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several azimuth and tilting angles

Miguel de Simén-Mart'n!, Montserrat D ez-Mediavilla, Cristina Alonso-Tristdn, David Gonzéilez-Peiia

Solar and Wind Feasibility Technologies Research Group. University of Burgos (Spain). E.P.S. Campus de R0 Vena s/n, 09006.
miguel.simon@unileon.es, mdmr, catristan, davidgp @ubu.es

Abstract

A device is proposed for the measurement of diffuse solar irradiance on tilted surfaces pointing-to as well as fixed
on the equatorial direction. Most commercial devices are not designed for this purpose. Here, we present a specific
design for a system based on a single multi-lobe shadow-ring that allows us to measure diffuse irradiance with several
tilted pyranometers -from 60 to 90 degrees from the horizontal plane- and on different azimuth angles. This first
prototype allows us to measure in the four cardinal directions. The ring is designed to minimize the covered celestial
dome observed by each sensor. Moreover, the complete device needs a very small installation area and its simplicity
means it is inexpensive and easy to operate. The measurements have subsequently to be corrected with a geometrical
correction factor that takes into account the portion of the sky vault blocked by the shadow-ring. These measurements
are essential for estimating solar potential on tilted surfaces —such as building facades— and for improving current
anisotropic solar models, among many other applications.

Keywords: Solar diffuse irradiance, shadow-ring, tilted surfaces, oriented surfaces, pyranometer, building

integration, solar architecture.

1. Introduction

Global solar irradiance thatincides on the Earth’s sur-
face is the sum of three components: beam, diffuse and
reflected or albedo’s irradiance [1]. The first component
refers to the amount of energy that arrives straight-on
in a line —the measured region, called the circumsolar
region, is a solid angle of 1 str— from the Sun. Diffuse
irradiance is the part of the solar energy that has been
reflected and scattered in the atmosphere. Part of the ir-
radiance returns to outer space and another part reaches
the ground, the proportion of which depends on the size,
density and characteristics of the chemical and aerosol
particles present in the atmosphere. The final compo-
nent is irradiance that is reflected from other elements
on the horizon; diffuse irradiance, the measurement and
estimation of which has yet to be properly developed.
However, it is well established that the accurate assess-
ment of diffuse irradiance is essential for estimating the
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incidence of irradiance on different objects under real
shadow conditions [2]. In addition to meteorological
studies, solar irradiance data is used in many applica-
tions such as in architecture, engineering, agriculture
and ecology [2, 3, 4]. Moreover, a deep knowledge of
the distribution and characteristics of solar irradiance
components is mandatory for improving the efficiency
of solar collectors [5].

Currently, there are different instruments and
methodologies for measuring solar diffuse irradiance,
but most of them are only available to operate on hori-
zontal or Equator pointed-to tilted surfaces [6]. In this
paper, we present a new device that is capable, in an
inexpensive and easy way, of measuring solar diffuse ir-
radiance on several surfaces. The prototype that is pre-
sented can simultaneously measure diffuse irradiance on
planes tilted from 60 to 90 degrees oriented towards the
four cardinal directions: North, South, East and West.

The paper is organized into five further sections. The
first one reviews the most commonly used devices for
measuring solar diffuse irradiance in laboratories and
solar plants across the world. In section 3, we summa-
rize the geometrical analysis for simultaneously shad-
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Nomenclature and abbreviations

d Shadowband displacement mod.  [m] R,  Sensor dome radius [m]
Dy Diffuse horizontal irradiance [W m™2] ry  xdistance between lobe centers [m]
D. Corrected diffuse measurement [W m™] ry  ydistance between lobe centers  [m]
D, Registered diffuse measurement  [W m™2] S Sky dome fraction [-]

ey x distance between sensors [m] \%4 Transverse angle [rad]
ey y distance between sensors [m] W Shadowband width [m]
e; z distance between sensors [m] Greek symbols

