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Abstract
A low cost, field-deployable instrument for retrieving the radial profile of solar radiance across the sun’s disk and

through the circumsolar region is described. A prototype of the Sunshape Profiling Irradiometer (SPI) has been built
by modifying a stepping-motor-based Rotating Shadowband Irradiometer (RSI) with straightforward changes to the
control and data collection program and mechanical modifications that are novel but simple. A slit, rather than
circular, receiver aperture is disposed on the band axis such that penumbra crosses the aperture with a very small
angular displacement of the shadowband. Because a single detector with diffusing fore-optic is used to generate the
sunshape profiles, calibration and soiling problems commonly associated with high resolution cameras are avoided.
The circumsolar ratio (CSR) of the generated SPI trajectory is estimated by finding the best match of the normalized
measured profile to the family of simulated profiles using a single-parameter model. Results of CSRs obtained by
this inverse method are compared to the broadband CSR given by the sun aureole measurement system and sun
photometer. Applications of SPI include optimizing concentration ratios of CSP plants based on local CSR
distribution, adjusting normal-incidence- and 1AM-test results for the direct normal irradiation (DNI) within a
concentrator’s acceptance angle, and inferring aerosol distributions for climate studies or as input to remote sensing
models.
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1. Introduction

Measurement of the angular distribution of radiation from the circumsolar region (sunshape) is a longstanding
problem in solar resource assessment yet to be satisfactorily addressed. The combination of Rayleigh and
(predominantly) Mie scattering creates a specific spatial and spectral energy distribution which depends on zenith
angle and the atmospheric conditions at a particular time and location. A tracking pyrheliometer, the standard
instrument for measuring direct normal irradiation (DNI), responds to radiation from the disk and a fixed portion of
the circumsolar region of usually 2.5-3° half angle but provides no information about angular distribution [1]. The
angular distribution of radiation has been shown to be only very roughly correlated with DNI [2]. A more precise
knowledge of the angular distribution is useful in a number of applications.

e To optimize the receiver aperture of a concentrating solar power (CSP) system and properly estimate annual
yields one needs, in addition to standard DNI, the angular distribution at each analysis time step [3].

e Real-time sunshape data may be useful for improving the performance of photogrammetric heliostat aiming
algorithms [4].

e Concentrator normal-incidence performance tests and transverse and longitudinal incident angle modifier
function tests require accurate measurements of sunshape.

e Sunshape can be used to estimate aerosol optical depth (AOD), size distribution of aerosols, and for validation
of radiative the transfer models essential to climate research and global or regional weather forecasting models.
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Existing and previously used high-resolution circumsolar and sky mapping instruments are expensive, data
intensive, and too labor intensive for long term or remote deployment. We are developing a Sunshape Profiling
Irradiometer (SPI) intended to provide brightness distributions at high sampling rates in a simple low cost
instrument that requires no more maintenance than a RSI. This paper describes the instrument’s design, an inverse
method of retrieving CSR from the SPI signal, and verification of instrument and method against data from a SAM
camera [5].

2. SPlinstrument description

A stepper motor driven Rotating Shadowband Irradiometer (RSI) has been modified to build a prototype instrument
[6]. In the first SPI prototype we have retained the shading mechanism of the conventional RSI wherein a
shadowband rotates about a polar axis on which the detector aperture is disposed. The main modification entails use
of an optical slit receiver with slit azimuth = 0° and tilt equal to latitude of the location. The receiver aperture is
situated exactly on the band-motor (polar) axis as shown in Figure 1. A standard Li-Cor PY-200 receiver/detector is
modified by covering its circular diffusing aperture with a piece of black foil into which a very narrow rectangular
slit is cut along the axis line. Use of a slit sharpens the corners of the trough-like SPI trajectory which in turn
reduces sensitivity of the retrieved brightness distribution to noise and other measurement errors. The receiver
orientation is modified in order to eliminate the angular movement of the shadow cast by the band on the receiver

with time of the day as illustrated in Figure 1.

Fig. 1: Shadow analysis a) horizontal receiver at noon b) after noon c) tilted receiver

The original RSI [7] used half stepping to achieve a resolution of 0.45° or 800 steps per revolution in half-step
mode. Effective resolution of 800*27= 21600 micro steps/revolution may be achieved with the SPI by scanning the
circumsolar region 27 times in under 2 minutes. The 61 measurements from each sweep are interleaved to create the
same sequence of 61*27=1647 that would be observed by 0.017° steps taken in a single sweep.

To estimate the accuracy of sunshape retrieval, simulated signals with additive Gaussian noise were analyzed [8].
While these numerical experiments show that more measurements per sample are better, in practice shadowband
position error is a problem. Further experience with SPI prototypes will determine the best angular resolution.

