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Preface

Solar radiation is the main driving force for the Earth’s weather and
climate. It is also the prime source for renewable energy technologies. Solar
energy technologies can satisfy the current energy demand and at the same
time reduce anthropogenic greenhouse gas emissions. It follows from
scientific and engineering research within the field that accurate terrestrial
solar radiation data and derived models can improve the detection of long-
term climate change, the validation of Earth radiation budget estimates, and
the deployment of solar energy systems. But, accurate assessment of solar
energy at the Earth’s surface is difficult due to spatial, temporal and
angular variability. These variations emphasise the need for localised solar
radiation measurements and models.

In light of the above, this work has aimed at improving the quality of
radiation data at two specific locations; one in Trondheim, Norway and the
other in Durban, South Africa. This has entailed the development of an
automatic data logging system, and frequent radiometer calibrations with
traceability to the World Radiometric Reference. In addition, a radiometer
called the Direct-Diffuse Solar Radiometer has been developed for the
mapping of sky radiance. Supplementary work has been done to re-affirm
the need for quality ground-based data.

The work done is twofold, the first on the measurements of solar
irradiance and the second on the implementation of solar radiation models.
So, the presentation of the work is divided into two parts. Chapters 1 to 5
are included in Part A under the heading “Measurement of Solar
Irradiance”. Chapters 6 is given in Part B, “Data Modelling”.

Chapter 1 describes the concept of solar irradiance, discusses the
components of solar radiation and introduces the radiometers in common
use for the measurements of solar irradiance. Motivations for the
development of the Direct-Diffuse Solar Radiometer are also included.

Chapter 2 describes the radiation mapping at the two sites, with
particular emphasis on methods implemented for higher accuracy sampling,
data reliability and continuity.

Xi



Regular radiometer calibration is necessary to ensure the data quality.
Therefore the methodology for and results from calibration of the site
radiometers are given in Chapter 3.

The acquired direct and global data for the sites are presented in Chapter
4. Diurnal 1-minute variations are discussed along with estimates of
monthly and annual trends, with particular emphasis on atmospheric
transmittance and the clearness index.

The last chapter in Part A, i.e. Chapter 5, presents the work done on the
Direct-Diffuse Solar Radiometer (DDSR-1B). The instrument is designed
for measuring sky irradiance as well as direct solar irradiance. The DDSR-
1B is a prototype ground based instrument which is mounted on a remotely
controlled solar tracker/sky positioner. The Chapter discusses the DDSR-
1B’s design, control, calibration and field tests in detail.

Chapter 6 in Part B considers 2 available software products that can
generate estimates of direct normal solar irradiances for any ground
location. This chapter also concludes the work for this thesis by re-
emphasising the need for localised solar radiation measurements and
models.

Finally, Chapter 7 collects the major conclusions given through the
course of this text.
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Part A: Measurement of Solar Irradiance

All of South Africa’s energy demands would be
met if 0.1% of the solar radiation on its land

was converted to useful energy.






Part A

Chapter 1
Introduction to Solar Irradiance

This chapter defines solar radiation, discusses motivations for measurements
of the components of solar irradiance and introduces radiometers that are
currently in use.

1.1. Solar Radiation

Solar radiation is a general term that, in this book stands, for the
electromagnetic radiation emitted by the sun. The total amount of solar
radiation received at normal incidence at the top of the earth’s atmosphere,
at the mean sun-earth distance, is referred to as the Total Solar Irradiance
(TSI) or extraterrestrial solar irradiance. The TSI varies over time, albeit by
a small amount, and its magnitude and variations directly or indirectly
affects many atmospheric and biological processes on earth. Since
November 1978 a complete set of TSI measurements from various space
borne radiometers is available, yielding a time series of 26 years. FIGURE
1.1 shows the measured time series, consisting of mean daily values plotted
from the composite data set version d30 60 040 from PMOD/WRC and
with reference to Frohlich et al. in [10., 1998]1 and Frohlich in [12., 2003].
For the duration of this test, 17 November 1978 to 20 April 2004, the
absolute minimum and maximum daily TSI were 1362Wm™2 and 1368Wm™,
respectively. Following the work of Gueymard in [15., 2004] an estimate of
the mean TSI for the above period is made. Applying a 27-day smoothing
filter (with missing data substituted with the mean of the data for the last

day before and the first day after the observed gap), the maximum and

minimum values become 1367.1Wm™2 and 1364.8Wm™2, respectively,

yielding a mean value of 1365.9+1.4Wm .

In general a long-term average of the TSI is given the term °‘solar
constant’ and is used in most applications instead of the TSI. The World
Meteorological Organisation (WMO) has recommended a solar constant of

1367Wm™2 according to Frohlich et al. in [9., 1986]. A more recent

1. In this dissertation, references are placed in square brackets. The first entry gives the cross-reference
number which is found at the end of the relevant chapter and the second gives the publication year.
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Part A 1. Introduction to Solar Irradiance

standardisation in [2., 2000], by the American Society for Testing and
Materials (ASTM), gives the solar constant as 1366.1Wm™.

o Rk
> s

1367

s

X}

1366

LEECR ¢ [ v
.- .c .

13651 " !

Solar Irradiance [Wm‘2]

-
W
»
X
T
L

1363 : .

1362 o

| | | | | | | | | | | | |
1979 1981 1983 1985 1987 1989 1991 1993 1995 1997 1999 2001 2003
Year

FIGURE 1.1
Daily TSI for the period 17/11/1978-20/04/2004. Plotted with dataset version
d30 60 040 from PMOD/WRC, Davos, Switzerland and with the
acknowledgement of unpublished data from the VIRGO Experiment on the
cooperative ESA/NASA Mission SoHO and with references to [10., 1998] and
[12.,2003].

The value of 1365.9Wm™ as calculated from the most recent data set
from PMOD/WRC is 1.1Wm™ less than the WMO recommendation and
0.2Wm™2 less than the ASTM value. However, TSI measurements have an

inherent absolute uncertainty of at least 0.1% or 1.4Wm™2. This is shown by
Gueymard in [15., 2004]. So it can be argued that the above differences are
insignificant. For the purposes of this thesis, unless stated otherwise, the
WMO recommendation of:

S = 1367Wm > 1

C

is used.
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1.1. Solar Radiation

The solar constant is related to the extraterrestrial solar spectral

irradiance E, by:

S, = [o Exdh @)

The spectral distribution of the extraterrestrial solar radiation is shown
in FIGURE 1.2 and is based on the spectrum given by Gueymard in [15.,
2004]. It is evident that over 97% of the total solar energy lies between
300nm to 2500nm. The solar energy confined to this spectral region is often
referred to as short-wave solar radiation, and the integrated energy (over
the same region) is referred to as broadband or total solar radiation.

Since the distance between the sun and earth varies during the year, the

value of the solar radiation flux, §, outside the atmosphere is in general
different from S,.. Applying an eccentricity correction factor for the Earth’s

orbit, with R as the mean sun-earth distance and R the sun-earth distance

at the given moment in time:

R N\2
E = (ﬁ) ~1+0.033cos(2nd,/365), 3)

0
it follows that:

S =E_ -§ 4)
The eccentricity approximation in equation (3):

1 +0.033cos(2nd, /365), )

where d, is the day number of the year, is used by Duffie et al. in [7.,

1980]. Expressions with greater accuracy in £, are available. For instance

Spencer, in [35., 1971], gives the eccentricity in terms of a Fourier series
type expansion.

5 of 201



Part A 1. Introduction to Solar Irradiance

Not all the extraterrestrial solar radiation penetrates through the
atmosphere to the Earth’s surface. Part of it is scattered and/or absorbed by
the atmospheric constituents such as ozone, water vapour, aerosol, and
clouds). A typical spectral distribution of the radiation reaching the Earth’s
surface is shown by the lower curve of FIGURE 1.2.

T T
—— @airmass =0
—— @airmass=1.5

o
©
T

Solar Irradiance [Wm'znm_1]

o
=)
I

H,0, CO,
0.4 B
H,0. CO, H,0, CO,
02} M |
03
0 | W\M’"’WL
500 1000 1 500 2000 2500 3000

Wavelength [nm]

FIGURE 1.2

Spectral distribution of solar radiation at airmass zero at the top of the
atmosphere (upper curve), and a typical distribution of that which reaches
the earth’s surface (at airmass 1.5). The extraterrestrial data series is taken
from ASTM G173-03 [15.] and that for the surface data from E-490-00
[14.].

The spectra for shortwave solar radiation is well documented in literature
on atmospheric physics; for example Salby in [33., 1996] and Kondratyev
in [23., 1969], to name but two sources. High-altitude atmospheric ozone is
mainly responsible for almost complete attenuation of the extraterrestrial
solar radiation below 300nm. Water vapour is mainly responsible for the
several strong bands of absorption in the infrared region, i.e wavelengths
greater than 800nm. In fact, the absorption bands of water vapour and
carbon dioxide strips off almost all the solar radiation above 2500nm. It
thereby follows that the solar radiation at sea level has a spectral window
from about 300nm to 2500nm, with inherent attenuation along its path from
outside the atmosphere, due to Rayleigh and Mie scatterers and due to
atmospheric absorbers.
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1.2. Components of Solar Radiation

1.2. Components of Solar Radiation

Solar radiation is redistributed as it traverses the Earth’s atmosphere. It
is therefore necessary to look at the radiation according to its distribution.
The distribution is illustrated in FIGURE 1.3.

DIFFUSE
SCATTERED BACK TO

EARTH ATMOSPHERE SPACE

A A A

{ ABSORBED <« » ABSORBED %
v v v
DIFFUSE
SCATTERED TO
GROUND

FIGURE 1.3
The distribution of direct, diffuse, and absorbed solar radiation

as illustrated by Igbal in [20., 1983].

1.2.1. Direct Solar Radiation

The solar radiation arriving on the ground, directly in line from the solar

disk 1s called direct or beam radiation.

Kondratyev in [23., 1969] derives an expression for the total direct
radiation §,, at the Earth’s surface level in the case when the atmospheric

mass in the direction of the sun is m .

S AR ©
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Part A 1. Introduction to Solar Irradiance

Here S§,; 1is the monochromatic solar radiant flux outside the
atmosphere, and p, 1is the atmospheric transparency coefficient for

radiation at wavelength A.

A solution to equation (6) requires prior knowledge of the input
parameters for each particular wavelength. In the case of the real
atmosphere a theoretical estimate of the direct component is further
complicated by the temporal and spatial variability of the atmospheric

transparency. If a factor T, , which is the integral transparency coefficient

over the whole spectrum, is introduced, equation (6) becomes:
S, = (T,)" - [, ,d\ = (T,)" 5, ()
with S, as defined in equation (4).

It is clear from equation (7) that observational data §,, from radiometric

measurements would permit a quantitative characterisation of the
atmospheric transparency for the observational site.

1.2.2. Diffuse Solar Radiation

Due to the scattering of radiant energy in the atmosphere, the short-wave
solar radiation reaching the Earth’s surface is not only direct solar but also
scattered or diffuse radiation.

In a clear sky, the magnitude of diffuse solar radiation is dependant upon
solar height, atmospheric transparency, and the albedo of the underlying
surface. The presence of clouds greatly influences the diffuse magnitude.
Kondratyev discusses the theoretical calculations of diffuse radiation
without and with the influence of clouds in [23., 1969]. In either case, the
theoretical calculation is complicated, and like with the direct component,

1. The atmospheric mass m is a dimensionless quantity indicating by how many times the optical thick-
ness in the direction of the sun exceeds the optical thickness in the direction of the vertical. With radia-
tion attenuation by a mass factor a, along a path ds with air density p the atmospheric mass in the

J'axpds

[arpan

direction of the sunis m =

, where dh is the optical thickness in the vertical direction.
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is further complicated by temporal and spatial variability; which again
suggests that in order to be able to employ analytical models it is necessary
to measure/evaluate a number of parameters. Also, models do require
verification. All of the above requires true observations.

Most of the measured and numerically calculated diffuse solar radiation
data are for the horizontal surface. However, because of the anisotropic
distribution of solar radiance over the sky hemisphere, the horizontal
surface rarely receives the maximum input of solar energy. It is hereby
evident that efficient solar systems require a prior knowledge of the
anisotropic distribution, which is possible with true observations or
empirical approximations that are validated by true observations.

It also follows that the true observations L(0,0) of sky radiance would

allow its integration for a total flux of diffuse radiance F yitfuse representing

incidence from all zenith angles 0 and azimuth angles ¢ over the

hemisphere of the sky i.e.:

2T
/2 .
Fyuse = jo [v77L(8.0)sin6cosBABAY (8)

1.2.3. Global Solar Radiation

The total solar radiation is termed global solar radiation; and is the sum
of the direct and diffuse solar radiation. In the case of a horizontal surface

the total radiation Fglobal is the sum of the vertical component of the direct

beam §, and the diffuse horizontal radiation Fglffuse:

Fglobal = Sm COSOZ + ngf)‘use’ ©)

where 0, is the angle between the direct beam and the normal to surface.

A ratio K, of the global radiation incident on a horizontal surface to the

horizontal component of the extraterrestrial radiation, i.e:

_ Fg[lobal

= , 10
T S, cos0_ (10)
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Part A 1. Introduction to Solar Irradiance

gives an indication of the solar climate at a particular location and is
called the clearness parameter.

1.3. Solar Radiometry

Radiometry is the basic tool to attain solar radiation data. The
pyrheliometer, mounted on a solar tracker, is used in the measurements of
direct solar irradiance. The pyranometer is used for measurements of global
solar irradiance. A common technique for the measurements of diffuse solar
irradiance is a pyranometer equipped with a shadow band that shields off
the direct sun beam.

1.3.1. Radiometer Sensors

Thermal-type radiation sensors are employed by most of the specialised
companies (for example Eplab, Kipp & Zonen and EKO). These convert the
heating effect of solar radiation into an electrical signal. Amongst the
thermal-type sensors, thermopiles are the most used. A description and
working principle of radiometer sensors can be found in most handbooks on
solar radiation, including [20., 1983].

Recent radiometer designs (for example the EKO MS-092 digital
sunshine sensor described by Winans in [39., 2002]) use pyroelectric
elements that generate a voltage only when a change of temperature is
detected. The pyroelectric detector is discussed in detail in Chapter 5 (see
page 127).

1.3.2. The Pyrheliometer

Absolute pyrheliometers and reference standard pyrheliometers are used
as references in solar radiometer calibrations, whilst routine measurements
of direct normal irradiance are taken by field pyrheliometers.

1.3.2.1. View-Limiting Geometry

A description of, and specification for a pyrheliometer’s view-limiting
geometry is given by the WMO in [40., 1997]. A brief discussion follows,
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1.3. Solar Radiometry

and greater detail is given in Chapter 5: Direct-Diffuse Solar Radiometer-
1B, Section 5.3.1, “View Limits,” on page 100.

All pyrheliometers should be narrow angled so as to measure only the

radiation from the sun, which represents a full angle of about 0.53°.
However, pyrheliometers with small apertures require special attention so
as to avoid the instabilities associated with pointing accuracy. Major, in
[24., 1995], has shown that if the pointing error is larger than the slope
angle, the irradiance of the pyrheliometric sensor decreases rapidly with
increasing mispointing. However, large slope angles would let in a greater
amount of circumsolar radiation.

Circumsolar radiation is a result of small angle forward scattering of
solar radiation by atmospheric particles whose dimensions are comparable
to the wavelengths scattered. Angstrom et al. in [1., 1966] have shown the
influence of circumsolar radiation on pyrheliometric measurements. The
WMO’s view-limiting specifications for pyrheliometers means that a
narrow annulus of sky is, inevitably, also measured. However, as is shown
by Jeys et al. in [21., 1975], the solar aureole has little effect on the direct
beam intensity measured by Eplab’s normal incidence pyrheliometers for
cloudless conditions. Still, the effect of the solar aurecole under cloudy
conditions is significant.

The work by Angstrém and others have lead to the WMO

recommendation of a full view angle of 5°, and a slope angle of 1°. This

means that all pyrheliometers following the WMO standard effectively

o o
measures a solar aureole component between 0.25° and 1 .

1.3.2.2. Solar Tracking

A pyrheliometer is mounted on a solar tracker in order to maintain
normal solar incidence. One of the most commonly used commercial solar
trackers is the Eplab model ST. This tracker has a specified pointing

accuracy of +0.25” but requires frequent manual adjustments for declination

and the equation of time in order to keep the pyrheliometer aligned to the
sun.
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Automatic solar trackers have increased in popularity. Automatic solar
trackers such as EKO’s STR, BRUSAG’s INTRA and Eplab’s SMT-3 have a

pointing accuracy of 0.1° or less due to active solar position feedback

S€nsors.

1.3.2.3. Absolute and Reference Pyrheliometers

The World Standard Group of pyrheliometers, responsible for the World
Radiometric Reference (see section 3.1 on page 48), are absolute cavity
pyrheliometers. An absolute cavity pyrheliometer, as given by the WMO in
[40., 1997], is a primary standard since it can be used to define the scale of
total irradiance without resorting to reference sources or radiators. A
description and operating principle of the Eplab Model HF absolute cavity
pyrheliometer are given in section 3.3.2 on page 51.

Reference pyrheliometers are secondary standard pyrheliometers, whose
instrument constant is obtained through calibration against an absolute
pyrheliometer. The Angstrém compensation pyrheliometer, described by
Igbal in [20., 1983], is an example of a reference pyrheliometer.

1.3.2.4. Field Pyrheliometers

Field pyrheliometers are secondary instruments that are calibrated
against the reference pyrheliometers (see section 3.4 on page 57).

The Eppley Normal Incidence Pyrheliometer (NIP) is amongst one of the
commonly used field pyrheliometers. These field instruments are sealed at
the viewing end by a glass window to allow continuous operation; under all
weather conditions. The Eppley NIP uses a 1-mm thick Infrasil II (water-

free fused silica) window which has spectral transmittance from 260nm to
2700nm (specified here for a minimum of 80% transmittance through a 1-
cm-thick sample) [19., 1998]. The low-end complete cutoff is at about
200nm . The infrared is completely cutoff above 4300nm.

The collimating tube, down to the receiver, is 203mm in length. This,
together with a front aperture radius of 10.3mm and receiver radius of 4mm,
gives the following viewing angles:
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Slope Angle = 1.78° (11)
Limit Angle = 4.03°

Opening % Angle = 2.9°

The above geometrical dimensions are for the Eppley NIP 18653 given
by Major in [25., 1999]. In comparison with the Eppley absolute cavity HF
18748 (which is similar in construction to most absolute cavities), the NIP

18653 effectively receives an additional 1° of circumsolar radiation. The
extra aureole in the NIP will lead to variability about the absolute cavity

value. An estimated variability of £0.1%, under the assumption of clear
skies, is quoted by Thacher et al. in [38., 200].

The Eppley NIP’s receiver is a multijunction thermopile coated with 3M
Flat Black for maximum radiation absorption. Use of the absorber, the
window and the above mentioned view-limits results in NIP sensitivity to
the spectral content of the solar irradiance. However the cavity radiometers,
used to calibrate the NIP, has no window and a near unity absorbing light
trap. As a result, changes in the spectrum of light are measured equally
well, and infrared light beyond the NIP window cutoff is also measured. It
thereby follows that the calibration factor of the NIP would vary under
different atmospheric turbidity conditions. Thacher et al. therefore suggest

a total NIP spectral uncertainty of +0.3%. This total estimate covers the

effects of field of view, window spectral transmission, and absorber
spectral reflectance.

Sensor temperature is another factor affecting a field pyrheliometer’s
accuracy. For the NIP, Eplab uses a thermal compensation circuit to confine

the thermopile temperature variability to +1% over the interval of —20°C to

+40°C.

With all of the mentioned calibration transfer uncertainties and
additional factors such as the previously mentioned tracking error, the
NIP’s minimum cumulative uncertainty (which is the root sum of squares of
uncertainties) can, according to Thacher et al. in [38., 2000], be £0.5% (i.e
at the 95% confidence level). This is within the WMO specification of

10.9% for the one minute totals from a high quality pyrheliometer.
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1.3.3. The Pyranometer

Routine measurements of global solar irradiance are taken by
pyranometers that are placed horizontally flat. This gives the detector a full
view of the sky dome and so accepts radiation from all directions within the
dome.