fe Geometrical correction factor [-1 65,  Sun-pyranometer angle [deg]
Gy Global horizontal irradiance [W m™] 6., Sensor tilting angle [deg]
H; Solar time [hr] 0,,  Shadow-ring tilting angle [deg]
I, Reflected irradiance [Wm™2] 0,s  Solar zenith angle [deg]
I, Shadow-ring blocking irradiance  [W m2] 05  Solar declination angle [deg]
Iy,  Irradiance from the sky dome [W m™2] vYp  Sensor azimuth angle [deg]
I; Irradiance on the sensor plane [W m™] v,  Shadow-ring azimuth angle [deg]
K;o Horizontal diffuse fraction [-] vs  <Solar azimuth angle [deg]
N Day of the year [1-365] [day] ws - Solar hourly angle [deg]
L Radiance [Wm2sr!]  wg Daylight duration angle [deg]
Ly, Radiance from the sky dome [Wm™2sr '} -4 Shadow-ring yaw angle [deg]
L, Radiance from the ground [Wm2sr '] Shadow-ring width-radius ratio  [-]

R Shadow-ring’s lobe radius [m] P Ground isotropic reflectance [-]

owing different pyranometers. We then describe the
proposed prototype and its components in section 4. In
section 5, the expression of the geometrical correction
factor needed to adjust the obtained measurements due
to the interference of the shadowband is shown. Fi-
nally, the main conclusions on the proposed device are
explained in the last section.

2. Measuring diffuse solar irradiance

The bibliography offers several works on instruments
designed to measure solar diffuse irradiance on a hor-
izontal surface or facing the direction of the Equator
[1, 6, 7]. Nowadays, the most popular are Drummond’s
shadowring -also called shadowband-, the rotating shad-
owband pyranometer, and the tracking solar disk.

Drummond’s shadowring is a practical and widely
used approach to measure solar diffuse irradiance,
which consists of a metal band that blocks the Sun’s
path along the sky dome [8, 9, 10]. It is an easy-to-
operate stationary device that, although it can be autom-
atized, is usually manually adjusted by sliding the ring
every few days, depending on the latitude of the mount-
ing place. The shadowband describes a ring which is
usually tilted along the same angle as the latitude. By
doing so, the ring only has to be adjusted according to
the decline of the sun. A commercial example is shown
in Fig. 1.

Figure 1: Commercial example of Drummond’s shadow-ring [11].



On the other hand, the rotating shadowband pyra-
nometer [12, 13, 14] has a motorized partial ring which
rotates through a latitude tilted axis from sunrise to sun-
set (see Fig. 2) to block beam irradiance.

Figure 3: Commercial example of tracking solar disk [16].

Figure 2: Commercial example of rotating shadowband [15].

Finally, the tracking solar disk shades the pyranome-
ter with a small disk or ball synchronized with the Sun’s
apparent motion in the sky (e.g. Fig. 3). It minimizes
the shadowing element, thus many authors consider its
correction factor almost negligible. However, this tech-
nique is much more expensive, requires much more
maintenance and can be unstable under strong winds.

Some studies ‘confirm that measurements with
shadow-rings are comparable to those given by more so-
phisticated tracking devices under totally cloudy skies,
while some differences appear under clear sky condi-
tions [10, 9, 17]. This phenomenon can be explained
due to the anisotropy effects in the atmosphere and they
can be corrected by applying different correction mod-
els, supplementary to the geometrical correction model.

Other ways to measure solar diffuse irradiance exist,
which are less common due to their complexity, costs
or low performance rates. Just to give a few examples,
we can find modified versions of Drummond’s shadow-
ring, such as the one presented by de Oliveira, A.P. et al.
[18], which can be seen in Fig. 4. Instead of adjusting
the shadow-ring, it is fixed to the mounting structure and
the pyranometer slides over a horizontal plane along the

Figure 4: Oliveira’s shadow-ring device [18].



North-South direction depending on the day of the year.
Another method can be seen in patent WO2011/139279
[19], which introduces a device that measures diffuse
irradiance by comparing the outputs of several sensors
positioned on an horizontal plane. An opaque cylinder
placed in the center of the device shadows a few of the
sensors. The diffuse irradiance value is then calculated
as the minimum of the registered measurements.