3. CSRretrieval with inverse Buie model

Grether [9] observed that sunshape profiles were almost linear in log-log space the circumsolar region (6° field of
view). Neumann compared LBL [10] and DLR sunshapes to find that they are similar, within normal (conditional
on CSR) variations and instrument uncertainty, as shown in Figure 3. Buie [11] proposed empirical formulas for
slope and intercept as functions of CSR, resulting in the following brightness model:
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where 65 = half-angle subtended by radius of the solar disk,
7 =2.2In(0.52-CSR) - CSR®*? ~0.1 and
& =0.9In(13.5-CSR) - CSR™*? (2)

The normalized brightness distribution, ¢(6) thus depends on only one parameter, CSR.The constants in the
expressions for k and y were obtained by least squares using LBL and DLR brightness data out to 2.5° such as that
presented by [2] reproduced here in Figure 3. The constants (2) were selected such that the definition of CSR is
approximately satisfied:
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Fig. 2: LBL and DLR sunshapes for CSR=0.10 with uncertainty bands [2]
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Fig. 3: Family of simulated SPI signals, S (CSR, w), generated at different CSRs
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The CSR corresponding to the simulated signal that best matches the measured SPI trajectory is identified by
comparing the residuals of the simulated signals with respect to the measured signal using two coefficients, &, and
&1, to denormalize each simulated trajectory.

|+ measures (1) = 66 + 61S(CSR, J) +n(J) @)

where S(CSR|j) is the simulated signal for band position j obtained by integrating the modeled circumsolar region
for a given circumsolar ratio, CSR, and n() is the residual vector to which both model and measurement errors
contribute. Integrations used to generate the family of curves S(CSR,j) are developed in Appendix A.

The denormalizing coefficients &, and &; are estimated by ordinary least squares for the simulated SPI signal
corresponding to each candidate CSR. &, represents the diffuse irradiation from outside the circumsolar region that
falls on the tilted receiver including a portion of ground reflected radiation. Figure 4 shows the offset (&,) between
the measured SPI trajectory and the simulated signal pertaining to a particular CSR. This offset is necessary because
the Buie model does not specify brightness outside of the circumsolar region. The candidate CSR that gives the
least sum of squared deviations, n-n, between the measured SPI trajectory, It measured(j), and the denormalized
simulated signal, & + &S(CSR,j) (3), is an estimate of the true CSR.
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Fig. 4: Measured and Simulated SPI Trajectories

Figure 5 shows the RMS deviations of the simulated curves for each candidate CSR with respect to SPI trajectories
measured at 12:25, 13:31, 14:35 and 15:27 on 27 Feb 2012.
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Fig. 5: MSE plot of the family of simulated signals with respect to the instantaneous SPI trajectory measured
on Feb-27, 2012.

4. Results (CSR estimated from SPI data by inverse model)

The prototype instrument was deployed for several days in order to test its measuring capability and the retrieval
method described in the previous section. Under clear low aerosol sky conditions, the predicted CSRs are found to
be very low (below 10%) with high DNI ranging from 750-854 W/m?. Figure 6 illustrates the variation of CSR
with time of the day (every ten minutes) under the very clear sky conditions of Feb-27.

Figure 7 illustrates the variation of CSR with time on Mar-01, 2012 when conditons were noticably dusty/hazy and
the peak DNI attained on this day was only 451W/m? Under these dusty conditions CSR may reach 60% and the
aureole half-angle can be much higher than the 43.6 mrad (2.5°) range of LBL sunshape data on which (2) is based.

The CSRs averaged every half an hour on Feb-27, 2012 are compared with the averaged half hour DNIs of the same
day as shown in figure 8. We have observed on exemplary clear days that CSR increases with decrease in DNI.
However Neumann has found that in general CSR does not depend on the DNI in a simple monotonic way [12].
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Fig. 6: Predicted CSR values on a clear day, Feb-27 Fig. 7: Predicted CSR values on a dusty day, Mar-01
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4.2 Least squares coefficients from the inverse model

In the retrieval procedure, the first denormalization coefficient, &, is expected to be lower than the total diffuse
irradiation on a horizontal receiver except in rare cases where there is a large reflected component from the

foreground within the receiver’s field of view.

The second ¢ is proportional to the sum of DNI and circumsolar radiation incident on the receiver. Hence & is
expected to be always more than the projected DNI/GHI because the circumsolar region (as defined in appendix A)



is larger than the FOV of a conventional DNI measuring instrument. The expected relations between the
denomalization coefficients and the measured DHI and projected DNI are confirmed in figure 9.

The ground reflected part includes both DNI and DHI contributions and, if py is known, can be evaluated by
standard models for tilted collectors [13]. Thus the SPI can work as a conventional RSI, apart from its main
function of measuring the sunshapes, if a reasonable estimate of foreground albedo available.
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Figure 9: Least squares coefficients &o and &;, normalized to I+, and RSI-measured components of Solar
Irradiance, normalized to GHI (Feb-27, 2012).