A description of common pyranometers, for example the Eppley
Precision Spectral Pyranometer (PSP), may be found in literature such as
[32.], [20.], and [9.]. The discussion to follow pertains to the pyranometer’s
sources of error; the knowledge of which is necessary to review the
instrument’s calibration results and routine observational data.

1.3.3.1. Directional Error

It is known that the sensor surface of the typical thermopile
pyranometers are not lambertian and hence the sensors do not have perfect
cosine responses. According to Haeffelin et al. in [17., 2001], pyranometer
data errors of up to 10% at low solar elevations may be attributed to the
cosine response problem. Work by Stoffel et al., described in [36., 1999],
suggests that the pyranometer data can be considerably improved by using
responsivities that are a function of zenith angle. The functionality can be
investigated in a laboratory with the aid of a cosine test bench. Beaubien in
[4., 1998], Michalsky et al. in [28., 1995] and Philipona et al. in [31., 1993]
report on their laboratory test benches that are used to investigate the
directional response of pyranometers.

The sensitivity of a pyranometer also depends on the angle of azimuth.
Nast, in [30., 1983], has tested the dependence of the sensitivity by rotating

the pyranometer and keeping the incident angle at a constant value of 80°.
As reported by Nast, the typical difference between the highest and the
lowest sensitivity that resulted from this test is 7% for the Eppley PSP
under observation. Nast explains that the azimuth error is probably caused
by a mismatch between the instrument’s sensor plane and spirit level.
Radiometric levelling could correct the problem, but this may not be true if
the sensor surface is not uniform.

It is evidenced by Michalsky et al. in [26., 1999] that the measurements
of global downward solar irradiance as the sum of the direct and diffuse
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components of downwelling solar irradiance greatly alleviate the

directional response problem.

1.3.3.2. Pyranometer Zero Offset

The domes of pyranometers are used to protect the sensor and reduce the
effects of convection. However, the dome influences the radiation balance
between the sensor and the target. This is, for example, shown in the
expression derived by Ji et al. in [22., 2000] (based on a simplified, but
illustrative energy balance model for the Eppley PSP):

l1-p 4 4 4
Foopal = ( - d+pd)kocAV+ e, (6T" —oTh) +1(cT: - L) (12)

N

where:

p, 1s the longwave reflectance off the dome,
€., €, are the sensor and dome longwave emittances, respectively,

k is the thermal conductivity of the thermopile,

o is the thermopile constant,

AV is the output voltage of the thermopile,

o is the Stefan-Boltzmann constant,

T, T, are the sensor and dome temperatures, respectively,

T is the longwave transmittance, and

Fglobal’ L are respectively the ambient shortwave and longwave

irradiances.

The first term on the right hand side of equation (12) is the output of a
PSP. The remaining two terms are responsible for the pyranometer’s zero-
offset and cannot be calibrated off with present calibration techniques.
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The second term 1s considered as the thermal dome effect in

pyranometers and can cause an underestimation of the downwelling

irradiance exceeding 10Wm ™. This is verified in research reports by Ji et
al. [22., 2000], Bush et al. [5., 2000] and others. The third term is due to the
influence of the ambient longwave radiation and is usually small.

A pyranometer’s instantaneous zero-offset may be measured by total
shading of the glass hemispheres and the resulting output voltage may be
used as the correction factor for unshaded measurements. Gulbrandsen, in
[16., 1978], has shown that the difference between corrected and
uncorrected global irradiance measured on 12 March 1975, with solar

azimuth of 64, was 10.6Wm ™. Unfortunately, pyranometer zero-offset is

variable and depends on factors like wind speed, cloud cover and turbidity.

Global Radiation may be measured indirectly so as to eliminate the offset
errors caused by heating and cooling. This entails the measurement of the
diffuse component with a shaded pyranometer and the measurement of the
direct component with a pyrheliometer, and then summing the record as
justified in equation (9) (see section 1.3.4 and section 3.5). In the past this
has been a laborious process, but with automation the method can give high
precision measurements.

1.3.3.3. Pyranometer Time Response

There is suggestion by Shen et al. in [34., 1992] that pyranometers have
multiple time constants, caused by the inertia of the sensor, the net infra-
red radiation between the inner dome and sensor, and a change in the
temperature of the housing. Nast in [30., 1983] has shown that an Eppley
PSP under test required a l-second to decay exponentially to 2% of the
initial exposed irradiance once the light source was switched off and a

further 9-seconds to reach 0.05% of the initial signal.

The pyranometer’s total response time to irradiance change defines the
minimal sampling time for measurements on the accuracy of the instrument.
In addition, the response time has to be considered during calibration of the

pyranometer (see section 3.5 on page 58).

A software correction for instantaneous radiation readings tainted by
errors that are due to the inherent thermal response is proposed by Suehrcke
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et al. in [37., 1990]. The errors usually balance out when the individual
instantaneous radiation measurements are integrated over sufficiently long
time periods, but in the study of instantaneous solar radiation measurements
moments of rapid radiation changes would result in errors due to the time
response of the instrument.

1.3.4. Diffuse Radiometers

When the global horizontal solar radiation Fglobal is measured by a

pyranometer and direct normal radiation §, is measured by a

pyrheliometer, the total diffuse horizontal irradiance ngﬁ’use can be found

by rearranging equation (9) to give:

ngffuse = FIC_i[lobal - Smcosez (13)

Observation of the diffuse component by means of equation (13) suggests
that measurement errors, as reviewed for the pyrheliometer in section 1.3.2
and more especially for the pyranometer in section 1.3.3, are superimposed.

A more conventional approach to measurements of diffuse horizontal
solar irradiance is by means of a pyranometer that is suitably shaded from
the direct component. The output thence represents a hemispherical
integration of the sky radiance incident on the pyranometer’s flat horizontal
surface. This is seen from equation (13) by setting the direct component

S, = 0. Still, the inaccuracies associated with pyranometer measurements

are inferred.

The above mentioned hemispheric integration does not quantify the
angular distribution of sky radiance; the knowledge of which is essential in
applications of solar energy involving inclined planar surfaces. For
measurements of the angular distribution a sky-scanning radiometer is
required, but may not be as readily available as the commercial
pyranometers and pyrheliometers.
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1.3.4.1. Diffuse Measurements by Shaded Pyranometers

It is a prevalence to measure diffuse solar irradiance by shielding a
pyranometer from the direct solar beam with a shade ring or shadowband
mount. This kind of shading apparatus inevitably screens a portion of the
sky and the resulting measurements then require theoretical corrections that
are based on the inherent geometry and sky conditions. The need for such
corrections have been addressed by Batlles et al. in [3., 1995] and others.

Work by Michalsky et al., described in [27., 1986], has led to a
microprocessor-based rotating shadowband radiometer. Besides the
inaccuracies associated with the silicon sensor the authors have devised an
instrument that measures the diffuse component as well as the global and
direct components. In addition, a real-time correction is made for the
amount of diffuse screening by the shadowband without the need for
theoretical calculations. The diffuse correction is astutely determined from
the difference between the total horizontal and the average of measurements

made with the shadowband at +6° in hour angle from the sun. The

instrument does not, however, measure the angular distribution of diffuse
radiance.

1.3.4.2. Diffuse Measurements by Sky Scanners

The angular distribution of diffuse radiance may be monitored by using
multiple pyranometers mounted at different angles of azimuth and zenith.
An example of a multiple pyranometer method is discussed by Faiman et al.
in [8., 1992]. The method involves measuring the global radiation received
on four different, but fixed, surfaces with a set of Eppley PSP’s and the
extraction of the beam and diffuse components with a reconstruction
algorithm. The extraction is based on the assumption of an isotropic
distribution of the diffuse component over the sky. Further, as indicated by
Nast in [30., 1983], some pyranometers are sensitive to tilting because of
the changes in convective flow inside the instruments’ hemispheres. There
is also the concern of pyranometer induced errors as discussed in section
1.3.3. Systems with a multiple set of pyranometers can be bulky and
expensive.

In light of the above Haméilédinen et al., in [18., 1985], have proposed a
compact multipyranometer. The instrument consists of 25 sensors mounted
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on a metal hemisphere with a reference sensor in the lower part of the metal
hemisphere. The sensors are temperature transducers. In principle, the
difference between an irradiated sensor and the reference sensor is
proportional to the total insolated energy over the integration period.
Computation of the direct irradiance and diffuse radiance distribution is not
trivial. Besides the complexity in the retrieval algorithm, the instrument’s
array of sensors may require temperature corrections for better accuracies.
The pertinent drawback is that the instrument does not measure the sky
radiance distribution directly.

The EKO: Sky Scanner MS-300 developed by Nakamura et al. and
described in [29., 1991] is an example of, and may be the only existent
commercial instrument for the determination of the angular distribution of
sky radiance. The instrument was specifically developed for the
measurement of sky luminance distribution, and remodeled for sky radiance
monitoring. The sensor for the sky radiance is a pyroelectric and its

measuring range is from 0 to 300Wm >sr~'. The half aperture angle and

slope angle of the collimator are 5.5° and 1°, respectively. The instrument
measures the spatial distribution of the radiance by scanning a total of 145
points on the sky vault.

Another sky scanning radiometer is described by Coombes et al. in [6.,
1982]. This is a research oriented instrument which measures short and
total wave radiation over the hemispherical sky dome. Scanning is by way
of a mirror which directs sun and sky radiation onto the detector. The
detector system involves a pyroelectric detector and a chopper, and a
temperature monitoring/regulating feature. The sky viewing directions are
such that neighbouring sky frames either only just overlap or do not quite

overlap and is based on the radiometer’s 14° full field of view angle.

A spectroradiometer, the Grandum-Levseth Periscope, has been
developed at NTNU. A full account of this instrument is given in [13.,
1997]. The instrument records spectral distributions of the direct solar
radiation and spectral and angular distributions of the diffuse radiation.
Radiation is collected by a movable collimator- mirror system. The spectral
range is gained by three monochromators.
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The motivations for the need of a radiometer capable of diffuse radiance
measurements have incited part of the work reported in this dissertation.
The Direct Diffuse Solar Radiometer-1B has been designed and developed
with the purpose of measuring direct irradiance, and angular circumsolar
and sky distributions. Like the sky-scanning radiometers discussed above,
this radiometer is controlled by a microcontroller. A complete discussion
on the developed instrument is given in Chapter 5.

1.4. Chapter Summary

This chapter has defined the solar radiation impinging the top of the
earth’s atmosphere, discussed its spectral content and given the components
of solar radiation arising from its redistribution in traverse through the
earth’s atmosphere. Various radiometers have been reviewed for measuring
the different components, with focus on the necessities for instrument
development and data collection with regards to the angular distribution of
diffuse radiance.
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Part A

Chapter 2
Radiation Mapping

This chapter discusses the solar radiation mapping, global and direct, for
sites at UKZN and NTNU. A detailed description of the data-acquiring
system at UKZN (partially copied at NTNU and soon at the Mangosuthu
Technikon, South Africa and the Eduardo Mondlane University, Mozambique)
is given.

2.1. Introduction

There is an international call for high quality solar irradiance data.
Networks, such as the Global Atmosphere Watch (GAW) and the Baseline
Radiation Network (BSRN) have set up mapping sites about the globe.
Measurements from stations associated with GAW and the BSRN, as well as
from independent sites, are critical to numerous applications (some of
which are discussed in Chapter 1).

The international network with standardised observations use reliable
pyranometers in the mapping of global solar irradiance. A normal incidence
pyrheliometer may be present at most of the sites for the acquisition of
direct solar irradiance. Data acquisition (DAQ) frequency, reliability and
accuracy impact on the data quality. Data storage and transfer are an
integral part of the DAQ system. DAQ system implementation of data
processing, validation and quality-control are essential for the highest
possible quality and for the processing of the data into a form which is
appropriate for the intended uses. Guidelines for measuring instruments,
DAQ systems and the post processing of data for high accuracy are given in
literature such as [7.] and [15.].

The independent sites at the UKZN and NTNU also provide high quality
solar irradiance data. The UKZN, in collaboration with NTNU have set up
SELFRAD, the Solar Energy Laboratory for Rural African Development. A
division of SELFRAD 1is the Resource Measurement Unit that has a
platform for instrument mounting and a resource measurement laboratory
(RML) for data logging/publishing. The NTNU station has been designed
for daily DAQ and to facilitate regional and National instrument
calibrations.

23 0f 201



Part A 2. Radiation Mapping

2.2. The Observation Sites

The choice of location for a solar platform is critical. Some of the factors
considered for the platform at NTNU and at UKZN are obstructions
between the pyrheliometer and the sun, obstructions extending above the
pyranometer horizon, limitation of noise from cabling between instruments
and the data acquisition system, remote sources of electromagnetic
interference, shadows of the direct sun onto the instruments and safe and
easy access to the site for maintenance and experiments.

The solar platform at the UKZN is on the roof of the Physics building at
the Durban-Westville Campus, South Africa on latitude S29°49'2" and

longitude E30°56'40". The platform is 205m above the mean sea level. With
its sub-tropic location, the UKZN site has a maximum solar altitude of

83.6° in the mid-summer and correspondingly, 36.7° in the mid-winter.
FIGURE 2.1 gives the plot of the platform's viewed horizon and the
transition of the solar azimuth and altitude angles through a year. The

present viewed horizon is not higher than 3° and is not along the sun's path.

The site albedo due to natural ground cover is considered to be about 0.2,
which is an average albedo between dry and green grass. However, UKZN
is a mass of buildings, and is further surrounded by a suburban settlement.
Thus the site's albedo may be influenced by the buildings' material. The
platform itself is surrounded by corrugated roofing sheets which gives off
an albedo of about 0.3.

NTNU's present solar platform is a galvanised-steel-gridded deck on the
roof of Block E, the Natural Sciences building, Gleshaugen, Trondheim,

Norway. The site is located at 63.5° North and 10.5° East, 72m above mean
sea level. Instrumentation on the platform have a clear view of the natural
horizon due Northeast-to-South-to-Northwest. The natural horizon due
Northwest-to-North-to-Northeast is obscured by the building columns and
ventilation shafts. A graph of the platform's viewed horizon is given in
FIGURE 2.2. It is noted that the altitude of the viewed horizon is below

5.5°. The viewed horizon gives at most one hour of sun obstruction. Due to
NTNU's latitude, the ground albedo at NTNU varies significantly with
season.

1. All albedo numbers are with reference to Igbal in [11., 1983].
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2.3. Site Radiometers

The ground is covered by snow during most of winter (2nd half of
December, January and February), early spring (March) and occasionally in
the months April, May, October and/or November. During the summer
months (June, July and early August), the surrounding is mostly lush green.
Golden leaves usually cover the ground in the autumn months. The albedo
may thus be as high as 0.8 (newly fallen snow), or as low as 0.1 (bare
ground at the onset of spring).

2.3. Site Radiometers

Measurements of direct solar irradiance at UKZN and NTNU are taken
with Eppley normal incidence pyrheliometers (NIP). Global solar irradiance
is mapped with Eppley precision spectral pyranometers (PSP). The PSPs at
UKZN and NTNU are housed in Eppley ventilators, with the intention of
reducing particle build-up on the instruments' dome and to downsize
thermal offset. To keep in normal incidence to the sun, the NIP’s are
mounted on a solar tracker. UKZN and NTNU first used an electrically
driven tracker (using a clock-based motor that makes one revolution every
24 hours) which requires frequent manual adjustments for declination and
equation of time. The current trackers at both sites require minimal

maintenance due to its autonomous operation.

2.3.1. Site Radiometers: UKZN

The mapping radiometers at UKZN are NIP#31127E6 and PSP#31234F3.
They have been up and running since 1996. A second PSP is used for PSP
on-field calibration.

2.3.2. Site Radiometers: NTNU

There are currently 2 mapping NIPs at NTNU. These are NIP#21132E6
and NIP#31856E6. The NIP#21132E6 was mounted on site at Lade in 1981
and then relocated to Gleshaugen in 2000. NIP#31856E6 was purchased
from Eplab in 2000 and mounted on site at Gleshaugen in 2001.

There are currently 2 mapping PSPs at NTNU. These are PSP#16577F3
and PSP#33049F3. The PSP#16577F3 was mounted at the University of
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Part A 2. Radiation Mapping

Trondheim in 1977 and is now at Gleshaugen, since 2000. PSP#33049F3
was purchased from Eplab in 2000 and mounted on site at Gleshaugen in
2001.

2.4. Data Acquisition

This section describes the system used for acquiring, converting and
saving the data received from the radiometers at both UKZN and NTNU.

2.4.1. Data Acquisition: UKZN

The data acquisition system at UKZN has been changed thrice since
1996. Not all the data is available due to lack of maintenance and/or power
failures. A period of data from 1996 to 1997 is lost due to fatuous re-
formatting of the system hard disk. Unfortunately all backup (at that time
made on stiffy diskettes) have been misplaced. The current acquisition
system at UKZN ensures real-time data backup to another PC and has a UPS
system to monitor power failures and provide backup power for a limited

time.

The following 3 sections give an overview of all three systems and
discusses their disadvantages/advantages.

2.4.1.1. System1ygzn (June 1996 - August 1998)

A complete description of the first acquisition system developed for
UKZN, referred to as Systemlygzn (Slykzn) 1n this work, is given by

Dhavraj in [3., 1998]. The gist here was an internal DAQ-card and software
developed in the Quick Basic version 4.5 environment. The system
summary is given in Table 2A and FIGURE 2.3 illustrates the system
layout.

Dhavraj, in [3.], discusses the draw backs of such a system:

* a multitude of random PC-generated noise due to the unshielded
PC-embedded DAQ-card.

* frequent monitoring of the calibration validity of the digital-to-
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2.4. Data Acquisition

analog and analog-to-digital converters, leading to
* halts in data acquisition and thus loss in data,
* insufficient hard disk space meant off-loading data files.
For the period June 1996 to August 1998 just 15% of the acquired data is

available and valid.

Table 2A: System Summary-S1ykzn

DAQ PC-74 LC board and PC-77 terminal board
Sampling Period <0.01 second
Averaging Period I minute
Backup
System manual (to floppy)

Data Online not available

Radiometers NIP#31127E6, PSP#31234F3
Solar Tracker ST-3
pyranometer SEASRD pyrheliometer

=

channel 0

3d

channel 1

screw terminal
panel

Host PC

FIGURE 2.3
Schematic layout for S1ygzn.
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Table 2B: System Summary - S2ykzN

DAQ HP34970A Data Acquisition/Switch Unit with an
HP349701A MUX.
Sampling Period 4 second
Averaging Period I minute
Backup automatic to floppy disk, CD, and local network.
System
Data Online once a week using Apache
Radiometers NIP#31127E6, PSP#31234F3, DDSR-1A
Solar Tracker Eppley ST-3

NIP PSP
HP34970A
Data acquisition/switch unit
Al
[s¢]
Al
»
o
‘—
[o] [oo]
Ethernet Hub
CD Writer CcD
—
Floppy Drive Floppy Disk
FIGURE 2.4

Schematic layout for S2ykyN-
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2.4. Data Acquisition

2.4.1.2. System2ygzN (August 1998-2001)

In the second system, System2ygzn (S2ykzn), data from both the NIP
and the PSP were acquired via the ‘stand-alone’ HP34970A data
acquisition/switch unit and developed software, ‘Project: Sundata.vbp’,
under the visual basic environment. The system summary is given in Table
2B and FIGURE 2.4 illustrates the system layout.

Features:

* one minute averaged data read from the HP34970A unit and

written to file,

* auto-calibration of the HP34970A to avoid wunnecessary

interruption to data acquisition,
* uninterruptability by view of multi-tasking,

* casily traceable subroutines and functions with the aid of forms

and modules,

* timer interrupts for the time management of data collection from
the HP34970A instrument.

Drawbacks:
* Automatic backup of files made once daily, but to floppy disk.

* Infrequent data copy to the network location. The DOS command
file copied the data files to the network location only once a week

to reduce application buildup.