One of the few devices that is able to measure diffuse
irradiance in several directions as well as the North-
South one, is the spectral sky-scanner. This sort of
device allows researchers to measure sky vault lumi-
nance with a sensor that takes spectral measurements
in a broader range of the electromagnetic spectrum [7].
So, diffuse irradiance can be computed [20]. These de-
vices are usually based on a sensor with a vision angle
of about 10 deg. which rotates around two orthogonal
axes, like the one described in [21]. Another proto-
type version has been developed by the University of
Paderborn[22] that uses over 100 silicon sensors ori-
ented around a radial distribution.

3. Shadowband fundamentals

In this section, we introduce the fundamental aspects
of the device that is presented. Our aim is to shadow
multiple pyranometers simultaneously, with different
azimuth and tilting angles, thereby reducing measure-
ment aberrations and associated costs. The result is one
single multi-lobe shadow-ring, with as many rounded
parts as solar sensors. This section is divided into two
parts. In the first, we show the geometrical conditions
for shadowing a single pyranometer. In the second, we
explain the procedure by which those geometrical re-
strictions are extrapolated to multiple sensors.

3.1. Geometrical analysis for one pyranometer

The Sun path in the sky dome has to be blocked when
observed by one pyranometer. This movement has been
widely studied [1] and it can be defined by two horizon-
tal coordinates: the zenith angle (6,,) and the azimuth
angle (y,). The first measures the angle between the vi-
sual line of the Sun and the perpendicular line to the site
observer. The second one measures the angle between
the projection of the Sun’s visual line and the equatorial
direction. Fig. 5 shows a scheme with both coordinates
which are respectively defined in eqs. (1) and (2).

cos(6,5) = sin(¢) sin(d;) + cos(¢) cos(ds) cos(wy) (1)

~ cos(d) sin(wy)
B0 = o, sind) cos(w,) — sin@,) cos@)

where ¢ is the latitude of the observer’s geographic lo-
cation, d; is the Sun’s declination angle and wg is the
hourly angle.

Zenith

North

South East

Figure 5: Horizontal coordinates describing the position of the Sun.

The declination angle of the Sun in [deg] can be de-
fined by the following expression:

284 + N
0, = 23.45sin(360 3
sm( 363 ) 3)
where N is the day of the year (N [1,365], N N).

The hourly angle depends on the solar time (Hj) as it
can be seen in equation (4).

ws = 15(H; - 12) “)

As the observed sky dome has a semispherical shape,
the optimum geometry for shadowing one single pyra-
nometer must be a spherical section, which can be ap-
proximated by a cylindrical section or ring. Thus, the
borders or the shadowband can be described by Carte-
sian coordinates that refer to the center point of the
shadowband Q = [Xy, Yp,Zp] as in:

e
Y - S (5)
A

This shadow-ring is placed in a relative position to the
sensor (the center point of which is O = [Xp, Yo, Zo]),
which can be split into a displacement, described by



vector d, and rotations along three orthonormal axes,
described by a rotation matrix M.

The displacement vector d is the sum of the displace-
ments along the x, y and z axes. As the Sun’s path in
the sky dome is symmetrical to the observer’s “Merid-
ian Plane”, displacement along the y axis is null if we
align the device in the North-South direction.

Xo —Xo
d=ds+d, = 0 (6)

Zo—Zp
The rotation matrix M is the product of the rotation
matrix on each axis of Euler’s rotation angles: “pitch”,
“yaw” and “roll”. Due to the symmetry with the North-
South direction, rotation on the x axis is null. More-
over, as the band shape has axial symmetry, any rotation
on the z axis will change the observed curve. Thus, the

rotation matrix is in this case reduced to:

cos(d) 0 sin(Q)
M(A, 2, 43) = My(2) = 0 1 0
—sin(d) 0 cos(A)
(7
Finally, a general equation of the shadowband in ab-
solute Cartesian coordinates that refer to the sensor cen-
ter point O is:

X X
Y [=M@) | ¥ |+a (8)
z Z

We can transform the Cartesian coordinates into hor-
izontal ones by:

cos(fy) = ————— Z_ )
X2 +Y2+272
Y
)= = 1
tan(y,) X (10)

The shadowband results are parametrized by the fol-
lowing variables: radius (R), width (W), tilting angle
(6,,) and the displacement (d) between the ring center
@ and the sensor O. These variables must be optimized
for optimal performance of the shadow-ring.