4.3 Verification of the SPI-estimated CSRs with SAM and sun photometer

The Sun and Aureole Measurement (SAM) System is a research instrument that provides accurate and high
resolution brightness maps of the solar disk and aureole up to a large half acceptance angle using calibrated CCD
cameras. The CSRs obtained by the inverse model from the SPI measurements are compared with the broadband
CSRs estimated from the SAM aureole profiles and sun photometer data taken at the same location on the Masdar
irradiometer platform in Abu Dhabi. CSRs estimated from the SPI-inverse Buie model follow the trends of CSRs
obtained by the SAM during 3 days of post-commissioning operation in Sep-2012. CSR trends and general
agreement of SPI and SAM results are encouraging. Analysis of recent data collected after SPI and SAM
operational improvements will hopefully provide further validation of the SPI instrument and sunshape retrieval
method.



LY L
0,25 --#-- SPICSR
o —+— SAM CSR
8 o2
3
S 0.15
0
£
3 01
o
0.05
0
5 6 7 8 9 10 11 12 13
UTC Time (hours)
0.3 r
—&@— SPICSR
0.25 —®— SAM CSR [
0.2
nd
n 0.15
O
0.1
0.05
0
5 6 7 8 9 10 11
UTC Time (Hours)
0.5 r
--Q-- SPICSR
—@ — SAM CSR
0.4
0.3
o
0
O
0.2
0.1 ‘ ‘
I I ‘
I 1 1
i ||||||||||||||l| i
O r r
5 6 7 8 9 10 11 12

UTC Time (Hours)
Fig. 10: CSRs estimated from SAM and SPI at 2 minute intervals on 5, 6 and 7 September, 2012,



5. Conclusion

This paper describes initial efforts to develop and validate performance of a new instrument for measuring the
circumsolar brightness profile. We have found that the CSR can be estimated from the trough-like signal trajectories
of the SPI using an inverse Buie model. Least squares regression is performed on the measured signal against a
family of simulated curves with varying CSRs. The simulated curve with least mean squared error corresponds to
the estimated CSR. The coefficient of least squares (&,) pertaining to the sky radiation plus part of ground reflected
radiation falling on the receiver is observed to be approximately proportional to the DHI outside the sunshape
analysis region. The other coefficient (&;) is observed to be proportional to the DNI plus circumsolar contributions
with appropriate cosine corrections within the sunshape analysis region. The CSRs obtained from the SPI
trajectories with the inverse Buie model are compared with the broadband CSRs obtained from the SAM based
system and are found to agree reasonably well when the sun-receiver angle of incidence is less than about 50°.

Further work is needed to reduce receiver cosine error. Basis functions that are more general than the Buie model
are also being tried. For example the log-log slope and intercept, yand «, can be independently estimated to obtain a
2-parameter description of angular distribution. By direct inversion a non-parametric profile can, in principle, be
retrieved as well.

In future, use of multiple filter detectors are planned to give distinct angular distributions from which further
information about aerosol distributions can be inferred [14]. Also, micro-stepping of the band motor will eliminate
multiple sweeps, shorten the sampling time and reduce vibration of occulting band.

A low-cost, low-maintenance automatic instrument deployed at a large number of sites will lead, in due time, to a
large database (~100,000 per site per year) of sunshapes. Angular distributions of circumsolar radiation will enable
CSP yield estimates and design optimizations that are more accurate than estimates based on current DNI data.
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Appendix A. Evaluation of SPI trajectory forward model by integration over sunshape analysis region

Buie’s equations may be used to produce a normalized SPI signal that is a function of CSR only. The procedure
requires integrations over the circumsolar analysis region shown in Fig. A-1 where w = relative hour angle, «, = dec-
lination and Aw = bandmotor step size. The average intensity I, of a given strip as viewed from the receiver is:

25}
| = j dw, ., CSR, 0 ) cos(6) cos(a) Aader (A1)

(]
where cos(6) = cos(a - a,)cos(@- ). From the receiver, the shadowband’s width subtends 148.35 mrad (8.5°); its
half angle may be expressed in terms of micro-steps as n and the band position as j while t is the total number of
strips and &, and & are the denormalizing coefficients to be obtained by least squares. In case of a receiver with
finite width, the sky and band view factors vary from one edge of the receiver to the other. Hence, a weight function
is applied across the width, m, of the slit receiver The simulated signal is thus given by:

. t j—n i—n—m j+n+m-_n
Imeasured(.l):é:o_'_é:l Zlm_ z —Iw_ Z_Im (A2)
] i=jon-m M iZjen M

where w= a,+ iAw. The expression in braces is the normalized simulated irradiation trajectory from the
circumsolar analysis region which, for simplicity, we may denote by S(CSR,j), thus the irradiance signal is:



Imeasured(j) = éo + élS(CSR’ J) (AS)
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Figure A-1: Equirectangular projection of CS region divided by shadowband micro-steps (not to scale)
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