* Acquisition with the PC-clock meant non-coherence with

universal time.
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2.4.1.3. System3ykzn (March 2001 to present)

Data from both the NIP and the PSP is currently acquired via the
HP34970A data acquisition/switch unit, which is controlled by developed
software in the Labview environment. Table 2C gives the system summary

of System3ykzn (S3ykzn) and FIGURE 2.5 gives a schematic overview of

this system.:

Table 2CSystem Summary - S3ykzN

DAQ HP34970A Data Acquisition/Switch Unit with an
HP349701A MUX.
Sampling Period 4 seconds
Averaging Period I minute
};;Zi{eurﬁ automatic to a second PC, and local network.
Data Online realtime (graphic + raw data with/without stats.)
Radiometers NIP#31127E6, PSP#31234F3
Solar Tracker Brusag: Intra (Automatic tracker)

There are two PCs in S3ygzn. PC 1 serves as a backup for radiometer

data from PC 2 and, at the same time, publishes data to the world wide web
(www). One PC would have been sufficient for data acquisition and web
publishing, but at the expense of a system that could run uninterrupted by
time outs in checking for server access or by a secure environment, free
from hacking.

PC 2 runs the ACQUIRE.vi which:

* acquires the radiometer data,

* calls on the external program, Dimension 4 to synchronise the PC
clock to a timeserver, with reference to Chambers in [2., 1998].

* calls on Winzip to compress the data files,

* creates a jpeg file containing a ‘print-screen’ of the front panel
for web publishing, and

* copies files over to PC 1’s root internet publishing directory.
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2.4. Data Acquisition

Besides the software transition to the current system, three additional

features have been included:

* An automatic solar tracker, INTRA, is used for the NIP mount

instead of the ‘manual’ ST-3.

* two sky cams capture due west and due east sky conditions,
hourly, and saves them as graphical files of jpeg format. The sky
cams are controlled in PC 1 by the Supervision CAM software
developed by Kirst in [12., 2002].

* an uninterruptable power supply (UPS) with 2 additional battery
packs is used to supply power to all units for an hour upon mains
power failure and then to systematically shut down the PCs’.

All published information are accessible at the Internet Resource Locator
(URL):

http://www.phys.ntnu.no/~dhavraj/UDW/HTML/SELFRAD MAIN.htm.

The one-minute averages are published in real-time for local
comparisons. An image of the display screen (with site information and a
scatter plot for each one-minute data) are published and refreshed each
minute. The sky pictures are also published in real time. The one-minute
data records for the day are compressed and put on-line at the end of each
day. The data archive (from 1997 to present) is also available for
downloading via the above URL.
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Brusag

y Intra
Tracker
Sky Cam Sky Cam
NIP PSP Due Due
West North
HP34970A
Data acquisition/switch unit USB HUB )
3 T
> 2
UPS g g
& &
O
1] ]
[ % m 000000 w [
Hub
- = ‘D= ;- = : : o=
+ = o =
PC2 ) PC1
o
REENRLIE
"I 0 Tooooo
Ethernet
55 O y 55 0O
] toooo ] “toooo
Ethernet Ethernet
F |F |
Zip Hourly J
Files capture
Raw l
Data [ E ,
Dimension 4 > vw-Root
PC clock Directory
synchronisation
| vps conol |} |
| »
Dimension 4
PC clock
synchronisation
FIGURE 2.5

Schematic layout of the present data acquisition system, S3ygzn at UKZN.
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2.4. Data Acquisition

2.4.2. Data Acquisition: NTNU

Since 1978 to present, the data acquisition system for NTNU has been
changed three times. The first system, Systemlytny (SlyTny) Was set up

and run in the period 1978 to 1984. The second, System2yrnu (S2nTNU)

was set up and run in the period 1991 to 2001. The current set up,
System3yTnu (S3nTNnU) has been in operation since 2001.

2.4.2.1. System1ypny (1978-1984)

Brevik in [1.,1984] describes the acquisition system within the period
1978-1984. The schematic in FIGURE 2.6 illustrates the system and Table
2D gives a summary.

2.4.2.2. System2yny (1991-2001)

Amongst others, Grandum in [8., 1991] and Hveem in [10., 1998] give
descriptions of S2ytny. The schematic in FIGURE 2.7 illustrates the

system and Table 2E gives a summary.

2.4.2.3. System3nny (2001-present)

The current system at NTNU, Gloshaugen has been mapping data since
2001. The system is a replica of the current system at UKZN, except for the
UPS, second PC and sky cameras. Sky cameras are not used as yet due to
the cost/availability of weatherproof cameras. Instead of the second PC for
web publishing, the logging PC’s data directory is ‘securely’ shared with a
user on the local area network (LAN) for data backup purposes.
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Table 2D: System Summary - SIntNny

DAQ HP9825A microcomputer with scanner and digital voltmeter

* 20 minutes (up to Summer 1981)
Sampling Period o 10 seconds (up to Summer 1983)
o 3 seconds

* single reading every 20 minutes (up to Summer 1981)

Avergglng o 5 minutes (up to Summer 1983)
Period )
¢ 1 minute
Data . .
automatic transfer to Digital/Vax 750 central computer

Storage
Data Backup floppy discs, magnetic tape
Radiometers Eppley NIP(1977), Eppley PSP
Solar Tracker Eppley ST-1

@@ Terminal

Serial
i _ Interface
Scanner — DVM | — Micro — >
Computer :
Graphic
Plotter
Cassette Thermo Large | |
Station Printer Computer
|
Magnetic
Tape
Station P
Floppy Disc

FIGURE 2.6
Schematic layout for S1yrnu-
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Table 2E: System Summary - S2NpNy

2.4. Data Acquisition

DAQ 386Mhz PC (dos) with scanner and digital voltmeter
Sampling Period 5 seconds
Averaging .
Period I minute

Data Storage

monthly manual transfer to VAX

Data Backup

magnetic tape

Radiometers

Eppley NIP (#21132E6, 1981)
Eppley PSP (#16577F3, 1977)

Solar Tracker

Eppley ST-1

Pyrheliometer

Pyranometer

Thermistor 1

Scanner

Thermistor 2

Thermistor 3

Signal
Cables

/O

Signal
Cables

RM-meter

Digital
Voltmeter

PC

GPIB

Receiver

FIGURE 2.7

Schematic layout for S25Tnu-

RS232

Ethernet

VAX
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2.4.3. System Assessment

2.4.3.1. The Baseline Surface Radiation Network

The current data acquisition systems at UKZN and NTNU have been
designed to meet the Baseline Surface Radiation Network (BSRN)
recommendations, as given by McArthur in [13., 1998], on data
acquisitioning. Table 2F gives the BSRN’s recommendations and shows
that the current systems, S3ygzn and S3ypny, meet (except for the

sampling period) the BSRN set of recommendations. In addition, the
S3ykzn makes data available to the world-wide web in real-time.

Table 2F: System comparisons with BSRN requirements.
BSRN

. NTNU UKZN
Requirement
Sampling Period 1 4 4
(sec)
Averaging Period
. 1 1 1
(min)
Time Accuracy Is 50ms* 50ms*
. +0.01% +0.009% +0.009%
DAQ System or or or
Accuracy :‘:IMV :|:4HV*** ZE4HV***
World-Wide Data Availa- transfer once .
. on request real-time
bilty every month
achieved by use of Dimension 4.
o4 of reading or range error, whichever is greater.
*E* 2 40uV signal (~4.5Wm'2) has a 10% error, an 8.8mV signal (~1000Wm'2)
has a 0.05% error.

2.4.3.2. Sampling Frequency

The DAQ sampling period is proposed by the response time of the
radiometers. The Eppley radiometers have a response time of about 1-
second. It may therefore be possible to collect 60 near independent samples
within 1-minute. Continuous switching of the relays on the S3 DAQ
multiplexer modules may result in a relay life of about 3% years (assuming
a relay lifetime of 100-million counts [9., 1997], and a 1-second switching
period). Presently, the S3 DAQ systems take radiometer readings once
every 4-seconds. This period extends the relay life to about 13-years. A
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2.4. Data Acquisition

total of 15 samples are acquired for each 1-minute average record with the
4-second sampling period. If there is a sudden change from §,, to 0 in
direct radiation in the middle of the 1-minute period, the standard deviation
estimate is approximately §, /2, independent of logging rate. The
maximum error in the energy estimate by such a sudden change is
S, (T,/2) where T, is the sampling period. For hourly values or daily
values a sampling period of 4-second is fully adequate. But if one wants to
study the power spectrum of the radiation, the highest frequency is

f = 1/(2T,); and small T gives a higher Nyquist frequency.

An investigation into the data sampling speed has been made. The output
from the NIPs and PSPs at NTNU were taken with a sampling frequency of

around 1.6Hz. The measuring equipment is a replica of S3ypny to avoid
disruptions to routine measurements. Data was collected for 19 days from

the 15 of May 2004. Data from five of the 19 days have been considered
for a representation of different sky conditions. The irradiance data from
the NIP and PSP for each of the days are shown in the plots of FIGURE 2.8,
together with the hourly wind speeds. The wind speeds are included for an
indication of the rapidity of cloud movement on the partly cloudy days.

The analysis approach for any of the selected days are as follows:

1. a reference energy Ep,, for the day is calculated by integration of

the observed irradiances (from sunrise to sunset) with respect to the
corresponding sampling times,

1. new irradiances and time arrays are generated by linear interpolation

with a time step Az, where Atz is the new sampling period.

1. energies E,, for the day are calculated by integration of the new

irradiances with respect to the new time arrays,

|Eref_ EAI‘

x 100% is
Eref

iv. the relative energy difference E, ;=
calculated.

v.  Procedures (ii) to (iv) are repeated for all the desired values of
sampling period.
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The results of the analysis, for sampling periods up to 60s are given in
FIGURE 2.9(a) and FIGURE 2.9(b) for the direct and global irradiances,
respectively. The energy differences increase with an increase in sampling
period, as is expected. In addition, the slopes depend on the sky condition.

The slopes for the clear sky days of the 30t and 31% of May are such that
the relative energy differences are below 0.01% for all of the sampling
periods. A 1-minute sampling period generates differences of up to 0.6%
for PSP and 5% for the NIP (for the 171 of May). However, the PSP energy
differences at 4s are below 0.01 % for all days. The same is true for the NIP
except on the 19" and 27 of May. On these days the relative differences at
4s are below 0.03%. In absolute terms, the PSP daily energy estimates,
sampled at a period of 4s gives a maximum uncertainty of 0.14Wh for the

selected days. Likewise, the maximum uncertainty for the NIP is 0.28Wh.

It is expected that the percentage of daily energy difference due to
S3ntnu’s sampling period of 4s should be no higher than 0.0003% for
derivations from the NIPs and PSPs on clear sky days. This corresponds to
daily energy uncertainties of less than 0.02Wh. For partly cloudy sky days
the energy differences are expected to be below 0.05%, corresponding to

daily energy uncertainties of less than 1 Wh.

It is realised that the results from the few observation days for the above
test do not represent all sky conditions and is only valid in the Trondheim
region. It may also be concluded that the estimation of weather conditions
and quality of data may be evaluated from high-speed sampling but is left
for further investigation outside this dissertation.
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2.4.4. Automation

An efficient solar radiation data logging network depends on the level of

automation. An annum status analysis for data collected at UKZN since
1996 has been made. All data for 1996 is lost, and validity of data for the
proceeding years (i.e. 1997 to 2002) are 5%, 14%, 40%, 87%, 56% and 78%
respectively. These are shown by the status maps of FIGURE 2.10(a) to
FIGURE 2.10(f). There is a 100% validity since S3ygyzn has been in

operation (i.e. since March 19, 2002). Validity of data at UKZN is
influenced by the frequency of instrument maintenance, power failures and

data backup. A higher status has been achieved:

* on changing the NIP’s ST-3 solar tracker mount to the Intra
(automatic) tracker. There is now no occurrence of cable breakage

or instrument misalignment.

* with a UPS system for power failure monitoring, backup power

supply

and systematic system shutdowns.

* with the incorporation of an automatic data backup system.

* with the incorporation of a secure LAN/WAN system for data

transfer/publishing.

Jan

Feb

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%

@09 g @09 g g g 09 @ 0% 0% 0% 09
123 456 7 8 91011121314151617 18 19 20 21 22 23 24 25 26 27 28 29 30 31
1997

FIGURE 2.10(a)
Status of NIP data for UKZN in 1997.
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Status of NIP data for UKZN in 1998.
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FIGURE 2.10(¢c)
Status of NIP data for UKZN in 1999.
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FIGURE 2.10(d)
Status of NIP data for UKZN in 2000.
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FIGURE 2.10(e)
Status of NIP data for UKZN in 2001.
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FIGURE 2.10(f)
Status of NIP data for UKZN in 2002.

2.5. Chapter Summary and Conclusions

Descriptions of the solar radiation mapping sites and the data acquisition

systems at UKZN and NTNU have been given. It has been shown that a 4s

sampling period is adequate to keep daily energy uncertainties below 1Wh

and that system automation increases the status of data.
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Part A

Chapter 3
Radiometer Calibration

Regular radiometer calibration is necessary to ensure data certainty/quality.
The methodology for and results from calibration of the radiometers are
given.

3.1. The World Radiometric Reference

The World Radiometric Reference (WRR) is a measurement standard
representing the SI unit of solar irradiance and is obtained from the
weighted mean of direct solar measurements from a diverse group of
absolute cavity pyrheliometers. The World Meteorological Organisation
(WMO) introduced the mandatory use of the WRR in 1979 and is in use
since the 5" international pyrheliometer comparison in 1980. According to
Frohlich in [3., 1991], the WRR has an estimated accuracy of 0.3%.

An international pyrheliometer comparison (IPC) is held every five years
to compare absolute radiometers from the Regional Radiation Centres. The
comparison is made against a World Standard Group (WSG). These
comparisons ensure world-wide irradiance measurement homogeneity since
the WSG transfers the WRR, with the sun as the source, with a precision of

less than 0.1 %. The transfer mechanism of the WRR is given in section 3.2.

The WSG is maintained at the World Radiation Centre (WRC) in Davos,
Switzerland. These instruments are pyrheliometers of primary standard
type, meaning that they have a high characterisation quality, a cavity type
receiver and an electrically calibrated heat flux meter (pyrheliometer
classification is defined by the WMO in [8, 1997]). At the moment the WSG
consists of 6 pyrheliometers: PMO-2, PMO-5, CROM-2L, PACRAD-3,
TMI-67814 and HF-18748. These are indicated in the FIGURE 3.1.

The radiometers at UKZN and NTNU are traceable to the WRR by
manufacture certification and by frequent calibrations against an absolute
cavity pyrheliometer, the Eppley model HF31117 (see section 3.3).

48 of 201



3.1. The World Radiometric Reference

FIGURE 3.1

The current WSG of pyrheliometers on site at
the PMOD/WRC.

By courtesy of PMOD/WRC, [10., 2004].
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Part A 3. Radiometer Calibration

3.2. Transfer of the WRR

The irradiance (I) from a standard instrument, corrected to the WRR, is
given by:

WRR
1, I

nstrument = A nstrument

X WRR {rPcC,) (14)

Instrument

where the correction factor of the instrument, as achieved at the IPC
1

number m ", is given by the irradiance ratio:
Lyppr(IPC )
WRR IPC,) = —HRE_ 15
Instrument( m) Ilnstrument(lpcm) =

The WRR irradiance Ijypp at the /PC number m is given by equation (16).
That is, Ijyppr(IPC,) is the mean irradiance of the n-element WSG at the

IPC,,; where the irradiance from each instrument of the WSG is corrected to
the WRR of IPC,,.

WRR
Iypp(IPC,) = (Z”WSG(n’ IPCm)j/n (16)
n
The irradiance from instrument n, of the WSG at the /PC,,, corrected to
the WRR is given by:

WRR

1o (m IPC,) = Iyg(n, IPC,) X WRR yg(n, IPC,,) (17)

The correction factor for each n of the instruments in the WSG is given
by:

-1

Lyse(n, IPC,) X WRR ;ygi(n, IPC,, )

(ZJWSG(n, IPCm)J /n

WRR gi(n, IPC,) = (18)

1. The first m is m=5 (IPCv in 1980). IPC i (1959) to iv (1975) is not considered, as the WRR is based on
the comparisons between 1970 and 1975.
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3.3. Calibration of the Absolute Cavity, AHF31117

3.3. Calibration of the Absolute Cavity, AHF31117

UKZN’s Eppley model HF31117 absolute cavity pyrheliometer was
granted permission to participate at the IPCix. The IPCix was held at the
WRC/PMOD in the year 2000.

3.3.1. The IPC Protocol

The calibration protocol at the IPCix, as given by Riiedi in [11., 2001],

wEere:

* Radiation Source:

-direct solar and only a fraction of circumsolar

radiation, with irradiances greater than 800 W™=

* Meteorological Variables:

-wind speed less than 2.5ms"!,

-greater than 8° angular distance between clouds

and sun.

-the 500nm aerosol optical depth less than 0.12.

* Equipment:
-the  participating reference pyrheliometer;
mounted on a solar tracker and kept aligned to
the sun throughout the measurement runs.

-all computer controlled systems synchronised to
the timing of the IPC’s measurement series.

-DAQ system warm-up time of at least 30 minutes.

3.3.2. Description of AHF31117

A description of a model H-F cavity radiometer, such as the AHF31117,
may be found in literature such as [2., 1998] and [5., 1992]. The description
is repeated in part below since the AHF31117 is used to retrace the
radiometers at NTNU and UKZN to the WRR periodically.
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Part A 3. Radiometer Calibration

AHF31117 is a self-calibrating cavity pyrheliometer with an automatic
operating system. A schematic diagram of the self-calibrating sensor is
given in FIGURE 3.2. The sensor consists of a balanced, blackened cavity
receiver pair attached to a double thermopile (indicated by TP in the

figure).
TP J
BODY

front rear

cavity cavity
1 I
’ T teoutrur — ’

Cross-hatched area is thermal impedance
O Vl VZ
FIGURE 3.2

Schematic diagram of the Model H-F radiometer sensor. Courtesy of
Hickey et al. in [6., 1977].

The thermopile pair is made up of copper on constantan junctions. The
pair is arranged such that there are separate hot and cold junctions
associated with each of the cavities. The hot junctions are in contact with
the respective cavities and the cold junctions are on a common heat sunk
base.

Each of the cavities (shown as front and rear in the diagram) is an
inverted silver cone within a cylinder. The cone and the inside wall of the
cylinder are coated with specular black paint. The cavities are fitted with
heater windings which allow for absolute operation using an electrical
substitution method, which relates the radiant power to electrical power.

The front cavity views the direct solar beam by a 5° full field of view and a

slope angle of 0.8°. The rear cavity views an ambient temperature

blackbody. The assembled elements of the instrument are enclosed in a
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3.3. Calibration of the Absolute Cavity, AHF31117

tube, with an attached automatic shutter for shutting off the solar
irradiance.

The operation of the radiometer, and the measurement of the required
parameters is performed using a control unit. Some of the control functions
are the setting of the calibration heater power level, activation of the
calibration heater, selection of the signals to be measured and control of the
shutter. The measured parameters include the thermopile signal, the heater
voltage and the heater current which is measured as the voltage drop across
a precision resistor. The instrument is normally operated in the passive
mode, i.e. electrical calibrations are performed periodically during solar
measurements while the instrument is temporarily shuttered. The electrical
calibration is by the Primary Absolute Cavity Radiometer (PACRAD)
mode. This means that the front heater is set to a fixed level close to the
solar irradiance level. The thermopile output for the solar input and power
input are sensed sequentially.

It is noted that operation of the AHF31117 is automatic. A description of
a modified Eplab program which enables remote operation of the HF cavity
radiometer, and allows for both NIP and PSP calibrations is given by Lysko
in [9., 2003]. The program, AHF4AUX.BAS is a quick basic program. For
the IPCix the instrument was controlled by software developed by Hickey

(see [4., 2000]), such that the obtained series of direct solar irradiance S,

for each day could be submitted for a direct comparison with the WSG.
Since the power calculation for the IPCix and general operation of the
instrument is by the PACRAD Mode, the data reduction and equations for
this mode is described below.