We know that the path of the Sun in the sky dome
is the intersection of the “Ecliptic Plane” with the sky
dome. This plane cuts through the Earth’s orbit around
the Sun and it is tilted with reference to the “Celes-
tial Equator Plane” (which cuts through the Equator)
or declination angle. As the Earth only moves its or-
bit and does not rotate, the declination angle changes
throughout the year by equation (3) [23]. Thus, the Ce-
lestial Equator plane is the mid-position of the path of

the Sun in the sky dome. We may immediately infer that
the best tilting angle for the shadowband is complemen-
tary to the latitude angle (6, = n/2 — ¢), which makes
the shadowband plane parallel to the Celestial Equator
Plane, as it can be seen in Fig. 6. So, the yaw angle of
the rotation matrix must be:

gz_gz,zf,;_g (11)

So as to shadow the sensor center point O throughout
the whole year, the shadowband width (W) of a fixed
ring must comply with:

W = 2R tan [max (d,)] (12)
However, this width value means that the ratio:

w
V= (13)

is unacceptable to achieve a low shadowband aberra-
tion value on a clear-sky diffuse irradiance measure-
ment. The solution is therefore found by decreasing the
shadowband width to an acceptable value and shifting
the shadowband throughout the year in accordance with
the declination angle.

Vertical
Axis
World

Axis

North\,
Pole

Zenith I

Celestial Equator
< Plane

North South

South
Nadir ; Pole

Figure 6: Sky dome reference planes.

The Ecliptic Plane is always parallel to the Celes-
tial Equatorial Plane, which is tilted to the observer’s
“Horizon Plane” (perpendicular to the observer verti-
cal axis) or latitude angle [23]. Thus, the shadowband
center point Q must displace along a perpendicular axis



to that plane that also contains the sensor reference point
0. Then, the displacement vector must be:

—d cos(¢)
d=dy+d, = 0 (14)
d sin(¢)

where d is the modulus of the displacement vector and
its value must agree with:

d = Rtan(s;) (15)

Finally, the shadow-ring width must be calculated, in
order to project shadow through the dome of the com-
plete sensor over the whole year. Thus, the shadowband
width must agree with:

cos(ds + ¢ — OZ,,)} (16)

w
2R, max [ cos(dy)
where 6., is the sensor tilting angle referred to the verti-
cal axis and R), is the dome radius of the sensor. We can
check the evolution of this function throughout the year
in Fig. 7.
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Figure 7: Shadowing ratio analysis.

So, the shadowband radius is defined by equation (13)
the value of which for most commercial devices is in
the range of [0.15,0.25]: the larger this ratio, the larger
the measured error and the geometrical correction factor
(see section 5).

3.2. Shadowing four pyranometers simultaneously

Once we know the geometrical properties that the
shadow-ring should have to adequately block the Sun’s
path observed by one pyranometer, our aim is to extend
the simple pyranometer case simultaneously to several

sensors. We have seen in the previous subsection that
the optimum geometry for the shadowband is a cylinder
section. Thus we should find the way for the shadow
ring of each sensor to have the same properties. A solu-
tion has been found in a multi-lobe shadow-ring with as
many (cylindrical) lobes as pyranometers.. Moreover, if
we want to have one single flat shadowband, we should
place the pyranometers in certain positions. Those posi-
tions are defined by the intersection of a parallel plane to
the shadowband through a reference point. In this case
we decided to choose the center of the support structure
as the reference point. Thus, the pyranometers facing
East and West pyranometers are placed in the center of
the corresponding sides of the structure and the sensors
pointing North and South should be placed at a similar
height (e,) to the pyranometers facing East-West:

e. = ey tan(6.,) (17)

where e, is the distance between pyranometers in the y
axis (see Fig. 8).

ez

]
= i

X 7

b

Figure 8: Sensors positions in the supporting structure.

i

As we can see in Fig. 9 lobes center points Q; in
the multi-sensors shadowband are in the same plane and



Figure 9: Multilobes designed shadowband for 4 sensors.

separated from the shadowband center distances r, and
ry in the x and y axes, respectively, defined by equations
(18) and (19).

Iy = €x (18)
&

" Cos(0)

Moreover, in order to guarantee that each sensor has
a 180 deg field=view angle, each lobe must be checked
(incasery, [(7y):

19)

(20)

YRS

ry 4R2
arctan | — | + arctan — 1
Ty rz+ rg

4. Prototype description

Applying the theoretical analysis described in the
previous section, we have developed a real prototype
which is able to measure solar diffuse irradiance on
planes facing the four main cardinal directions —East,
South, West and North— and with different tilting angles
—from 60 deg. to 90 deg.—. This new device, depicted
in Figs. 10 and 11, is composed of a prismatic frame of
1160 mm in height which supports all sensors, several

mechanisms for tilting the pyranometers and a multi-
lobe -4 lobe- shadow-ring, which is adjusted by a single
transverse bar that slides through two cylinders mounted
on two lateral plates fixed to the main frame.

Figure 10: Prototype perspective front view.

The main frame is made of laminated square bars of
inox. steel with a 30 mm square edge section. It is fixed
to a concrete base by screws and it is robust enough to
face high speed wind forces. On the top and on the bot-
tom it has two crossing bars in opposite directions to
avoid sectional deformations.

Four tilting mechanisms can be found screwed to the
frame. These mechanisms support the pyranometers
and they have two components. The first one is a plate
screwed to the steel frame, which, in this case, allows
5 different tilting positions between 60 deg. and 90
deg. The second one is another plate with an “L” shape,
which is linked to the previous one by two screws that
can slide through an edge. This system allows us to
mount pyranometers from different manufacturers -the
sensor’s surface height from the base can measure from
26up to 98 mm-. It is mandatory to adjust the sensor
to a satisfactory position, in order to put the actinome-
ter’s sensing surface (reference point O;) in a satisfac-
tory position in relation to the reference point Q; of the
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Figure 11: Renderized prototype perspective rear view.

shadow-ring.

Moreover, two plates are screwed onto both sides
of the frame —East and West—. These plates support
two cylinders between them with four steel rings with
widths of 20 mm. These cylinders allow a transverse bar
slide through a latitude tilted axis and adjust the posi-
tion of the multilobes shadowband throughout the year,
to correct the Sun’s-declination variance. As we can
see in Fig. 12the shadowband has a “U” section which
makes the transverse angle seen by the pyranometer far
more stable in relation to the angle variance of the Sun.
Furthermore, this section profile makes the shadowband
stronger and much more rigid. The multilobe shad-
owband is fixed to the sliding bar by eight steel bars
screwed to four plates that are welded to the intersec-
tions of the lobes.

A real prototype is currently functioning on the
rooftop of the EPS of the University of Burgos (see Fig.
13). Table 1 summarizes the SWOT (Strengths, Weak-
nesses, Opportunities and Threats) of the device that is
depicted. This sort of analysis are widely used in the
product design industry and allow us to state a project
according to its internal (strengths and weaknesses) and
external (opportunities and threats) properties.

From SWOT analysis shown in Table 1 we want to
highlight the application of the obtained measurements

Figure 13: Real prototype perspective front view.



Table 1: SWOT analysis of the MK prototype.

Strengths

Simultaneous measurements.
Low-maintenace needs.
Low-cost structure.

Easy to operate.

Available automatic control.
High wind efforts resistance.
Scalable to several sensors.

Weaknesses

Several pyranometers needed.
Geographically dependent design.
Restricted maximum number of sensors.
Geometric correction factor calculation.

Opportunities

Building Integrated Photovoltaic Systems.

Improved spatial distribution irradiance models are
widely needed.

Irradiance studies on urban environments to improve
lightning policies.

Threats

Increased use of sky-scanners in laboratories.
Good data sets need long-term data measurment cam-
paigns.

in improving BIPV systems and its simulations, such as
in [24, 25, 26, 27].

5. Geometrical correction factor

A pyranometer equipped with a shadow ring mea-
sures the solar diffuse irradiance that achieves the
Earth’s surface ona plane in a solid angle of 27 sr, with
the exception of the solid angle blocked by the shadow-
ring [28, 29]: The reflectance of the internal part of the
shadowband is considered negligible. