplication of the physical correction method reduced the RMSD compared to existing
methods and otherwise yieldsearly thesame RMSibr the GHbf the corrected measurements
Compared to Geu, a reduction of the RMSD is found for all time ramgesRMSDf the physically
corrected GHI measurementanges between 2% and 6%glative to the average reference GHI of the
evaluated time intervalThe highest RMSD occurs in the time range between JUm@@ August 36,
which lies almost completely in the samer monsoon time in Newelhi(Wang & Ho, 2001

This implies a challenge for the physical calibration method because the last calculated AOD from a
sunny time stampnight bedays or even weeks old. Especially the high bias in that time rang# coul
indicate that theSedes2nodeldoes not reach a sufficient accuracy for these weather conditions
However, the Phys method still outperformed the other correction methods for this time intérkii.
indicates that the physical correction method correttts systeméc measurement errors of {200
sensorfor NETRAetter than the preexisting methods.

Figurelldisplays the bias and RMSD of the corrected measurements after applying the different
correction methods for the DNI the same manner as for the GHI. The reference DNI that is displayed
on the horizontal axis is measured with the pyrheliometer at NETRA for the specific correction time
range.
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Quality of calibration factors for RSI-PY87333-1, Calibration on PSA for DNI
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Figurell: Absolute bias and RMSD of corrected measuents from NETRA with calibration factors
from the PSA for the DNI

Figure 12 shows thdhe physical correction is able to reduce the bias ofd¢beected DNI

measuremens compared to Geu and Migr all but one time rangeThis is again remarkable becauit
shows that the systematic errors of the RSI measurement could be redoeesithanwith pre-existing
methods The RMSor the DNIis reduced or equal to the RMSD achieved v@tbufor all but one time
range and reduced for two time ranges in compan with Vig. For two time ranges the RMSD is slightly
increased in comparison with Vi@ne possiblexplanation could be that the temporally closest A@D
550nmwas not a good representation of the actual present ADB60nm and the timestamp was
therefore corrected erroneousAdditionally, he Angstroem exponentsvhich are estimated with

Aeronet data from a selected year in New Dgthight not fit the actually present aerosol type
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Quality of calibration factors for RSI-PY87333-1, Calibration on PSA for DHI

14.09to 02.02.to0 02.12.16to 02.09.to 02.06.to 07.09.16 to
141216  02.06.17 02.02.17 13.10.16  30.08.17 02.06.17

T U ED o

2 2 W oHE™

@ -30 . Eond,™
214

238

Average reference DHI [W/m ]

14.09 to 02.02.t0 02.12.16to 02.09.to 02.06. to 07.09.16 to
14.12.16 02.06.17  02.02.17 13.10.16 30.08.17 02.06.17

i..ﬂ . IIH o B

Average reference DHI [W/m ]

Rmsd [W/m?]
8

Figurel2: Absolute bias and RMSD of ceated measurements from NETRA with calibration factors
from the PSA for the DHI

Figurel2displays the absolute bias and RMSD for the DHI after the application of the three different
correction modelsn the same manner as for theHI and DNIThe physical correction method is able to
reduce the bias of the measurements for the DHI significantly for all time raf@gesder et al., 2008

and (Vignola, 200Bboth make specific DHI corrections to account for measurement errors iagur
specifically on days with blue skies. The new correction function is now able to model the current DHI
spectrum and can then account for the adiygresentspectrum of the DHI. The lower bias for all time
ranges is a result of thifhe RMSD is dazaised significantly for all except one time range in comparison
with the pre-existingmethods.This shows that the physical correction is able to better model the
measurement of the DHly the ¢Si LICOR sensom one time range the RMSD is slightly @ased in

comparison with preexisting methodsbut still only about % Thus, the overall deviation of the DHI is

reduced with the new method.

This analysief the measurement errorshows that the physical correction function is able to reduce
the bias of the GHDHIland DNI measurements significantly for all time range onefor NETRAThe
RMSD is redted for most of the time rangdsr GHI and DNI compared @euderand significantly
reduced for the DHI component in comparison with Vignold @euder This shows that through the
approach based on physical relationships, the physical correction function is able to better model the
measurement characteristics of the R&possible reason why the RMSD is em#n morereduced for

the GHI and DNmight be a wrong estimation of the input parameteéesscribing the aerosols like the
AOD and the Angstroem exponent&his is further investigated section4.7.2

However, it is worth pointing out thate good correctiomesults of the physical correction methade
achieved already with quiteudimentary estimations of the atmospheric conditions and aerogas. It
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is worth stressing that the estimation of the aeropobperties| ,| , single scattering albedo and
asymmetry factorstem froman evaluation of 2009 New Delhi, which igbout 27kmaway(Google
Earth, 2018anda major aerosol sourc&Vith an improvement of th@erosolinput parametersand the
Sedes2 modethe measuremenerrors could be further reduced with the physical correction function
(cf.section4.7.2).

However, the resultsuggesthat the location dependence of the correctiawith calibration factors
from the different climate at the PSi& reduced with the new methods

4.4.2 Correction results in Londrina, Brazil

The calibration factors from a calibration time of one and a mmalfiths, from June 6to August 36
2016at the PSAThe resulting bias for GHI, DHI and DNI of the physically calibrated measurements at
the PSA is below 0.586th respectto the average reference irradianéer each componentThe RMSD

of the physicall calibrated measurements for the GHI is 1.4%, for the DHI 4.1% and for the DNI 1.2%
with respect to the respective average reference irradiance in the time rafige shows that the
calibration was successful because these quantities matched the biagd3MSD of the calibrated
measuremenswith the pre-existing calibration functions.

The calibration resultare tested with the three different correction methodalso used in NETRA (cf.
section 4.4.1at the Lon station il.ondrina,Brazil Five time ragesfrom Lonare examined, two time

ranges of about one month, two of about two months and one ranging the entire available time range of
six montts. Since the station is located in the southern hemisphere, the time range includes spring,
summer and falat the site.Figurel3, 14 and 1%lisplay the bias and RMSD of the corrected

measurements for GHI, DNI and DHI respectively after the different correction methods are applied.
Quality of calibration factors for RSI-PY88668-1, Calibration on PSA for GHI

16.04. to 16.03. to 16.01. to 16.11. to 16.11. to
5 25.05.18 16.04.18 16.03.18 25.05.18 16.01.18
' L '
E B [ e,
| | ‘g Lon
2" “u |Iu L | I e,
@ - .GHILgn.
o ] 1 1 ] ] I:l Vig
524 596 687 636 727
Average reference GHI [W/mz]
16.04. to 16.03. to 16.01. to 16.11. to 16.11. to
o 25.05.18 16.04.18 16.03.18 25.05.18 16.01.18
£
=20
o
(2]
£ IIH
o0
524 596 687 636 727

Average reference GHI [mez]

Figurel3: Absolute bias and RMSD of corrected measuonents from Londma with calibration factors
from the PSA for the GHI
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The results are shown in the same fashion as the NETRA correction results, with the calibration time
range at the top of each subplot and theerage reference irradiance from the thermopile sensors from
each time interval on the x axiBor three time ranges the biad the GHis reduced compared tGeu

and for one time range it is decreased in comparison toRagtwo time ranges the biasifthe GHI
measurement is increased with the physical method in comparison with the old metBodsall the

bias of all methods is smaller than 1.5&fative to the reference GHI in that time randéo

improvement of the RMSD islaeved with the physidanethod and the results of all three correction
methods are close to each other.

Quality of calibration factors for RSI-PY88668-1, Calibration on PSA for DNI

16.04. to 16.03. to 16.01. to 16.11. to 16.11. to
25.05.18 16.04.18 16.03.18 25.05.18 16.01.18
~ mypgpLon
¥ R
' Lon .
= 5 [N,
@© -10 .DNILpn.
m ] ] i i i |:| Vig
721 745 713 719 710
Average reference DNI [W/mz]
16.04. to 16.03. to 16.01. to 16.11. to 16.11.to
25.05.18 16.04.18 16.03.18 25.05.18 16.01.18

' Lon
- DNIPhys

[ Lon
- DNIGeu

' Lon.
[ Jonigy

Rmsd [W/m?]
8

o

745 713 719

Average reference DNI [W/mz]

710

Figurel4: Absolute bias and RMSD of ecected measurements from Londra with calibration factors
from the PSA for the DNI

721

For most time rangeghe bias is increased with the new correction methgdr the DNI component the
RMSD is also slightly increased for all time ranigessfor all calibration methodthe RMSD is between
ca. 4% and 5%
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Hgure 15: Absolute bias andRMSD of caected measurements from Londra with calibration factors
from the PSA for the DHI.

The bias of the DHI measurement is reducedviar of five time rangesompared to Vig and reduced
for all expecthree time ranges compared t&euwith the physical method and does not exceed a bias
of roughly 2.5%The RMSD of the corrected DHI with the physical method is slightased for most
time ranges but the RMSD for atlorrection methods is close together

There are a fewgssible explanations fdahe lack of improvement byhe physical correction method.

No atmospherigpressure measurement is done in Londratdhe siteon ground levelThe pressure is
therefore estimated with the barometric height formulavhich addsan uncertainty to the corretion
methodand could lead to a bias in the correction resuiltse pressure is used to calculate the
precipitablewater vapor The precipitablewater vapor and pressure are then used to estimate the AOD
at 550nm (cf. Eq(7)). This is a key factor whemsilating the spectrum witlSMARTS 2.9.8 the AOD

at 550nmis erroneous the spectrum and therefore the entire physical correstiwaerroneous.

Anoverall improvement of the input parameteespecially in regard to the estimation of the Angstroem
expments, single scattering albedo and asymmetry factor should also be done because they stem from
an Aeronet station that is about 469km away in a different climate (cf. sedtiband also the map in
AppendixlVon pages5). Better correction results might even be achieved with estimations of the
aerosol type from a station that is further away from Londrina but has a comparable climate and
population size.

Another uncetainty factor is he usedcloud checkerltis optimized foNETRAIndia In order to
distinguish between sunny and masked sun timestamps, the thresfald$oudsare set rather low to
account for the high aerosol conte(Nouri, July 2018 The application of these thresholds in Londrina
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