The power P, which is assigned to the solar irradiance and which is

effective in heating the front cavity during exposure is
P =5, 0.4y (19)

where §, is the desired result, i.e. the solar irradiance, o, is the

absorptivity of the cavity, 4 is the area of the precision aperture, and 7y is

the stray light factor for the view tube.
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Part A 3. Radiometer Calibration

The electrical power P, is calculated from the measured voltage 7, and

measured current /,
P,=1 (V,-V,) (20)

where V_, = I, R_., with R_ the lead correction resistance, is the voltage

C’
drop in the connection leads between the four wire connection points and
the cavity heater.

The thermopile output signals, £, and E,, are proportional to the powers

dissipated in the cavity, i.e.

K, P, 1)
Ke Pe

ES
Ee
where the proportionality constants K #K, since there is a non

equivalence L between radiant and electrical heating such that K, = L K_.

Combining terms, the solar irradiance is obtained:

sa=(2) (=) @

The instrument’s constants may be combined into a single correction

E
factor, Cf = , so that §, = (l?s) [Cfl1 (Vi-1; R)].
e

ocCAy

When the solar irradiance is stable over the measuring period, E,=E;

during the electrical calibration such that §, reduces to:

S, = C/ I, (V=1 R,) (23)

The derivation of equation (23) assumes that temperature equilibrium has
been achieved before the measurement period and that the radiative loss
from the front cavity to the surroundings has been the same between
measurements and calibration. It is therefore a preference to assure stable
measuring conditions, for example that given by the IPC protocol for
meteorological variables in section 3.3.1.
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3.3. Calibration of the Absolute Cavity, AHF31117

3.3.3. AHF31117 Results from the IPCix

Measurements from AHF31117 at the IPCix were taken in runs lasting 21
minutes with a basic cadence of 90 s. The run for the HF31117 started with
the shutter closed, after 90 s the dark reading was acquired and the heater
turned on until, at 180 s the voltage, current and thermopile were read. The
heater was then turned off and the shutter opened. From 270 s onward the
instrument was read every 90 s yielding 11 irradiance values per run. In this
way a total of 91 irradiances were submitted for comparison with the WSG.

The first graph in FIGURE 3.3 are plots of the direct solar irradiance

from the WSG and the AHF31117 from series of runs on the 27" of
September 2000. The recorded direct solar irradiances are all above

850 Wm ™. According to Riiedi in [11., 2001], the optical depth at 500nm
was below 0.07 during measurements between llam and 1.30pm for this
day, and remained below 0.09 for the subsequent measurements. The

measurements were therefore in accordance with the IPC protocol (see
section 3.3.1).

The lower graph in the FIGURE 3.3 are plots of the relative deviation of
the AHF31117 from each of the WSG and gives an indication of
AHF31117’s stability during the runs. Without data omission the relative
deviation is less than 0.5%. Further, the percentage relative deviation of
AHF31117’s calibration factor, as taken from the mean of the WSG

irradiance measurements, is less than 0.4% except for one data point. This

is shown graphically in FIGURE 3.4. The IPC required that the ﬂ
instrument

ratios be within 0.3 % of the ratio median. Although the IPC final evaluation
excluded 10 of the submitted measurements due to deviations outside the
0.3%, the standard deviation results in FIGURE 3.3 and FIGURE 3.4

suggest that the measurements from AHF31117 are reliable. The excluded
deviations may be attributed to an alignment problem with the manual solar
tracker for the AHF31117 and/or time incoherence.
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3.4. Calibration of NIPs at UKZN and NTNU

In AHF31117’s final evaluation at the IPCix, given by Riiedi in [11.,
2001], the ratio to the WRR is 1.00035 % 0.00058 such that the instrument’s
new WRR is 0.99965.

3.4. Calibration of NIPs at UKZN and NTNU

The field NIPs at UKZN and NTNU are calibrated by comparison with
the AHF31117, using the sun as the source. The software program,
AHF4AUX.BAS is used so that the calibration process is controlled
remotely. The calibration is done in sessions. At the start of each session
the AHF31117 self-calibrates. A single irradiance measurement is then
taken every minute from the AHF31117 and the NIP under test and the data
is stored for later comparisons.

One such calibration of the NIP at UKZN was made on the 6" and 7! of
February 2001. First, the irradiance measurements from the AHF31117 was

AHF31117
NIP

were computed. The median of the ratio for each session was also

corrected to the WRR. Then, for each measurement the ratios of

determined. Similar to the IPCix data selection criteria, the ratios which do
not lie within 0.3% of the median were discarded. Finally the mean of the

remaining ratios is the new calibration factor for the NIP. The selected data
from the AHF31117 and the NIP is given graphically in FIGURE 3.5. Based

on the data, the NIP’s new correction factor is 0.9989 £ 0.0046 .

1040

1020 ‘—A—AHF31117 —o—NIP #31127E6

1000 +

980 ~

960

940 +

Direct Solar Irradiance [Wm 2]

920

data number

FIGURE 3.5

Direct solar irradiance data, from the 6™ and 7t of February 2001, for
calibration of the NIP at UKZN. The data from the AHF31117 is corrected
to WRR.
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Part A 3. Radiometer Calibration

Calibrations of the NIPs at NTNU are made using the procedure

described above. The selected data for calibrations on the 10" of September
2002 is given graphically in FIGURE 3.6. Based on the selected data, the
new calibration factors for the NIP #21132E6 and NIP #31856E6 are

1.050+0.002 and 1.005 £ 0.002, respectively.

—o— NIP #21132E6
—eo—NIP #31856E6
880 —a— AHF for NIP #21132E6_
—i— AHF for NIP #31856E6

870 A~

i /A\g\ fﬂ/!\!ﬂ_h f —h—y /A—*-A\‘

860
850

840 -

830 4
o W
810 4

800

Direct Solar Irradiance [sz]

T T T
1 3 5 7 9 11 13 15 17 19 21 23
data number

FIGURE 3.6

Direct solar irradiance data, from the 10t of September 2002,
for calibration of the NIPs at NTNU. The data from the
AHF31117 is corrected to WRR.

3.5. Calibration of PSPs at UKZN and NTNU

The conventional Sunshade method described by Igbal in [7., 1983] is
used to calibrate pyranometers at UKZN and NTNU. The direct solar
irradiance from the pyranometer is compared to the direct solar irradiance
from an NIP, which is calibrated against the AHF31117. This approach
provides a trace to the WRR.

3.5.1. The Sunshade Method

The shading kit at UKZN is described by Dhavraj in [1., 1998]. The
shading kit at NTNU is a quarter circular, 80cm radius (PSP sensor to disk
length) rotatable arm with a slideable 8cm disk. A photograph of the kit in
operation, with embossed illustration, is given in FIGURE 3.7. The
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3.5. Calibration of PSPs at UKZN and NTNU

dimensions of the shading apparatus gives a 5.7° aperture angle, making it

comparable to the reference NIP’s 5° field of view.

FIGURE 3.7

[lustration of the manual shading kit at NTNU. The kit
is used for calibration of the pyranometers and maybe
used for short-term diffuse measurements.

In this technique the test pyranometer is periodically shaded off by the
shading disk for a diffuse measure and exposed to the beam radiation for a
global measure. At the same time a reference NIP measures the direct solar

irradiance. All quantities are in W™
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Part A 3. Radiometer Calibration

The test pyranometer calibration factor K for each period is then given

by:

_ Directyp _ Directy;p _ NIP - cos0,
" Directpgp  (Global - Diffuse) pgp PSP — PSP} ied

24

exposed

An average of K over the entire calibration session is taken as the true

new factor.

Alternatively, the pyranometer response R, in units V/Wm_z, may be
calculated if the pyranometer measurements are taken in volts and the NIP
in Wm

Direct
PSP‘Volts

= — (25)
DzrectNIP‘ .
Wm

3.5.2. PSP Calibration Results

Results from a calibration of the PSP at UKZN is given by Dhavraj in [1.,
1998].

A calibration of the PSPs at NTNU was carried out on the 26" of
September 2002 (Norwegian Autumn), at exactly past solar noon and 1 hour
past solar noon respectively. This was a clear sky period with only
occasional cloud disturbances. The shadow kit was manually adjusted so
that the disk alternately shaded and exposed the pyranometer dome (and
thus sensor) for durations of 5 minutes. Data from the instruments were
retrieved using S3yrnyu (see section 2.4.2.3). The available data were thus
the 1-minute averages and corresponding standard deviations from the mean
for the instruments. The reference is NIP#21132E6. This is traceable to the
WRR according to Kirk in [8., 2002] and was re-calibrated (see section
3.4).

The calibration data for both PSPs were sifted. The 1-minute averages
with standard deviations greater than 5% were excluded. The final data set
from the 3 radiometers are shown by the plots in FIGURE 3.8(a) and
FIGURE 3.8(b).

60 of 201



3.5. Calibration of PSPs at UKZN and NTNU

An indication of sky conditions and irradiance variations are shown in
FIGURE 3.8(c) and FIGURE 3.8(d). These are curves of the percentage
standard deviation of the 1-minute averages, taken from the 12 samples
within the minute, for the sifted data set.

It is shown that during calibration of PSP #16577F3, the percentage
maximum standard deviation for the I-minute averages recorded for the

PSP when shaded, PSP when exposed and NIP are 3.03%, 0.30% and 0.13%
respectively. Likewise, for PSP #33049F3, the respective deviations are
2.34%, 0.55% and 0.28%. These low deviations suggest that the sky

remained consistent during the measurements.

Table 3A tabulates the data used and results obtained for both PSPs. It
follows that the PSPs’ new calibration factors are:

PSP #16577F3: 1.157 £ 0.001

PSP #33049F3: 0.998 £ 0.018,

where the given uncertainties are the standard deviations in the mean of
the calculated calibration factors.

The total uncertainty in the calibration of the PSPs is determined by the
accuracy of the data logging system, transfer to the WRR, zenith angle
computation (which is defined by time accuracy and the choice of
algorithm), and the pyranometer inaccuracies. It is expected that the total

uncertainty is less than 4 %.
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Sunshade Mode for PSP_16577F3

Calibration Date: 26 September 2002

—e—PSP_16577F3 —e—NIP

Sunshade Mode for PSP_33049F3
Calibration Date: 26 September 2002

3. Radiometer Calibration
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Data for the PSPs and NIP at NTNU in calibration of the PSPs. The % standard
deviations in (c¢) and (d) suggest the sky condition during each observation.

Table 3A: Calibration numbers for PSP #16577F3 and PSP #33049F3

Pyranometer Pyrheliometer Solar NIP PSP K_PSP
(Wm'z) NIP #21132E6 Zenith Direct Direct
Exposed | Shaded I, 0, I, - cosb, G,-G, I, cos®,
(Ge) (Gy) (deg) G- Gy
PSP #16577F3
341.75 23.90 866.36 64.92 367.46 317.85 1.1561
342.2 25.15 866.52 64.97 366.83 317.05 1.1570
341.5 24.53 870.30 65.08 366.95 316.97 1.1577
average K PSP #16577F3 1.1569
PSP #33049F3 (the newer PSP)
393.25 44.20 859.01 65.83 351.88 349.05 1.0081
398.75 41.13 852.19 66.20 344.06 357.63 0.9621
374.67 37.88 844.05 66.57 335.79 336.79 0.9970
364.25 37.40 843.26 66.99 329.82 326.85 1.0091
357.60 36.35 842.37 67.49 322.65 321.25 1.0043
344.33 35.20 833.20 68.03 311.96 309.13 1.0092
average K PSP #33049F3 0.9983
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3.6. Calibration Validations

It is possible to validate the calibration factors for the NIPs and PSPs at
NTNU by comparing the corrected data from each pair.

The pairs of direct and global data from four clear sky days in 2002 have
been selected for validations of the calibration factors. The raw data from
each instrument is given graphically in FIGURE 3.9. The data are not
corrected, except that the irradiances are calculated from the instruments’
original responsivities. The data is controlled in the comparison stage to

exclude observations at solar heights below 7.5 (see Figure 2.2 on
page 26).

°
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Irradiance (W m™°)
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Time Time

Clear sky observations from the NIPs and PSPs at NTNU for 4 clear
sky days in 2000. The irradiances are calculated from the
instruments’ original responsivity; calibration factors are not
included.
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3.6.1. Calibration Validation: NIPs

The absolute irradiance differences between the two NIPs at NTNU for
the selected days is given by the scatter plot in FIGURE 3.11. The original
data are modified to incorporate the respective calibration factors.

From the 2705 observations, 92% of the irradiance differences are below

4Wm™ and correspond to a relative uncertainty of less than 0.9%. This is
within the WMO uncertainty specification for high quality NIP’s (see
section 1.3.2.4, page 13). The higher absolute differences correspond to
relative uncertainties below 2%, with the exception of 3 observations. The
higher uncertainties in the 8% of observations may be attributed to deposits

on either of the NIPs’ windows in the interim to maintenance.

2

1

absolute error, | NIP. — NIP_ | [Wm™]

Solar height [degrees]

FIGURE 3.10

Scatter plots of absolute differences in direct solar irradiances
from the 2 NIPs at NTNU for the clear sky observations given
in FIGURE 3.9. The data from the NIPs are corrected by the
calibration factors.
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3.6.2. Validation: PSPs

The absolute irradiance differences between the two PSPs at NTNU for
the selected days are given by the scatter plots in FIGURE 3.11. The
original data are modified to incorporate the respective calibration factors.
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FIGURE 3.11

Scatter plots of differences in global solar irradiance from the 2
PSPs at NTNU for the selected clear sky days. The data from
the PSPs are corrected by the calibration factors.

The maximum difference from the 4 day evaluations is 34Wm . This

corresponds to a 4.7% absolute deviation relative to the PSP #33049F3

minute average record of 724Wm_2, which is between the 3% and 8% total

uncertainty limits specified by WMO in [12., 1997] for high and good
quality PSPs respectively.

The recorded differences may be attributed to directional and thermal
factors mentioned in section 1.3.3 on page 14. It is evident from the plots
that the irradiance differences between the two PSPs climbs with solar
height to a maximum at solar noon, consistently. In addition, the polarity of
error shows that PSP #16577F3 reads a higher irradiance before noon. The
after noon errors switch polarity as indicated in the FIGURE 3.11. These
indicate that deviations may be due to directional and temperature
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responses. It is expected that corrections based on angular responses and
day-time thermal offsets would reduce the uncertainties in calibrations of
the PSPs.

3.7. Chapter Summary and Conclusions

Calibration procedures and results have been presented for the NIPs and
PSPs at UKZN and NTNU. The calibrations are traced to the WRR and have
been validated. The validations suggest that, with regular instrument
maintenance, the total uncertainties in irradiances from the NIPs can be less

than 0.9%. Likewise, it may be presumed that the uncertainties in global

irradiances from the PSPs are less than 5 %.
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Chapter 4
Presentation of Site Data

In this chapter some examples of daily records of direct and global solar
irradiances measured at UKZN and NTNU are presented. In addition,
evaluation of the measured global and direct solar irradiances is shown in
the form of total power per month, transmission factors and irradiance
frequency distributions with respect to solar height.

4.1. Introduction

The purpose of this chapter is to present the collected data and derived
information from UKZN and NTNU. The selected daily records of direct
normal and global irradiances give an indication of the expected levels for
different radiation conditions. The month synopsis for each site may be
used in the assessment of solar energy systems. The transmission factors for
the direct normal, global horizontal and the diffuse horizontal irradiances
may also be used to recover the estimates of the respective irradiances.
Additionally, these factors may be used to provide a first estimate of the
solar radiation climates for the sites. Greater detail in data characterization
is provided by irradiance frequency distributions with respect to solar
height. Such distributions are the basis of the Levseth-Brevik Model,
described in detail in [1.], and [8.].

4.2. Examples of Daily Records

Some examples of the daily records of direct and global solar irradiance,
together with the calculated diffuse irradiance is shown. The examples have
been selected for their illustration of different sky conditions and possible
maintenance issues.

4.2.1. Examples of Daily Records at UKZN

A selection of 16 daily records of data from the site at UKZN are plotted
against time of day and shown in FIGURE 4.1. The daily diffuse is
included. Each record is numbered from 1 to 16.
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Typically clear sky days are given by records 1, 2, 4, 5, 6, 8§, and 9. On
such days the sky is almost free of clouds in the direction of the sun during
the solar day. The corresponding clearness parameters and direct ratios for
these days are given by the plots in FIGURE 4.2.

A crude approach in checking the state of the pyranometer dome and
pyrheliometer window is by comparing the irradiance transmission levels
before and after solar noon for each of the clear sky days. The days
represented by the records 1 and 2 are two consecutive winter days
occurring in the middle of July 2003. The clearness parameters and direct
ratios for the day in record 1 have respective relative absolute differences

of less than 3% and 6% for the corresponding before and after noon solar

heights above 27.4°. The transmission results for the day in record 2 are
similar. It follows, for these days, that the instruments may be considered
as clean or homogeneously ‘dusty’.

Regarding the recorded irradiances as true, there is a higher irradiance
level on the second of the two consecutive days. The maximum value of the

direct irradiance is about 123Wm > higher on this day than on the preceding

day. Likewise the global irradiance is about 52Wm> higher. The large
differences in irradiance levels for these consecutive days are due mainly to
day to day variations of the extinction in the atmosphere. The same is true

for the transmission factors from the 315! of July 2003 (record 5). This can

be seen by the corresponding transmission factor plots in FIGURE 4.2. The

7th

transmission factors for the 1 of July 2003 are consistently lower than

those for the 18 of July 2003. Greatest transmission is on the 315"

2003.

of July
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— (1) 17-07-2003
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FIGURE 4.2

One-minute clearness parameters (Kt) and direct ratios (T) for the

clear sky records in FIGURE 4.1. The record number is indicated
in parenthesis in the legend.
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FIGURE 4.3

The calculated diffuse horizontal irradiance for the 18" July 2001
(day record 4 in FIGURE 4.1) against the time of day in blue. The
plots in tones of green are the corresponding clearness parameters
and direct ratios.
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The clear days represented by the records 2 and 6 are on the same winter
day but from two different years. Record 2 is from the year 2003 and record
6 is from the year 2000. The transmission factors for the day in record 2 are
lower than for the day in record 6. There is a 10% difference at solar noon.
Only a fraction of this difference can be related to the total extraterrestrial
solar irradiance. The transmission parameters for the two days are
evaluated with the corresponding total extraterrestrial solar irradiances (see
section 1.1 on page 3) instead of the approximated extraterrestrial
irradiances taken by equation (4). According to the dataset version
d30 60 040 from PMOD/WRC, with references to Frohlich et al. in [6., 1998]
and Frohlich in [7., 2003], the total solar irradiance for the two days are

1365.4622Wm ™" and 1366.1545Wm_2, respectively. This is a difference of
0.05%. It is therefore viable that the clear sky irradiances are only slightly

lower for the day in record 2 in comparison to the day in record 6.

From the small and insignificant influence of the change in
extraterrestrial irradiance it may be concluded that the differences in
transmission factors for the days in records 2 and 6 are due to a greater
amount of atmospheric extinction on the day represented by record 2 than
on the day in record 6. But first the status of the instruments for the day in
record 6 is checked as described before. It is found that the transparency
coefficients for the day in record 6 have relative absolute differences of

less than 5% for the corresponding before and after noon solar heights

above 29°. Records from the pyrheliometer on this day may therefore be
viable. Data from the pyranometer may be questioned since the relative
absolute differences in the clearness parameter are largely variable. So the
large differences in these records (clear days of the same day number but
from a different year) can be due to both dissimilar atmospheric extinctions
and misread irradiances due to unclean instrument windows.

The day number in record 4 is the same as in records 2 and 6, but in the
year 2001. The trend in the radiance plots suggest a clear sky day. From

time 10423 to 14h01 the calculated horizontal diffuse irradiances are
negative. That is, the direct horizontal irradiances are higher than the
corresponding global irradiances. At the same time, as shown in FIGURE

4.3, (Tm)m>KT. A possible explanation is that the observed global
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irradiances for this day may be dubious. This can be if the pyranometer

dome is unclean.

The day represented by the record 8 shows a dip in the global irradiance
between 14h11 and 14h16 whilst the direct is less perturbed over this
period. The dip in the global by the pyranometer observation may be due to
disturbances from cleaning of the pyranometer dome. Another possibility is
the ‘bird factor’; an illustration of which is given by the picture in FIGURE
4.4.

16.03.02 1 24329
FIGURE 4.4

A UKZN due west photogragh showing a bird pirched on
the pyranometer. The picture was captured by the
Creative Video Blaster Webcam 5.

It is typical that the level of the direct normal irradiances exceeds
corresponding global horizontal irradiances at around solar noon for clear
sky days in the summer months. The day in record 9 is an example. Also
evident from this record is a delay in the global irradiance pick-up at
sunrise in comparison with the direct normal irradiance pick-up. This is the
case for most of the days in November, December and January. It is
presumed that equipment on the sundeck obstructs the pyranometer’s
sunrise view during these days; when the day length is the longest. The
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delay in global irradiance pick-up for the day in record 9 is approximately
1hl15.

All the days later than the 15 of March 2002 show a sudden drop in the
direct solar irradiance for a single minute in the afternoons. This is clear
from the days in records 1, 2, 3, 9, 11, 14 and 15. At the time of the drops
the automatic solar tracker reaches its horizontal axis limit. So it pivots
180° in the reverse azimuth direction and then realigns to the solar zenith.
During this duration, of about l-minute, the pyrheliometer is inevitably
misaligned from the sun.

The day in record 7, the 25t of September 1997, illustrates three
scenarios. The first is that the direct solar irradiance recorded between
sunrise to 9450 is flawed. This deduction is made since the levels of the
corresponding global irradiances suggest a clear sky so that all direct
irradiances are expected to be, at most, higher than the global. However the

direct irradiances are all below 15Wm ~. This is due to solar misalignment.
The second scenario is the periodic drop in the global irradiances between
10401 and 12A402. This is because the pyranometer is periodically shaded
and exposed for calibration purposes (see “Calibration of PSPs at UKZN
and NTNU” on page 58.). The last scenario illustrates the change from a
clear sky day to a partly cloudy sky to overcast after 14407.

The fluctuations in the direct and global irradiances in the days
represented by records 3 and 10 to 16 in FIGURE 4.1 are typical for
overcast or partly cloudy days.

The fluctuations for the days in records 3, 11 and 13 are suggestive of
intermittent sun cover by low level and widely scattered cumulus clouds.

The days represented by the records 10 and 16 show high peaks of global

irradiances. The maximum for the day in record 10 is 1180Wm >. This is
higher than observed global irradiances from clear skies. The lower level on
the clear days may be attributed to extinction caused by atmospheric
aerosol. The clouds on days such as in records 10 and 16 are most likely the
stratocumulus clouds and are associated with patches of clear and almost
aerosol free sky. This would reduce atmospheric extinction and explains the
higher global irradiances.
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There is little or no direct solar irradiance on the day represented by
record 12. This is due to the opaque and precipitable nimbostratus clouds.
On occasions such as this the global and diffuse irradiances are the same.

The direct normal and global irradiances for the day represented by the
record 14 are almost the same. This may be the case in the presence of the
uniform, diffuse and translucent altostratus clouds.

The day represented by the record 15 is in winter, when the global
irradiance levels are in general low. However, the direct irradiance is lower
than the global for most of the day before noon. This can be due to
irradiance scattering by high level cirrus clouds.

In summary, the UKZN is categorised as being part of the Kwazulu-Natal
coast region. It’s subtropical climate may explain the levels of observed
solar irradiances. Relative humidity over the region is fairly high owing to
the supply of moisture from the adjacent Indian Ocean. According to the
City State of the Environment Report on Climate for the Durban
Metropolitan Area given by [3., 1999], relative humidities can be close to
70% in the summer months and between 50% to 60 % in the winter months.
In conjunction with high temperatures, the atmosphere may be regarded as
sultry, especially during the summer months and can explain the high
global and lower direct irradiance levels during part of the day in record 9,
for example. The spring and autumn months can have short periods of hot,
dry conditions justifying the observed irradiances during, for example, the
day represented by record 7. Precipitation in the Kwazulu-Natal coast
region is expected mainly from October to April and particularly in the
summer months (December, January and February) when there can be
strong tropical thunderstorms almost daily in the afternoons. This can be
interpreted from the direct and global solar irradiance observations at
UKZN. Classic examples are most of the days in January 2003. For

instance, the trend in irradiances on the 6" and 16 of January as shown in
FIGURE 4.5. On these days the trend in global and direct irradiances before

noon are suggestive of clear skies and high humidity. By 14436 on the 6h
the direct irradiance drops to null from a high of 833 Wm™> at 13h53. The

irradiance levels for the rest of the day implies the possible presence of
cumulonimbus clouds and a tropical thunderstorm, clearing out to cumulus

clouds by 16404 .
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FIGURE 4.5
A calendar plot of direct and global solar irradiances recorded at UKZN for the
days in January 2003.
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The local land/sea breezes and topographically induced wind circulations
should be considered when defining the distribution of solar radiation since
they disperse or accumulate atmospheric components such as aerosols and
air pollutants. For example, the mountain-plain winds transport pollutants
released in the interior of Kwazulu-Natal towards the coast at night. By day
the wind circulation reverses such that air pollutants from the coast are
carried to the interior. There is a need for research into the influence of
wind and particle dispersion on solar irradiance in the climatic regions of
South Africa.
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4.2.2. Examples of Daily Records at NTNU

Some examples of daily records of direct and calculated diffuse solar
irradiance at NTNU are discussed by Brevik in [1., 1984]. An additional
selection of 16 daily records of data from the site at NTNU are plotted
against time of day and shown in FIGURE 4.6. The daily diffuse is
included. Each record is numbered from 1 to 16.

The direct irradiances for the days represented by records 1 and 11
illustrate the effect of solar misalignment. The NIP tracker mount for these

days was the ‘manual’ Eppley ST-3. Realignment of the tracker at 12429 for
the day in record 1 and at 12455 for the day in record 11 resulted in
irradiance jumps of 33% and 27%, respectively. The direct irradiant data

before 8425 for the day in record 12 is also damped due to solar
misalignment. The NIP for these data is mounted on the automatic tracker.
The parameters of the tracker required re-configuration to avoid
misalignment.

The days represented by records 1 to 6 are for the same day number, in
mid-summer, but for the years 1996, 1997, 1998, 1999, 2002 and 2003,
respectively. There are large differences in the levels of the time-
corresponding irradiances. Aside from the solar misalignment, the day in
record 1 has clear sky conditions for the first part of the day. The irradiance
fluctuations for the days in records 2 and 6 suggest partly cloudy conditions
with intermittent sun cover by cumulus clouds. The low global irradiances
during the days in records 3 and 4, as well as the complete elimination of
direct irradiances suggest that the sun is completely obscured for most of
the solar day in these records. The day in record 5 shows a clear sky period

between 08443 and 15k08. Irradiance levels outside this period are

influenced by intermittent cloud cover over the sun.

Records 7 and 9 give examples of clear sky days. The day in record 7 is
in summer; the day in record 9 in winter. The differences in the maximum
direct and global solar irradiances, and occurring at solar noon, are about

260Wm™> and 613 Wm_z, respectively. The clearness parameters on these
days are 0.75 and 0.55, at solar noon. Likewise the transparency
coefficients are 0.70 and 0.45. It follows that the summer day in record 7
has clearer sky conditions at solar noon than the winter day in record 9. For
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the day in record 9, the direct irradiance far exceeds the global, which is
not atypical for Norwegian clear winter days.

The days represented by the records 1, 8, 14 and 15 have clear sky
conditions for the first part of the day, and then an almost sudden build-up
of cloud and hence diffuse solar irradiation. The day in record 14 shows the
increased contribution to the diffuse irradiance by the obscured sun after

11450. The diffuse at 13448 is about 40Wm higher than the level of
diffuse at 10412.

The spring days represented by the records 13 and 16 both show a large
dip in the direct irradiance around solar noon and a corresponding increase
in the diffuse. It is noted that the total irradiance at these times for the day

in record 13 is mostly diffuse, with a high of about 382 Wm™>. The cloudy
day in the early spring day of record 10 shows higher levels of global
irradiances than the clear day in record 9. The increase in the solar noon
horizontal component of the extraterrestrial irradiance for the time between
records 9 and 10 is 47% and explains the increase in the observed ground

irradiance.

The influence of distinct seasons can be seen in all the day records. The
times corresponding to the sharp irradiance cutoffs at sunrise and sunset
show the effect of the horizon. The time span in each record show the
impact of the site’s high latitude.
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4.3. Month Synopsis of Data

4.3. Month Synopsis of Data

This section gives a summary of the data from the sites at UKZN and
NTNU. The summary is in the form of tabulated energy densities per month,
monthly average daily energy densities and transmission factors.

4.3.1. Energy Density

Table 4A and Table 4B gives the energy density per month for the sites at
UKZN and NTNU, respectively. The tables also include the monthly
average daily energy densities. The numbers are for direct, global and
diffuse irradiances. According to the status of data from UKZN (see bar
plots in FIGURE 2.10(a) to FIGURE 2.10(f)) there can be a number of
missing data points within a day.

The results in Table 4A are taken with the missing points set to zero.
This can be misleading if the status of data are not considered. The energies
given for September 2001, for instance, is taken as the sum of data from
just two days instead of 30 days. Filling in 1-minute data for the other 28
days is not viable. The missing points for the data from the NTNU site are
also taken as zero, although there are fewer missing points in comparison to
the data records from the site at UKZN. The results for UKZN may also be
misleading due to omission of data quality control. Checks on the reliability
of the data at UKZN 1is a challenge due to infrequent maintenance of the
instruments and poor registration of the maintenance.

Observed irradiances, such as those in Table 4A and Table 4B can be
used in applications where seasonal trends are required. For instance, the
efficiency of photovoltaic systems may be tested by:

E

= n 26

where: m,, is the monthly module efficiency, E, is the total energy

m

produced (Wh) in the given month, H, is the total incident radiation

(Wh m_z) in the given month, and 4 is the module area (mz). As an example
Carr et al. in [2., 2004] has carried out work on comparing the performance
of different photovoltaic module types in temperate climates.
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4.3. Month Synopsis of Data
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Ratios between collected data and SSE projections at:
(a) UKZN and (b) NTNU.
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It is possible to compare the monthly averaged irradiances given in the
Table 4A and Table 4B to data sets generated by physical models. For
instance the solar energy data supplied by NASA in [10., 2005] with
references to Stackhouse et al. in [15., 2000] and Stackhouse et al. in [16.,
2003] (see Part B, section 6.2 on page 186). These data are referred to as
the Surface Meteorology and Solar Energy (SSE) data. Results from
comparisons between the SSE and UKZN and NTNU, respectively, are
given by the ratio plots in FIGURE 4.7. The SSE data sets have an
uncertainty of below 25%. It is seen that the majority of ratios for NTNU in
FIGURE 4.7(b) are within the £25% band. This is not the case for the ratios
for UKZN in FIGURE 4.7(a). The main reason for a larger deviation from
unity in the UKZN-to-SSE comparison would be the status of the logged
data at UKZN. On the other hand, valid data logs would give the advantage
of assessing data sets such as from the SSE. As an example, FIGURE 4.7(b)
shows that the SSE data set for NTNU consists mainly of irradiance
overestimates.

4.3.2. Transmission Factors

Table 4C and Table 4D give the mean month variations of transmission
factors for the sites at UKZN and NTNU, respectively.

The transmission factors are:

* the direct transmission 7 = (Tm)m: S—m, and follows from
o

equation (7) on page 8.
* the clearness parameter (also called the clearness index) as given

FH
by equation (10) on page 9, (KT= S——ﬂ@é- , and
, * COS

* the diffuse fraction:

F
Kd — diffuse 7

F‘[élobal

where F’fouse and FIG{lobal are respectively the diffuse and global

irradiances on a horizontal surface (see section 1.2.3 on page 9).
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The transmission means are calculated as follows:

-the transmission factor for each 1-minute
irradiance is calculated,

-the day average is calculated for all factors
within the solar day,

-the month average is calculated from the day
averages.

The direct normal transmission factor, or the atmospheric transparency
factor as given by T, in equation (7) on page 8 can be used to assess

diurnal and seasonal variations of the direct solar irradiance. Since, as
shown by Kondratyev in [9., 1969], either factor is dependent on the solar
height, it would be more suitable to use turbidity factors in quantifying
atmospheric pollution. The turbidity factor is a relative transparency
characteristic. It indicates the degree to which the real atmospheric
transparency differs from the ideal and is less dependent on atmospheric
mass than the former factors. An investigation into the transparency
coefficient and turbidity for the site at NTNU based on the work by Ohvril
etal.in [11., 1999], is being carried out. This would allow conclusions with
regard to multi-annual trends of atmospheric transparency and turbidity.

It is typical to see both diurnal and seasonal variations in the clearness
index. Table 4C shows that the clearness index for UKZN in the year 2000
reaches its lowest values during the summer months (for example
December). The highest values are in the winter months (for example June).
This is due to variation in the condition of the air between the seasons.
During the summer months the level of fine dust particles in the air as well
as the relative humidity are higher than that during the winter months.
Table 4D shows that the clearness index for NTNU is generally lower in the
winter months. This is attributed to the climate associated with areas at
high latitudes.
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4.3. Month Synopsis of Data

Knowledge of the clearness index can be used in models to predict
diffuse radiation. Coppolino, in [4., 1989], gives the diffuse radiation as

linear and cubic expressions in K, as derived by Page and Klein

respectively. On the other hand, knowledge of the diffuse fraction K

defined by equation (27) can be used to develop correlations between the
diffuse fraction and the clearness index. Examples of such models are
Collares-Pereira/Rabl and Ruth/Chant given by Duffie et al. in [5., 1980]
and Skartveit/Olseth given by Skartveit et. al in [13., 1987]. A model for
the diffuse fraction, tuned for locality, can provide means to estimate direct
solar irradiance and insolation on inclined planes. It is found that the
Skartveit/Olseth model best fits the data at both UKZN and NTNU. This is
shown by the plots in FIGURE 4.8 and FIGURE 4.10. The data points in
each of the plots are based on the following sequence:

* A selection of observed irradiances are taken. The selection
represents clear, partly cloudy and very cloudy days.

* the 1-minute clearness indices and diffuse fractions are

calculated from the data.

* the corresponding 1-minute diffuse fractions are calculated from

the respective models.

* the 1-minute clearness indices and diffuse fractions are averaged
over the solar day and plotted against each other.

The Skartveit/Olseth model differs from the previous models by
including a dependence on solar elevation, not just the clearness index. The
model does appear to overestimate the diffuse fraction under clear skies, for
both UKZN and NTNU. According to Skartveit et al. in [14., 1998], this
may be since the model does not account for climatic parameters such as
surface albedo and atmospheric content. An improved model described by
Skartveit et al. in [14., 1998], though not implemented in this work,
considers corrections for variable/inhomogeneous clouds and surface
albedo.

Another approach to estimate diffuse radiation is by finding correlation

between the diffuse fraction of extraterrestrial irradiance! and the clearness

1. The diffuse fraction of extraterrestrial irradiance is given as K ; = ﬂéfﬂ" .
o
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4. Presentation of Site Data

index. Selected days of data from UKZN and NTNU are used for generation
of plots given in FIGURE 4.9 and FIGURE 4.11. It is clear that correlations
do exist for the specific sites and allows further investigation.
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4.4. Frequency Distributions

Frequency distributions of all measurements of direct normal and
measurement related diffuse horizontal irradiances for the observation sites
at UKZN and NTNU can be used to characterise the radiation data in terms
of solar height dependency. The histograms in the figures FIGURE 4.12 to
FIGURE 4.15 display the direct and diffuse frequency distributions, from
all measurements, for each site. The data are divided into 16 intervals of

solar height (from 0° to 80° in steps of 5°). The bin size for each histogram

is 1wWm ™.

As expected, there is a dependence on solar height. The relative

frequencies of direct irradiances above 600Wm > from UKZN are most

pronounced for solar heights between 35° and 40° (FIGURE 4.12). It
appears that this would be an optimum inclination for a stationary solar
collector. This also confirms the report by Duffie et al. in [5., 1980]. That
is, a system designed with a receiving slope equal to latitude is best for
maximum annual energy availability. NTNU is at a much higher latitude,

and the optimum inclination on site would be between 25° and 30°
(FIGURE 4.14).

The diffuse frequency distributions (FIGURE 4.13, FIGURE 4.15)
suggest an increase of the irradiance with increasing solar height. Brevik,
in [1., 1984] has shown that diffuse data from NTNU reflects different
distributions for clear, partly cloudy and overcast days.

4.5. Chapter Summary and Conclusions

This chapter has presented the data collected at UKZN and NTNU. It has
been shown, by comparison to an empirical model, that the data from UKZN
is unreliable due to lack of cleaning of sensor windows. It has been shown
that site maps of solar irradiance can be used to describe cloud structures.
In addition, the correlation between transmission factors confirm claims as
being useful in estimating direct solar irradiances and insolation on
inclined planes. The various frequency distributions of irradiances at
different intervals of solar height can be used in, for example, solar
collector technology and building design.
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Chapter 5
Direct-Diffuse Solar Radiometer-1B

The Direct-Diffuse Solar Radiometer-1B (DDSR-1B) is an on the field,
ground based instrument which is mounted on a remotely controlled solar
tracker/sky positioner. DDSR-1B thereby measures direct/diffuse solar
irradiance. The sensing element is a pyroelectric detector, ‘triggered’ by a
modulator at SHz. The modulator and surrounding electronics with a second
order bandpass pass filter minimises noise in the system. This noise
elimination extends the limit on the lower irradiance level. Operation of the
instrument is controlled by a miniature, modular PC unit.

5.1. Introduction

A dual mode radiometer has been developed at NTNU. This radiometer is
called the Direct-Diffuse Solar Radiometer-1B (DDSR-1B). Motivations for
a dual mode radiometer, such as the DDSR-1B, has been given in Chapter 1,
section 1.3.4 on page 17. To recap, quantification of the angular
distribution of sky radiance from localised sites are not readily available.
This is due mainly to the lack of instrumentation. Development of the
DDSR-1B is with the intent to fill this gap. DDSR-1B can be mounted onto
a remotely controlled positioner for scanning the sky (to integrate sky
radiances into diffuse measurements) and for pointing to the sun (for direct
measurements).

It is advantageous to have a built-in positioner/radiometer system.
However the development of a solar tracker has not been considered for the
prototype DDSR-1B. Focus has been on the development of a sensing
mechanism for the radiometer. This includes an optical design for the two
modes of operation. In addition, a pyroelectric detector is selected for use
in complement with a mechanical chopper. It is hoped that the chopper not
only sources the pyroelectric detector but also facilitates elimination of
thermal drift and signal noise. Necessary electronics have been considered
for signal conditioning. Finally, custom engineered software is developed
for remotely controlling the radiometer. Sections 5.2. to 5.5.3. give the
mechanical, optical, electrical and control overview of the DDSR-1B.
Section 5.6. describes the procedure for signal extraction. Sections 5.7. to
5.9. present the laboratory and on field test results together with an
assessment of the system.
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Part A 5. Direct-Diffuse Solar Radiometer-1B

5.2. System Layout

DDSR-1B has a compact, modular design. Its system layout is given in
FIGURE 5.1. The radiometer consists of two assembled units namely an
outer unit and an inner unit. The outer unit, an aluminuim tube, is an
encasement for the inner unit. It has an opening, at the base, for plug
access. The inner unit consists of five sub-modules. These are a connector
module, a chopper module, a lens module, a sensing module and a
collimator module. The connector module is a base plate. It provides a
mounting platform for the remaining sub-modules. Two throughputs at the
rear of the inner and outer units allow for the units to be fastened together.
The throughputs also provide a mechanism to align optical components and
to keep the sub-modules fixed.

The collimator module is made up of fragmented tubes. Diffraction vanes
are fastened at the fragment ends for optical limitations. The collimator
module has three collimator sections as indicated in FIGURE 5.2.
Sectioning of the collimator gives mounting ease and leeway for a chopper
wheel and a lens wheel.

The chopper wheel, with 5 identical apertures, is used for beam
modulation. The wheel is made from brass, is Imm thick and oxidised for a
black finish. The apertures are sized for a 100% beam transmission. The
chopper wheel is spun with a synchronous motor, at 60 revolutions per
minute. Power to the motor, and thus rotation of the wheel, is controlled
remotely via software. An infra-red light emitting diode (LED) and
phototransistor pair is used as a reference pick-up. The chopper wheel,
synchronous motor and reference pick-up makes up the chopper module.

The lens module consists of two collector lenses, a stepper motor with a
lens wheel, and a lens wheel position feedback. The collector lenses give
the options for beam spreading or focussing, which are critical for the
system. Beam spreading by a defocusing (concave) lens reduces the level of
direct radiation on the sensor. Beam focussing by a convex lens can
increase a diffuse signal. The defocusing lens is mounted on the lens wheel.
The lens wheel has three view posts namely defocus lens, closed and open.
The orientation of the lens wheel defines the mode of operation. DDSR-1B

<

is in ‘focus’ or ‘Modep,s, .’ (measuring sky radiance) if the open post is

along the optic axis. DDSR-1B is in ‘dark measure’ mode if the closed post
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5.3. Optics

is along the optic axis. DDSR-1B is in ‘spread’ or ‘Modep;,..,” (measuring

direct solar radiance) if the defocus lens post is along the optic axis. The
stepper motor is used to position the view posts of the lens wheel. A LED/
phototransistor pair is used as the lens wheel position feedback for
orienting the lens wheel in the required direction.

The sensor module consists of a pyroelectric detector, preliminary signal
conditioning by a pyro-interface and two temperature sensors. A detector
with high enough sensitivity to low intensities has been a major criterion in
the choice of the pyroelectric detector as the sensing element in this system.
It is expected that the combination of the beam focussing lens and the
sensitive detector with a modulator would provide a viable probe for sky
radiances. The two temperature sensors, one mounted close to the
pyroelectric detector and the other on the outside of the collimator, serve to
monitor the thermal state of the system.

Signals, power and relay to/from the radiometer is taken by cables
connecting the radiometer to a control unit.

5.3. Optics

FIGURE 5.2 gives a scaled longitudinal section of the collimator. It
shows the position of the diaphragms, chopper wheel, lenses and detector.
Special attention has been given to the design of a light, compact and
modular collimating tube for the DDSR-1B. The limitation on size and
weight has been the chopper wheel and motor as well as the lens wheel and
motor systems. Dimensions for the tube (with the above factors in mind)
was derived based on WMO specifications for the view limiting geometry
with respect to direct solar irradiance measurements.

Ideally the inner tube (collimator) should have a matt black coating so as
to maximise stray light absorption. However, in this version of the DDSR
the collimator has not been coated with a matt finish. Instead, the
collimator, chopper wheel, housing tube and all frames have been oxidised.
The process of oxidisation results in a black surface finish and this is
presumed to suffice since the effect of reflections off the now less
reflective collimator surface can be ‘calibrated off’.
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FIGURE 5.2
Longitudinal section of DDSR-1B’s fragmented collimator.

5.3.1. View Limits

Instruments at normal incidence to the sun (for direct solar
measurements) require a view limit so as to minimize the registration of
circumsolar radiation. The view limit is defined by the diameters of the
front aperture and the receiver. FIGURE 5.3 gives a sketch to illustrate the
limiting angles.
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| Aperture Stop
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FIGURE 5.3
Definition of the view limiting angles for DDSR-1B.

From the geometry in FIGURE 5.3, the limiting angles are:

ay= Full View Angle = 2 - atan (%) (28)
a, = Slope Angle = atan(l%/) (29)
a;=Limit Angle = atan (RZ r) (30)

Although the average subtended angle of the Sun as viewed from Earth is
approximately 0.5°, WMO suggests the use of a 5° full field of view, a 1°

slope angle and a 4° limit angle. The reason for this is the tracking

tolerance of most solar trackers.
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Limitations on the slope and limit angles are required due to the finite
area of the aperture stop. The following relation is derived from the
equations (28), (29) and (30):

4
2tan(5) = tana  + tang, (31
which is:
ap = ag+a (32)

for a,, a; and q, sufficiently small.

Equation (32) shows that an increase in the Limit Angle (by moving
along and away from the centre of the aperture stop) shifts the field of view
such that the area of view is larger than that defined by the centre of the

stop. Thus a larger limit angle would imply the registration of a larger disc

about the sun. However, the 1° Slope Angle (defined by the area of the
aperture stop) keeps the Full View Angle within the maximum permissible
view.

For the direct mode operation of the DDSR-1b, the aperture stop as
shown in FIGURE 5.3 refers to the diaphragm behind the defocusing lens
and which holds the defocusing lens to the lens wheel. The distance

between the entrance window and aperture stop is L = 256.00 £ 0.0lmm. The
radius of the entrance window is R = 11.20£0.0lmm and the radius of the

aperture stop is » = 6.00+0.0lmm. The viewing angles are thus:

a, = Full view Angle = 5.01°£0.03% (33)
a, = Slope Angle = 1.16° +0.03% (34)
a; = Limit Angle = 3.78” £0.03% (35)

which are within the WMO specifications.

A test of DDSR-1B’s opening angles has been made against the sun. The
instrument is mounted on Eppley’s ST-3 solar tracker and aligned to the
sun. The tracker’s equation of time adjustment is then altered such that the
sun can glide over the instrument’s entrance window on removal of power
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to the tracker. The result is as shown in FIGURE 5.4. It is noted from the
figure that a complete response is within 2°. A 50% drop in response is

observed for an alignment offset of 2.5°. The response drops to zero by 3°.

0.8
0.6
04

0.2

Normalised Output

0.0
0 0.5 1 1.5 2 2.5 3 3.5

Angle [degrees]

FIGURE 5.4

DDSR-1B’s angular response. The instrument is mounted on the Eppley
ST-3 tracker and offset from the sun using the tracker’s equation of time
adjustment. Power to the tracker is removed to allow the movement of
the sun over the opening. The angles are scaled from the time records

using the fact that the sun moves 15° in one hour.

The view limiting angles are not too different for the instrument when in
the diffuse mode of operation. This is because the aperture stop is now the
focussing lens, with the same radius as the diaphragm stop for the direct
mode and with a distance L’ = 0.98Lmm from the entrance window. The

angles for the diffuse mode are:

Full view Angle = 4.92°+0.03% (36)
Slope Angle = 1.14°+0.03% (37)
Limit Angle = 3.78°%0.03% (38)

An approximation of the diffuse irradiance at a particular point in the sky
would, ideally, require a narrow viewing angle. However, the narrower the
viewing angle, the more scan points would be required to map the entire
hemisphere. This would greatly increase the scan time and so the integrated
diffuse value would have a greater deviation from the ‘true’ instantaneous
total diffuse irradiance.
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5.3.2. The Chopper Wheel

FIGURE 5.5

Front view of the chopper wheel.

The chopper wheel has five apertures and five screens. The screens and
apertures have the same dimensions. Each screen completely veils the
incident flux when in-line with the optic axis. The aperture fill ratio (taken
as the width of wheel aperture divided by the width of the diaphragm in
front of the chopper wheel) is 1.2. Thus, each on-axis wheel aperture allows
full passage of the incident flux. Further, the collector’s (defocusing lens)

FOV of 5° is maintained.

Faulhaber, in [4., 1977], suggests that contributions from higher
harmonic frequencies can be suppressed by considering the geometry of the
chopper wheel. For the case of DDSR-1B’s current chopper wheel design,
the ratio of the aperture radius to the distance between the centre of
aperture and centre of the wheel is 0.318. According to a solution to
Faulhaber’s numerical approximation for a five notch/tooth wheel, the
above ratio would imply a 6% contribution from the 3rd harmonic and a less
than 2% contribution from the 5th harmonic. This can be seen by the plots
given in FIGURE 5.6. The data for the curves in these plots are calculated
from the absolute value of the ratio of the corresponding harmonic
coefficient to the fundamental one:

) (39)
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where i is the corresponding harmonic, C is the Fourier coefficient of
the modulated radiation, F 1is the hypergeometrical function, n is the

number of notch-tooth (aperture-screen) pairs, and z is the ratio of the
aperture radius to distance of the centre of the aperture from the centre of
the wheel (i.e. R/R as illustrated in FIGURE 5.5.).

In light of the above, a total harmonic contribution of 9% is considered
in the derivation of a system response factor for the DDSR-1B.
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FIGURE 5.6

Contribution of the third and fifth harmonic frequency

relative to the base frequency for n = 5 notch-tooth pairs.
Calculation based on /4., 1977].
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5.3.3. The Lenses

Optical lenses are used as collectors in the DDSR-1B system. The lenses
are used as a solution to dynamic range limitations of the system. DDSR-1B
is intended to operate over a wide irradiance span brought on due to the

attempt to measure at the low level diffuse (0 to ~150Wm'2) and at the high

level direct (<1200Wm'2) solar irradiances. Two lenses are used in the
system, a plano-convex (focussing) lens and a symmetric concave
(defocusing) lens. The focussing lens condenses the incident flux (of the
low level diffuse irradiance) onto the detector, thereby increasing the signal
pick-up. On the other hand, the focussing lens and defocusing lens, in
combination, spreads the incident beam (of the high level direct irradiance)
and thus reduces the signal level for the detector. It is evident that beam
reshaping results in loss of radiant power, but as mentioned above, beam
shaping is necessary to avoid saturation effects at the upper limit and to
avoid low signal to noise ratio (SNR) at the lower limit.

The lenses, serial numbers 313330 (for the defocusing lens) and 312258
(for the focussing lens), have been purchased from Linos Photonics. The
choice of lens’ has been based on stability with material type, coating,
thickness, diameters and focal lengths.

5.3.3.1. Stability of Properties

Stability of the optical properties of any lens is dependant on the lens’
response to variations in incident power and ambient temperture. These
variations could result in changes to a lens’ absorption, thermal
conductivity, and thermal expansion. Such changes may alter the lens’
optical properties (in particular, shifts in specified aberrations and focal
lengths) and thus alter the system’s responsivity. It is noted that the
defining factor in lens stability is its material type.

In DDSR-1B, the lenses used are from fused silica substrates. The fused
silica substrate has been selected for its transparency over a wide spectrum,
its low thermal coefficient of expansion and high thermal conductivity.

A lens from material having poor thermal conductivity could result in the
lens having a large difference in temperature profile between edge and
centre. This could alter the shape of the lens by the uneven thermal
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expansion across the profile. Alteration of the shape of the lens indubitably
alters its optical properties. Fused silica is specified to have a coefficient of

thermal conductivity of 14wm'K™". This high thermal conductivity is
responsible for the relative measure of uniformity in thermal expansion
across a lens of this material.

Variations in temperature could result in the volumetric expansion of a
material. For a lens, the change in temperature could alter its thickness,
radius of curvature and density. Such alterations modify the lens’ accuracy
by corrupting its refractive index and focal length.

A model, developed by Noecker et al. in [20., 1994], is considered for
analysing the changes in focal length of the focussing lens and defocusing
lens with respect to changes in temperature. According Noecker et al. the

focal length f of a lens changes with temperature 7 at the rate:

df _ (L \dn
far = (n—l)dT “0)

where n is the refractive index and o is the coefficient of thermal
expansion for fused silica. A simplified approximation of equation (40) is
given by:

log(fj) = (Tz—Tl)[oc—(’ﬁ)Z—ﬂ (41)

where the subscripts / and 2 refer to the initial and final values

respectively, for f and T.

Equation (41) has been used to find the approximate shifts in focal
lengths with changes in temperature in the focussing lens and defocusing
lens for the following wavelengths and refractive indices from [14.]:

(Faoonm = 26.78mm ,nyy,, . = 1.4700),
(f588nm = 27'46mm’n588nm = 14587), and
(f2325nm = 2907mm ,n2325nm = 14330 .

*

*

*

Fused silica is specified to have a thermal coefficient of expansion of

0=55x10"K"" and a change in index of refraction with temperature
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dn

dT

shifts f, —f; with change in temperature are as shown in FIGURE 5.7. An

extreme temperature change of 70°C would imply a focal shift of about
0.04mm. This contributes to a radiance uncertainty of less than 1% (see

section 5.7.3).
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5.3.3.2. Coating

Both lenses are uncoated; an anti-reflection coating would distort the
spectral transmission. The external transmission range for fused silica is
approximately 175 to 2400nm. This is shown graphical by the external
transmission curves given in FIGURE 5.8 for Optical Quality and UV Grade
synthetic fused silica, as taken from [17.] for 10mm thick samples. The

curves show insignificance in variation over the visible spectrum i.e 400 to

approximately 1300nm .
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WAVELEMGTH IN MANCMETERS
FIGURE 5.8
External transmittances for UV-grade and optical grade fused silica.
[17.].

5.3.3.3. Lens Thickness

The percentage of transmittance depends mainly on a lens’ thickness.
Centre thicknesses for the defocusing lens and focussing lens are 1.5mm
and 3mm, respectively. It is therefore expected that the defocusing lens has
a higher transmittance than the focussing lens. This is verified using the
optics analysis software, WinLens. FIGURE 5.9 shows three transmittance
curves. The curves correspond to transmission data for the defocusing lens,
the focussing lens and the analysed total transmission of the lens pair. It is

noted that the total internal transmission loss within the visible spectrum is
less than 0.09%.
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FIGURE 5.9
Internal transmission curves as a function of wavelength for the
defocusing lens, focussing lens and their combination.

5.3.3.4. Diameter

The diameter of the defocusing lens is 22.4mm, and the diameter of the
focussing lens is 12.5mm. These diameters have been selected as they fit
closest to the geometrical dimensions of the instrument.

5.3.3.5. Focal Length

A significant factor when choosing the lenses has been their focal

lengths. The defocusing lens has a focal length of f,5q,. = —20mm and the

focussing lens a focal length of f,s, = 25mm. These foci, together with

the calculated placement of the lenses within the collimator, enable the
construction of a shorter collimator and hence a less bulky system. DDSR-
1B requires that the defocusing lens be placed at the focal point of the
focussing lens for a spreaded beam and hence signal transmission for high
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solar irradiances. At the time of the optical design of the DDSR-1B, the
shortest available focal length for a suitable defocusing lens was —20mm .
Thus, the focal length of the focussing lens has been restricted to no less

than 20mm . In light of the latter, the optimum choice for the focussing lens

is the 25mm focal length.

More importantly, the focal distance and collector field of view for the
unitary focussing lens should (and does) yield an image size in comparison
with the system’s detector sensitive area. This follows from two factors,

V1Z.:

i. According to Elizarov et al. i [3.], the pyroelectric detector threshold

sensitivity deteriorates as Al/z, where A4 1is the area of the sensitive

element.

ii. According to Yakushenkova in [37.], the size 24" of the image grows

as the full angle of view ay increases according to the law:

2 = F 2tan(c—;f), )

where F is the focal distance of the system.

Thus, with the systems’ full angle of view ap = 5% and the focussing lens

focal length Fygo = 27.46mm, the size of the sensitive element of the

detector should, for an optimum threshold sensitivity, not exceed the size of
the image 2A" = 2.4mm. Actually, for Ae [400,2400] 24" is less than
2.6mm . The size of the sensitive element of the detector is 2mm, which does

not exceed 24’.

In summary, the Linos Photonics specifications for both lenses are given
in Table 5SA with parameters as illustrated by the geometries in FIGURE
5.10.
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Geometrical description of the parameters for the focussing
lens and defocusing lens.

Table SA: Parameter values for the focussing and the defocusing lens.

Symmetric Concave Plano-Convex
(# 313330) (# 312258)
focal length, f (mm) -20 25
diameter, ¢ (mm) 22.4 12.5
centre thickness, dm (mm) 1.5 3.0
edge thickness, dr (mm) 8.1 1.3
primary vertex, h (mm) 3.3 1.7
e’ (mm) 0.49 1.99
material synthetic fused silica
Abbé Constant 67.8+0.5
Change of refractive index with L 28x10-5/°C
temperature
continuous operating temperature 900°C (maximum)
coefficient of thermal expansion 5 5x10° 7oK1
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5.3.4. Object-Image Relation

DDSR-1B can operate in either of two modes:

A. MOdeDiffuse’ and
B. Modep;, ;-

Modeyifruse and Modeg;oct differ because of their difference in optic
systems. The optic system in Modeg;pr,sc has a single lens component whilst
that in Modeg;;oct 1S @ dual lens system. Each mode therefore has its own

characteristic object-image relation.

The discussions in this section are on the object-image relation for each
mode. It includes a description of the image plane, aberration effects and
irradiance transfer.

Discussions on the image plane and aberration effects are based on
results obtained from the optical design simulations and calculations using
the lens design programs, Winlens (version 4.3).

5.3.4.1. Mode Diffuse

Measurements of diffuse solar irradiance are taken with only the
focussing lens in the path of the incoming irradiance beam. Without this
lens in the optical path of the incoming flux, the recovery and measurement
of the low level diffuse radiance would be difficult. This is because the
irradiance levels approach the level of system noise and hence may require
special techniques to reflect measurements accurately and precisely.
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5.3. Optics

5.3.4.1.1. Ray Trace and Aberrations for Mode j;z5,,,

A simulation in Winlens has been made for investigating the effects of
the focussing lens with the following input parameters (with reference to
FIGURE 5.11(a)):

e Object distance: u = -257mm,

e Aperture Stop (radius) A4S, = 6mm,
e Object Angle (1/2 FOV) %af ~ 25, and

e Wavelengths (A):
- A(middle) = 587.6nm,
- A(short) = 400nm, and
- A(long) = 2400nm .

Results from the simulation include a paraxial ray trace, Seidal
aberrations and transmission calculations. The transmission results have
been discussed in sections (5.3.3.2.) and (5.3.3.3.). FIGURE 5.11 gives the
paraxial ray trace for the optical system, and a plot for the longitudinal

chromatic aberrations.

5.3.4.1.1.1. Paraxial Ray Trace

Referring to FIGURE 5.11(a), it is noted that a single component
analysis has been run. That is, only the focussing lens is along the optical
axis. The influence of baffles have been not been considered. The edge
(marginal) ray (with an object view angle of 2.5° and distance u = 257mm)
is imaged as illustrated by the magenta ray trace on the figure. The image
height and distance is found to be A" = 14mm and v = 28.7mm,

respectively. The above ray trace analysis results are specified for the

images’ circle of least confusion! (see FIGURE 5.14).

1. Circle of least confusion is a best placement approximation for a ‘focused’ image after consideration of
the effect of ray aberrations.
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5.3.4.1.1.2. Seidal Aberrations

In an ideal system, the spherical wavefronts emitted from an object point
would emerge in image space as spherical waves converging on the
gaussian image point. In practice, the wavefront is perturbed to some
extent. Deviations from the ideal case are called aberrations. The greater
the angle of incidence on a refracting surface, the greater is the deviation.
The theory, based on a third order approximation has been developed by
Ludwig von Seidal and the aberrations are referred to as Seidal aberrations.
In general there are five Seidal aberrations: spherical aberration, coma,
astigmatism, curvature of field and distortion. It is common to include the
chromatic aberration as a Seidal aberration.

Chromatic Aberrations:

All refracting systems would generate a splitting of incident
polychromatic light into a set of rays, each of which is associated with a
different wavelength. Consequently, the image will not be sharp. This
phenomena (illustrated in FIGURE 5.12) is referred to as chromatic
aberration. It is evident both longitudinally and laterally.

lateral \_} longitudinal

FIGURE 5.12

Pictorial definition of lateral and longitudinal chromatic aberration.

Winlens obtains the data for the lateral chromatic aberrations by tracing
10 chief rays at equal angle increments starting with an axial object and
incrementing up to the specified field size (i.e an object field size of 2.5°
for the current case). The data for the long wavelength 2400nm and the

short wavelength 400mm has been plotted as shown in FIGURE 5.13,
depicted by the curves in red and blue respectively. The solid dots in the
plot are the data points taken from the Table Summary of Field Aberrations
generated by Winlens. The solid lines in the plot correspond to a best linear
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fit through the data points. It may be concluded from these curves that
lateral chromatic aberration is at most 0.0046mm for the spectral range

400nm to 2400nm .

2.5

n

2400nm
[

Object Field Angle [degrees]

o
n

L L L L L
-0.004 -0.003 -0.002 -0.001 0 0.001 0.002
Lateral Chromatic Aberration [mm]

FIGURE 5.13
Measure of lateral chromatic aberration across the focussing

lens in Modeg;ryse-

Winlens generates a graph for the longitudinal chromatic aberrations.
This is shown in FIGURE 5.11(b), for the spectral range of 400nm to
2400nm, as a variation of the end focal length (EFL). The zero point in the
figure corresponds to the ray with the lower limit wavelength of 400nm and
having an EFL of 26.777mm . All chromatic shifts in the figure are relative
to this extremum. The maximum focal shift is thus 2.383mm and

corresponds to the ray with the upper limit wavelength of 2400nm. The
above shifts are shown in FIGURE 5.11(a2), which is a magnification of the
Rear Focus to Image Plane region of FIGURE 5.11(al).

Longitudinal chromatic aberration results in monochromatic images with
correspondingly different heights at the image plane. For the above

numbers, a paraxial incident ray at full view (i.e. 2.5°) would undergo

chromatic splitting such that the refracted ray with the shortest wavelength
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(400nm) would fall on the image plane at a point which is 4’ = 0.8mm (see
FIGURE 5.11(a2)) from the optic axis. Likewise, the refracted ray with the
longest wavelength (2400nm) would fall on the image plane at a point

which is A’; = —0.12mm from the optic axis.

Spherical Aberrations:

Spherical aberrations occur for widely spread beams originating from an
object point on the optical axis. With reference to FIGURE 5.14, they
appear as follows: The outer circular lens zones allow image points to
develop on the optic axis, which do not coincide with the paraxial image
point. What results is a rotationally symmetric diversion around the

paraxial image point.

Winlens reports a tranverse spherical aberration of 0.2568mm and a

longitudinal spherical aberration of 2.2011mm.

paraxial

Circle of least ray focus
Confusion /

\ //
ey e —
Transverse
>z Spherical
Rrgine] T Aberration
ray focus 4—Longlt.udwnal—»
Spherical
fAberration

FIGURE 5.14
Spherical aberration produced by refraction at the lens’ surfaces. The marginal
rays meet the axis at points nearer to the lens as compared to the paraxial rays.

Coma:

Seidal coma is an aberration which varies linearly with the field angle.
The sagittal and tangential comas for the system (as calculated in Winlens)

are —0.0208mm and —0.0625mm respectively. It is noted that coma can also

arise from a misalignment of the optical elements.
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5.3.4.1.1.3. Discussion on Ray Trace and Aberrations

An optical system has been simulated to analyse its feasibility of use in
the measurements of diffuse solar irradiance.

The analysis further enables the determination of the optimum placement
of the detector. The image plane’s optimum position, corresponding to the
circle of least confusion, is at 28.7mm from the back of the plano-convex
lens. To keep the detector within this vicinity, it has therefore been fixed on

the optic axis, at a distance of 28mm from the rear of the lens.

It is noted that the effects of spherical aberrations have been minimized
by using the plano-convex lens instead of a bi-convex lens. The curvature
of the focussing lens is towards the incoming rays, and according to
literature such as [22.], this orientation reduces spherical aberrations.

Magnitudes of the Seidal aberrations would give an indication of the
detection performance. Critical to the sensor’s performance is the
‘thinning’ of the beam when the transverse aberrations fall outside the

detector’s view. The detector has an active radius of 1mm, whilst all of the

transverse Seidal aberration components are evaluated to be less than 1mm.

5.3.4.1.2. Irradiance Transfer in MOdediffuse

Calculations are made to find the radiation transfer from the object plane
to the image plane for Modey;fryse-

5.3.4.1.2.1. Calculations

For a system with fractional losses (that is by reflection, absorption and

scattering) amounting to o, the flux d®, incident over the entrance pupil

indicated by EP in the FIGURE 5.11(al) and the flux d®, leaving the exit
pupil E°P’ in the direction of the image is given by:

dd, = (1-a) - dd, 43)
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A relation for the image irradiance E; in terms of the object irradiance
E_is found with the aid of equation (43), with the assumption of

o

Lambertian surfaces at the respective planes. FIGURE 5.15 illustrates the

imaging in Modepisrse for an object of elemental area d4,, with the

entrance and exit pupils as shown in the FIGURE 5.11(al). If dA4, is

irradiated by E, in Wm™ then the radiant flux reflected in any direction 0

to the surface normal is given by definition as:

d°®, = L dA, cos0dQ (44)

where L, is the surface radiance and dQ = 2nsin0d0 is the elemental

solid angle.

Exit Pupil
Entrance Pupil

FIGURE 5.15
Geometry for the radiometry of the optical system for Modep;¢pyse-

a
For 0, = Ef = 2.57, that is the marginal ray passing through the entrance

pupil, the flux incident over the entrance pupil EP, by integration of
equation (44), is:

dd, = nLdA,sin’0, (45)

A similar expression can be given for the flux d®; incident over the exit

pupil from a fictitious Lambertian source L, in the plane of the image.
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Then, by the principle of the reversibility of light, this flux d®; leaving the

exit pupil £’P’ in the direction of the image, gives rise to an image plane

radiance L; according to:
do; = nLl.dAl.sinze’m (46)

where dA; is the image area and 6, is the inclination of the marginal ray

in image space.
It follows from equations (43), (45) and (46), with system transmission

given by:
(47)

T=(1-0),

that:
. 2., .2
L;sin"®’, dA; = TL,sin"0,dA, (48)

The ratio of the elemental areas, which is equivalent to the square of the

lateral magnification m, i.e.

dA,; 2
=m (49)
d4,
and the Abbe sine condition!
sin®
—— =m (50)
sin®’,,
reduces equation (48) to:
L. =1L (51)

1 o

Replacing L; in equation (46) for equation (51) and rearranging factors

gives:

do,; 2.,
= TnL,sin 0", (52)

E. = —
P74,

1. For simplification it is presumed that the lens exhibits zero spherical aberration and coma for objects

near the axis.
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With the approximation:

. (53)

. r v _
sin@’, = tan®’, = .

where D, is the diameter of the exit pupil and v is the image distance, the

image irradiance becomes:

E =c-(nL,) (54)

1

D2
where the factor ¢ = T(Z—Q . For the presumption of a Lambertian

surface in the object plane the irradiance E is:

E =rL (55)

o o

Thus equation (54) reduces to:
E.=c-E_. (56)

1 [

For system constants given in Table 5B, the image irradiance in

Modep;ffyse 18:

E, = 00425 -E, (57)

Table SB: Optic system parameters for Modep;ryse

Parameter Value
object height, A, 11.2mm
image height, A’ 1.4mm
object distance, u 257mm
image distance, v 28.7mm

diameter of exit pupil, D; 12mm

lateral magnification, m -0.12
transmission, T 0.9
refractive index 1.45
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5.3. Optics

5.3.4.1.2.2. Discussion on Irradiance Transfer

Irradiance transfer in Modeg;fryse has been derived and is given by
equation (54). The equation implies that a perfect lossless system would

have an irradiance transfer coefficient of 0.0425.

In practice, losses are expected. The contribution to interference are
reflections, absorptions and scattering within the transfer section. The use
of a lens contributes to losses due to aberration effects and internal
absorption.

5.3.4.2. Mode Direct

Measurements of direct solar irradiance are taken with both the
defocusing lens and focussing lens in the path of the incoming irradiance
beam. The defocusing lens is a negative diverging lens and is placed in
front of the positive collimating focussing lens. The lenses are placed with
their focal points nominally coincident. This arrangement of the lens pair
makes a Galilean type beam expander, and helps to attenuate the detector’s
pick-up of the transferred direct solar irradiance.
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5.3. Optics

5.3.4.2.1. Ray Trace and Aberrations for Mode ;...

Simulations in Winlens have been made for investigating the effects of
the defocusing lens/focussing lens combination. The first simulation has
been made to assess the image formation by the defocusing lens alone. The
second simulation takes the resulting image properties as input parameters
for the trace through the focussing lens. A single trace analysis could have
been made, but the dual simulation has been used so as to find
consequences of aberration from the defocusing lens to the focussing lens.

5.3.4.2.1.1. Paraxial Ray Trace

The source (from infinity) incident on the defocusing lens is restricted to

an object angle of 2.5°. As shown in FIGURE 5.16(al), the defocusing lens
focuses the incident beam onto its front focus plane. Since the position of
this virtual image coincides with the position of the back focus plane of the
focussing lens, the beam emerges collimated from the focussing lens. The
collimation, as viewed by the detector, is as shown in FIGURE 5.16(c). The

detector is positioned 28mm from the plane surface of the focussing lens.

5.3.4.2.1.2. Aberrations

It is expected that the influence of aberrations on the system responsivity
for Mode g ect 1S scaled down compared to the Modeg;¢ryse- This is due to the

beam collimation in Mode ;.. instead of beam focusing in the Mode g;pyse-

Longitudinal chromatic aberrations from the defocusing lens imply that
the chromatic images off the defocusing lens does not coincide at one
focus. The consequence would be chromatic separations in the collimated
beam. But with the level of shift as shown in FIGURE 5.16(b), beam power
across the detector would remain unchanged.

Longitudinal spherical aberrations would mean multiple image points for
the defocusing lens. Multiple on-axis image points for the defocusing lens
would mean multiple object points for the focussing lens. Some of these
object points fall between the focussing lens front focus and the focussing
lens. These points would form virtual images but it is the area of the beam
emergent from the focussing lens that is required. The area covered by the
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beam emergent from the focussing lens for the case of virtual imaging is

comparable to the non-virtual image case.

5.3.4.2.2. Irradiance Transfer in Mode ;04

Calculations are made to find the radiation transfer from the object plane
to the image plane for Mode i ect-

5.3.4.2.2.1. Calculations

Equation (52) may be used to find the irradiance transfer for Mode g cct-

In this mode the rays emerge parallel to the optic axis so that the inclination

0, = 90°. It follows that:

E. =1E (58)

5.3.4.2.2.2. Discussion on Irradiance Transfer

The system transmission factors T in equations (57) and (58) differ for
the respective modes of operation. With the dual lens system in Mode g ect
and the single lens in Modegjruse, System transmission is expected to be
lesser in the former. The dual lens system introduces larger losses by the
amplification of absorption, reflections and scattering. Aberration effects
would account for differences in transmission as well.

In Modep;fryse the energy is incident on the focussing lens of diameter

I12mm and focused into a spot diameter of about 2.8mm. Hence the energy

per unit area is increased by a factor of about 18. In Modepj;,..; the energy

incident at the exit pupil of the lens pair emerges parallel to the optic axis,
and with a beam size of 12mm. The energy density amplification ratio

A,
between the two modes is —Zluse — 18, Only a fraction, sinQGm, of diffuse
direct

irradiance is admitted, whereas the full direct irradiance shines on the
sensor. So the signal ratio for the two cases is:

Signaldl-ffuse

. 2
~ 18- 6, = 0.034. 59
Signaldirect M P 2
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5.4. The Transducer and Associated Electronics

5.4. The Transducer and Associated Electronics

The sensing element of the DDSR-1B system is a P2613-06 pyroelectric
sensor. The pyroelectric type detector has been considered because of its
high sensitivity to thermal radiation of low intensity, and its spectral
insensitivity.

The electrical signal off the detector is conditioned with appropriate
electronics for signal amplification, and the minimisation of DC offset and
noise.

5.4.1. The Pyroelectric P2613-06 Transducer

P2613-06 is a lead zirconate titanate (PZT) type sensor. PZT is an
electroceramic that exhibits pyroelectricity. This implies that a change in
incident temperature can result in the PZT generating electric dipole
moments, which in turn generates current in proportion to the rate of the
change in temperature.

5.4.1.1. The Pyroelectric Effect

The chemical formulation for PZT is Pb(Zr Ti, _.)O; and its unit cell in

the cubic phase is as shown in FIGURE 5.17. In this structure, a 7i*" ion is

at the body centre with Pb”" ions at the cube corners, and O ions at the

face centres.

Below the Curie temperature1 the structure is slightly deformed, with the

Pb*" and Ti*" ions displaced relative to the 0* ions, thereby developing a
dipole moment. When the crystal is electrically polarized, the dipoles are
oriented in such a manner as to make one side of the material positive and
the opposite side negative.

1. Curie Temperature is the temperature above which the spontaneous magnetization vanishes and the
material becomes paraelectric i.e the crystal has no dipole moment and thus zero polarization.
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FIGURE 5.17
PbTiO; has a Perovskite crystal

structure. At temperatures below
the Curie point the structure is a
non-centrosymmetric tetragonal
and is ferroelectric. Application
of external stress (for example
thermal) can cause switching in
the direction of polarization.
Above the Curie temperature the
structure has a cubic symmetry,
and is paraelectric. Courtesy of
Tadmor in [32., 2002].

@ TiorZr
@0
om

Cubic

(paraelectric)

5. Direct-Diffuse Solar Radiometer-1B
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a T FIGURE 5.18
— T T A pyroelectric def[ector is rpade up
v of a pyroelectric material and
electrodes l electrodes. The combination
Pyroelectric Material behaves as a variable capacitor
b ot absorbing layer when subject to temperature
changes. Courtesy of Fraden in
[5.,1996].
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FIGURE 5.19

Schematic representation of the pyroelectric effect. Phases A to
E are the detector’s response to a thermal step function.
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5.4. The Transducer and Associated Electronics

A slice of a pyroelectric material can be a pyroelectric detector if metal
electrodes are plated onto the opposite faces of the material. FIGURE 5.18
shows such a detector. When the detector is heated by incident radiation,

the polarization P of the pyroelectric changes by an amount determined by

the temperature change AT and the pyroelectric coefficient

_ap

p = (60)
aT|,

of the material. This change in polarization can be logged as a capacitive
charge Q that is formed by the pyroelectric material with its two surface

electrodes. The generated charge is thereby given as:
O = pAAT (61)

where A4 is the electrode area of the detector.

However, there is no observable potential difference v between the
electrode plates under steady state conditions. This is because free charge
carriers neutralize the net polarization charge. In order to fold the influence
from the electrical leakage (by the free charge carriers), the detector can
only be used in a.c. mode at a high enough frequency.

FIGURE 5.19 gives a schematic representation of the pyroelectric effect
with the sensor output as a voltage response. Phase A corresponds to the
initial state, that is when the chopper is closed. In this phase, although the
element surface is electrified, the output across the plates is neutralised due
to the electrical leakage. The sensor appears to have no response. With
exposure to heat (by the open chopper), the response moves into phases B
and C. Phase B corresponds to when the chopper opens and the sensor
reaches its peak response. It is seen that the electric charge reaches its peak

value with a characteristic rise time of T; and then starts to decay with a
thermal time constant T,. This time constant defines the thermal loss (by

convection, conduction and thermal radiation) from the sensing element to
its surroundings. In Phase D the chopper is closed and the polarity is
reversed. The sensor output decays to a negative extrema with the time

constant T, and then starts to approach its initial state, again with the

thermal time 7.
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It is noted that the pyroelectric sensor is sensitive to mechanical stress. A
thermally induced stress (by heat absorption), for example, would generate
an electrical charge. This is because the pyroelectric crystal is, to some
degree, piezoelectric as well.

5.4.1.2. Detector Responsivity

It has been noted that radiation incident on the pyroelectric detector
should be modulated. This then modulates the temperature of the detector at

the same frequency ® as the radiation modulation. The level of change in
temperature AT depends on the fraction m of incident radiation £E;
absorbed, the heat capacity ¢ of the detector, and the thermal conductance
6, which couples the detector to its housing. Porter in [25., 1981], has

defined the following relation for the temperature difference between the
detector and its heat sink:

Nk, = CC%tT-F o, AT (62)

With the incident irradiance expressed in the form:
E. = E. '™, (63)
equation (62) has the solution:

E. .
AT = —Zio_ o jor (64)
Orp+joc

The primary aim is to find the voltage responsivity

Y

E.

1

R =

v

(65)

of the detector.
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(@]
Ot———< —— O

FIGURE 5.20
Equivalent circuit of a pyroelectric detectot
connected to a high impedance amplifier.

.The equivalent circuit of a pyroelectric detector with a high impedance
field-effect transistor (FET) amplifier may be as shown in FIGURE 5.20.
The high impedance amplifier makes it possible to observe a signal which is

equal to the voltage v produced by the charge (. Thus the detector is
represented as a capacitor, a current generator with

. _dO
= ==, 66
! 0 (66)
and a shunt conductance. The voltage v generated is given (with
reference to the circuit in FIGURE 5.10) by:
I
V= —— (67)
op+j0C
It follows from equations (61) to (67) that the voltage responsivity can be
expressed as:

(o7 -0p)(1+ 0)21:%)1/2(1 + mzr};)l/z (07 Gp) Tr

(68)

where T, = < is the thermal time constant and T = L s the electrical
(o G

time constant.

Numerical values for the parameters in equation (68), for the P2613-06
pyroelectric detector, are listed in Table 5C and have been used to plot the

frequency dependence of the voltage responsivity R,. The plot is given in

FIGURE 5.21. A load resistance of 10MQ is used in parallel to the
pyroelectric element so as to widen the frequency characteristic, but at the
same time limit the voltage output so as to avoid saturation at high power
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inputs. It is noted that the voltage responsivity is relatively flat over the
frequency range 0.2 to 210Hz. A modulation frequency of 5Hz is in the
middle of the flat region and can be regarded as being a stable modulation
frequency with respect to voltage responsivity. The second curve in
FIGURE 5.21 gives the derivative of the voltage responsivity with respect
to frequency. It is noted that a 5% shift in the 5Hz modulation frequency

could result in a 0.00023% change in voltage responsivity.

Finally, a pyroelectric detector has no wavelength dependence. However,
an encased detector with a window would restrict the pyroelectric’s spectral

response. A TO-5' detector assembly is used for Hamamatsu’s P2613-06
detector in the DDSR-1B instead of a customised assembly. The housing,
with a sapphire window, shields the detector. The transmission performance
for the sapphire window is shown in FIGURE 5.22. The average sapphire
transmittance of light over the wavelength range spanning from 400 to 2400

nanometers is about 87%.

Table SC: Numerical Parameters for the P2613-06 detector.

Symbol Parameter Value Source

detection efficiency sapphire

n .. . . 0.87 ..

(radiation absorption fraction) transmission
T absolute temperature 220 to 60°C [29.]
A area of detecting element 314 % 10 m% " [29.]
d thickness of detecting element 107%m [7.]
G, thermal conductivity nwm ‘g [8.]
g relative dielectric constant from 250 to [7.]
300

p pyroelectric coefficient 3x10Yem k! [8.]
Tr thermal time constant 1.59s [29.]
Tg electrical time constant 568us [29.]

1. T0-5 is a standard metal can with a window used for housing detectors.
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iy

—— Voltage Responsivity [V/W]
—— AResponsivity/AFrequency [V/WHz]

FIGURE 5.21
P2613-06 pyroelectric detector voltage responsivity to

modulating frequencies for a load resistance of 10MC2, and the
derivative of responsivity w.r.t. frequency.

Transmission Curve for P2613-06 's Sapphire Window
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Wavelength [nm]
FIGURE 5.22

Transmission performance of the pyro-detector’s sapphire window.

Courtesy of Layertec GmbH in [12., 2003].
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5.4.1.3. Noise Equivalent Power

The detector has a specified minimum detectable incident power (or NEP

for noise equivalent power) of 1nWHz"""? at a reference temperature of

500K, a modulation frequency of 1Hz and a unity frequency bandwidth.
DDSR-1B’s current application of the P2613-06 involves a modulation
frequency of S5Hz and a bandwidth of 0.5Hz. In this case

NEP = 0.225mWm ™" . Tt follows from equations (57) and (58), that:

NEP(Modep,,,,) = 0.014mWm™>  and (69)
NEP(Mode,,...,) = 0.25mWm™" (70)

The values in equations (69) and (70) do not include noise contributions
from the conditioning electronics nor from the data-acquisitioning system.
It also excludes the resolution of the analog to digital converter.

5.4.1.4. Temperature Characteristic

P2613-06 is not a self-compensating detector. Changes in ambient
temperature would alter the detector responsivity due to the detectors
piezoelectric property. To illustrate, the temperature sensitivity plot is for a
P7178 Hamamatsu pyro-series is shown in FIGURE 5.23. Here, the
temperature coefficient is about 0.2%/°C at 1Hz. This implies that the
sensitivity of the detector could differ by as much as 3% over an ambient
temperature range of 15°C.

P2613-06

Relative Sensitivity [%]

Temperature [degrees]

FIGURE 5.23

Sensitivity of the P2613-06 versus element temperature.
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5.4.2. Detector Signal Conditioning

Two interfaces are used to condition the detector signal. The first
interface, referred to as the pyro-interface, is in the radiometer. The pyro-
interface is a preliminary conditioning block to adjust for DC-offset and to
amplify the sensor signal. The second interface, referred to as the filter-
interface, is in the control unit. The signal off the pyro-interface is
transmitted to the filter-interface where it is filtered from interfering

signals.

5.4.2.1. Pyro-Interface

The pyro-interface is on the same printed board as the pyroelectric
detector so as to minimise fundamental signal transmission losses. The
operating circuit/interface for the P2613-06 is as shown in FIGURE 5.22.
The 10MQ resistor, connected in parallel to the sensor element, defines the
sensor response level (see Section 5.4.1.2, “Detector Responsivity,” on
page 130). The unity gain amplifier serves as a high-to-low impedance
transformer. It provides a high input impedance which is necessary for
interfacing the high-impedance sensor output. A 10x gain amplifier is used
to amplify the sensor signal before transmission to the filter.

+12v +12V
+12V
1 2

o B
=N ouT >
GND x1 1 * LF356
10M LF356 1k
P2613-06/TO5
N NI )
j; C

12V -12v0ﬁ
lo
Signal to
Out Filter Interface
FIGURE 5.24

P2613-06 interface (referred to in the text as the pyro-interface)
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5.4.2.2. Filter-Interface

The amplified signal from the pyro-interface is passed through an

analogue filter-interface to select the 5Hz modulation component. A
schematic of the interface is shown in FIGURE 5.25 and the filter’s
response for circuit theory versus measurements is given by the plots in

FIGURE 5.26.

R3 R8

g ; 3 A L] Signal to :
R7 R2 2 » Out DAQ Module

From C4 _TUul
Pyro-Interface
R6 R1

R4 =120k
R5 =120k
R6 =47k

> > >
RS RI10
cs|C3 c7 o |cl R1 =47k

— — R2 =47k
C8 | R4

R9 =120k
R10 = 120k

R3 = 47k Cl =1uF
RY C2 =1uF
C3 =1uF

e - R7 = 47k C5 = 100pF
RS = 47k C6 = 4.7uF (tantal)
C7 = 100pF

C8 = 4.7uF (tantal)

FIGURE 5.25

Schematic of the filter-interface for the DDSR-1B. The interface consists of 2

bandpass Sallen-Key filters in series connection.

O Measured
= Circuit Theory

312 5 745 10 15 20 25 30 40 50
frequency [Hz]

FIGURE 5.26
Response for the second order Sallen-Key filter. The plot shows
a 0dB peak at 5Hz and the -3dB points at 3.12Hz and 7.45Hz.
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The filter-interface consists of two Sallen-Key bandpass filters in series.
With component values as given in FIGURE 5.25, the filter gives a peak of

unity gain at 5Hz. The filter’s bandwidth, defined at -3dB, is 4.33Hz.

5.4.2.3. Total Analog Transfer

DDSR-1B’s system transfer function is the product of the analog and
digital transfer functions. Contributions from digitization is discussed in
section 5.5.2 on page 139.

The analog factors are: chopper modulation (see “The Chopper Wheel”
on page 104.), imaging (see “Object-Image Relation” on page 113.), signal
detection (see “Detector Responsivity” on page 130.), amplification (see

)

on page 135.), and filtering (see “Filter-Interface” on

’

“Pyro-Interface’
page 136.). The total analog transfer is given by the responsivity vs
frequency plot in FIGURE 5.27.

).(Rfilter).(Rpyro)

TotaIRv = (RchopperHarmonic).(RupticModeDirect

FIGURE 5.27
Total voltage responsivity of the DDSR-1B system.

The transfer factor at the modulation frequency of 5Hz for Modep;ect 1S:

|4
Ktheoretical =383 = -2 (71)

Wm
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5.5. The Control System

The radiometer of the DDSR-1B is remote from the control unit so as to
locate the control unit in an indoor, stable environment. A block diagram of
the control unit and its functionality is given in FIGURE 5.28. The core of
the control unit is a central processing unit (CPU) module, a DAQ module
and developed software in the Labview environment.

5.5.1. The Central Processing Module

The control unit for the radiometer has an embedded microcomputer
based on the PC/104 standard, with the functions of an AT-compatible PC.
The main module is a PCM3350 CPU module with the following:

. a 300MHz CPU,

. 128 MB system memory,

o a Video Graphics Array (VGA)/Liquid Crystal Display
(LCD) interface,

J an IDE(AT bus) hard-disk drive interface,

o a PS/2 keyboard/mouse connector,

o 2 serial ports (RS-232 and optional RS-233/422/485),
. a parallel port,

. 2 USB ports, and

an Ethernet interface.

The hard-disk drive interface has been used for an IDE hard disk (with a
capacity of 10 gigabytes) with a Windows 2000 operating system. Device
interaction is via LCD and mouse/keyboard. The Ethernet provides an
optional inter-access mode.

The PCM3350 CPU module is a plug compatible mainframe; with a PC/
104 connector for upgrades.
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5.5.2. The Data Acquisition Module

The Data Acquisition Module (DAQ), type AXIOM AX10410A, is a PC/
104 standard expansion module. It is installed in line to the PC/104 CPU
board.

5.5.2.1. Analog Input Subsystem

The DAQ module has a 16 channel analog multiplexer when used in the
single-end mode. Currently 6 of the 16 channels are used for analog input.
These are, as shown in FIGURE 5.28, for the signals from the:

pyro-interface,

filter-interface,

chopper modulation reference (sync),
photo-transistor for the orientation of the lens wheel,
body temperature transducer, and

AN N B W

detector temperature transducer.

The analog signals are converted to digital by a 12-bit analog- to-digital
(A/D) converter (ADC). A/D conversion is initiated by Direct Memory
Access (DMA) in order to use the high speed conversion. The gain on the
analog inputs is programmable to 1, 2, 4 or 8, with high impedance input

(bipolar) ranges of =*10V, 5V, 2.5V or =£1.25V depending on the
respective gain setting. The full-scale resolutions of conversions for the
respective gains are 4.88mV, 2.44mV, 1.22mV and 0.61mV . It follows from
equation (71) and the signal ratio given in section 5.3.4.2.2.2, that these

. 2.
full-scale resolutions would allow measurements down to about 2Wm ~ in

Modep;;ect and about 0.1 Wm™ in Modep;fryse-

5.5.2.2. Digital Input/Qutput Subsystem

The DAQ module has 8 digital input/output (I/O) lines. Four of these
digital lines are used (with reference to FIGURE 5.28) for the following:

J chopper motor power on/off,
. stepper motor power on/off,
o stepper motor clock, and

. stepper motor direction.
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Power to the chopper motor and the stepper motor are controlled so as to
reduce heating within the radiometer. Logic levels are required for the
clock setting (which sets the number of steps to be taken by the stepper
motor) and the direction specification of the stepper motor. This, together
with holding magnets and feedback from the position sensor at the lens
wheel, gives the mechanism for controlled positioning of the open, closed
and lens ports on the lens wheel.

5.5.3. Control Software

The radiometer and associated modules are controlled automatically,
under Windows, with software in the Labview version 6.1 environment. The
AXIOM DAQ module uses an AXIOM DAQ card driver for use under
Windows and a Labview Interface Driver for interfacing between the DAQ
card driver and the Labview software. The driver transition to Labview is
illustrated in FIGURE 5.29. Flowcharts for the Virtual Intruments (VI) that
control the acquisition of data are given in FIGURE 5.30 and FIGURE 5.31.
The VI ‘Scan.vi’ has the option to either:

e run a ‘scan’ to get the radiation, modulation
synchronous and temperature signals, or

e rotate the lens wheel.

On the Scan option, the chopper motor is programmatically powered up
and a time delay is allowed for transient settling. The VI ‘DMAmeas3.vi’ is
then called to start the multiple A/D conversions from the conditioned
analog synchronous and pyroelectric signals. The raw data from the DMA
buffer is copied to a user-specified array and converted to a floating point
data array (real voltage) by considering the DAC’s bipolar range, resolution
and DAQ module gain. The chopper motor is programmatically powered
down at the end of data retrieval.

On the option to rotate the lens wheel, the first step is to find if the
reference ‘closed’ post is along the optic axis. In the advent of a positive
return the lens wheel is then set to rotate in the direction so as to position
the desired post (open or lens) along the optic axis. In the advent of a
negative return the closed post is first centred along the optic axis and the
above procedure is then repeated. Knowledge of the position of the
reference ‘closed’ post is via the LED/phototransitor signal.
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FIGURE 5.29
AXIOM’s DAQ Driver transition from the device driver to Labview.
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142 of 201



5.5. The Control System

Start
DMAmeas3.vi

set
DMA channel nos.(2 to 5)
cycle operation (single)
gain (default O for module)
no. of conversions (2048)

i initialises the DMA
DMAInit controller for multiple
A/D conversions

I

set
sampling rate
(1kHz)

note the
system time

starts multiple A/D conversions via the
DMAStart DMA and stores the raw data at the end

of each conversion to the DMA buffer

no DMAMonitor

reads current conversion no.
of Fast A/D conversion.

@ | 0 implies DMA conversion has completed

yes
v he f
stops the fast
DMAEnd A/D conversion
CopyDMAData copies raw data fror_n_the DMA buffer
to user specified array
i converts raw data array to a floating point
RawtoFloat data array by considering ADC bipolar
range, ADC resolution and module gain

v
4D Array with Floating Point Data

Column 1: filtered signal

Column 2: chopper reference signal

Column 3: pyro-interface signal

End
DMAmeas3.vi

FIGURE 5.31
Flowchart of the VI DMAmeas3. The VI starts a fixed number (2048) of A/D

conversions via DMA and copies the raw data to a specified array.
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5.5.4. Discussion on the Control System

The main criteria in the development of the control unit has been
simplification of the system by maximum usage of standard components.
This has allowed ease of system testing and system modifications.

The following is a list of features gained:

* The PC compatibilty of the CPU module has allowed the use of

the familiar Windows environment.

* The Ethernet interface has allowed:
-access to the collected data through the network,

-the possibility to remotely control the system,
and

-system time correction via a time server.

* The serial and USB ports give the possibility to:
-control the automatic sun-tracker/sky-scanner,

-connect a GPS-based time corrector (instead of

using a time server),
-integrate several DAQ systems, and
-have a single system for on-field calibrations of

the radiometer.

(The latter two are feasible as communication with an external
data logger would be made possible by appropriate software in
the DDSR-1B control environment.)

* The plug compatible mainframe of the CPU module has allowed
the choice of the DAQ expansion module.

* All measurement-related functions (multiple analog I/O and
digital I/0) are on the single PC/104 form factor DAQ module.

* The CPU/DAQ module stacking and associated producer provided
drivers reduces the system software development time.

* Development of software in the Labview environment has
allowed for:

144 of 201



5.6. Signal Analysis

-direct integration with the measurement

hardware, and

-incorporation of previously developed VIs, for
calibration and DAQ (for the NIPs and PSPs),

into the control software.

It is understood that the potential of the system may be tapped with a
higher resolution ADC. The use of stackable standard PC/104 modules
ensures that any future upgrade would be possible without having to
disintegrate or modify the system core.

5.6. Signal Analysis

The required signal amplitude is extracted using the theory of Fourier
analysis, within the discrete time domain. The discrete-time Fourier series
(DTEFS) is considered since the signals are periodic (being modulated by the

chopper) and their spectrum is limited by the hardware analog filter prior to

1 and,

the A/D conversion. The spectrum satisfies the sampling theorem
together with the periodicity of the signals, leads to the spectrum being

unaliased within the finite set of N numbers.

5.6.1. Definitions in Fourier Representation

A DTEFS representation of a periodic signal x[n], with fundamental

period N and fundamental frequency Q = % is given by,

N-1
x[n] = ZX[k]eij”n 72)
k=0

where

1. Sampling Theorem: If the highest frequency component in a signal is f;,,,, then the signal should be
sampled at the rate F > 2f,

"wax 0T the samples to describe the signal completely.
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N-1
_ l —kQ, n
X[k] = NZ x[nle (73)
n=0

are the DTFS coefficients of the signal x[n]. The DTFS coefficients X[k]

are termed a frequency-domain representation for x[n]. This is because
each coefficient is associated with a complex sinusoid of a different

frequency. The variable k& determines the frequency of the sinusoid

associated with X[k].

From N values of x[n], X[k] may be determined by using equation (73).
The magnitude of X[k], which is the absolute value of X[k] denoted |X[k]|,

is the magnitude spectrum of x[n].

IXUKI| = Wreal (XTK]) + imag (XT])* (74)

By definition, the frequency domain representation X[k] is the DTFS and

the time domain signal x[n] is the inverse DTFS (IDTFS). For both the
DTFS and the IDTFS it is assumed that the signal is deterministic, not
stochastic. Before complete characterisation of the flux responsivity of the
DDSR-1B, the output signal from the ADC has been treated as stochastic.
According to [Beyon, 1., 2001, p.264] the same transformations as equation
(72) and equation (73) apply for a stochastic signal, but the correlation
function of the signal is used instead of the original signal. [Newland, 19.,
pp. 122-123, 1993] derives the relation for the discrete series of auto
correlations

Syxlkl = X [k] - X[k] (75)
and cross correlations
Seylk] = X [k]- Y[k] (76)

where * denotes the complex conjugate and X[k], Y[k] are the DTFS of

time-domain signals x[n] and y[n] respectively.
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5.6. Signal Analysis

The equations (73) to (76) indicate that the signals are viewed in the
frequency domain. The obvious advantages of digital signal processing
(DSP) in the frequency domain are the ability to observe the frequencies
that make up the signal and the distribution of noise. The standard Fast
Fourier Transform (FFT) or Discrete Fourier Transform (DFT) function in
any DSP software environment can be used to realise equation (73).

Finally, the magnitude of the required signal in the DDSR-1B system is
estimated from DSP in the Labview environment. The estimate is denoted

by |V[k]| in FIGURE 5.32, and is derived by a cross-correlation process
involving discrete signals v[n] (which represents the transferred solar
irradiance signal) and c[n] (which represents the reference signal from the

chopper). The estimate of |V[k]| is calculated as

|Syclk]|
|Scclkl|

VK]l = (77)

which is derived as follows:

) 2
VLAIL LT o8

vkl =
ikl = ( T

_ (k- cta’
[CIAl - |CIl]

" 1h1 - cril
_ [Syctkl
 [Scclk])

It is intended that the cross-correlation process as given in equation (77)
reduces inaccuracy in amplitude extraction. The signal v(¢) is repetitive and
holds random noise. Due to its repetitiveness, the multiplication process
builds the signal up. Since the noise is random, the multiplication process
should not increase its magnitude. Thus a higher signal to noise ratio is
achieved.

147 of 201



10T 30 8¥1

‘g1-4Sdd 1oj sjeudis oy} jJo suonjewrojsuer) pue syjed 9y Jo uonensny[|

¢e'S HaNOIA
IBAL
dSd
MITAQET]
[ula] [u]o]
A (1,0 2oudIgjaI
m SOTUOIDITH
" Dav SUTUONIPUO)
! JUAS
R S . raddoy)
€.>H A
1010919(] € UOINOAS 7 UO1I9S (Hw [ uonoos
0 O < ] -
c19zd IO1BWI[[O)D) 1orewnt[o)) | (s | zoddoyo JI01eWI[[O)) On

weag dug

¢ [-19)oWOIpey I.[0S ISNPFI-1II( °S V Hed



5.6. Signal Analysis

5.6.2. Signal Sampling Overview

An illustration of the paths and transformations of the signals for DDSR-
1B are given in FIGURE 5.31. The incoming radiant flux is denoted by i(¢).
Different notations should have been given to the beam on exit from the
collimator sections 1 through to 3, but these have been omitted in this text.
However, the total system response to the incident flux does take into
consideration effects within the collimator sections.

The chopper modulation is shown by m(¢). The result of modulating the
input flux i(#) by the chopper is indicated as w(z). The modulated signal
w(t) is picked up by the pyroelectric detector and converted to a voltage

signal V'(¢). The signal V'(¢) is routed through a network of conditioning
elements (i.e the pyro-interface and the filter-interface) and finally is

sampled by the ADC. The sampled output is denoted by v[n].

The alternating of the chopper wheel window and frame gives rise to a
square-wave response picked up by the photodiode from the LED. This
sensing pair is positioned such that the emitter is ‘seen’ by the receiver
only at the same instance as when the oncoming irradiance passes through
the wheel slits. The square-wave response is termed the reference signal
c'(t). The reference signal is sampled by the ADC. The sampled output is

denoted by c[n].

The following numerical quantities are used during sampling:

e total number of samples per scan per channel = 512 samples. A
total of 500 samples are actually used. This is to ensure that
the number of samples are an integer multiple of the chopper
period as well as the mains frequency (this is discussed by
Lovseth et al. in [16., 1992]).

e sampling frequency = 250Hz

e chopper modulation frequency = SHz
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5.6.3. System Noise Reduction

Some steps have been taken in order to increase the signal to noise ratio
(SNR) in the DDSR-1B system. Hardware and software methods have been
used.

The co-implementation of modulation and analogue filtering eliminates
noise outside the required signal frequency range.

Aside from the purpose of chopping the incident flux for the pyroelectric
detector, signal modulation also:

Moves the bandwidth of information of the signal to a portion
of the frequency spectrum where it is less subject to
interference. In the case of the DDSR-1B system, modulation
at 5SHz moves the signal to the 5Hz region which is fairly

‘free’ of environment noise.

The low pass of the filter ensures satisfaction of the Kotelnikoff
(Sampling) theorem so as to avoid aliasing in the estimated spectrum of the
detector signal. It is noted however, that the amplifiers (necessary for
amplifying the otherwise small signal) in both the pyro-interface and filter-
interface not only generates amplifier noise that gets superimposed to the
amplified signal but also amplifies the level of noise already incumbent on
the signal. Such noise, with matching spectral content as a signal,
constrains the extraction of weak signals.

It has been stated in Section 5.6.2, “Signal Sampling Overview,” on
page 149 that the total number of samples per scan is 512 samples at a
sampling frequency of 250Hz. But the signal is post processed with 500
samples to achieve minimum error. To confirm this, the amplitudes of a
pure sinusoidal test signal with unit amplitude have been retrieved by the
method of cross-correlation as described in section 5.6.3. for a variable
number of samples. The curve of error as a function of the total number of
samples is shown in FIGURE 5.33. It is clear from the figure that post
processing with 500 samples give the least error in amplitude retrieval.
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Number of Samples

FIGURE 5.33
Error estimate as a function of the number of samples per

ADC scan. The error is taken as the deviation from a unit
amplitude test signal.

The above results follow since, in the domain of the DTFS, the ratio of
modulation frequency f,, = 5Hz to frequency step Af should be an integer

so as to avoid spreading of energy into side-lobes. The frequency step for a
0.25kHz

data set of 512 samples is Af = —=————— giving:
512 samples
& = 10.24 ¢ integers (79)
Af
On the other hand, the ratio for a data set of 500 samples is:
f—m = 10 € integers (80)
Af

The initial intention had been to use 2° = 512 samples so as to utilise the
fast fourier transform (FFT). Nonetheless the computation power of the
CPU compensates for the necessity of using the discrete fourier transform
instead of the much faster FFT.
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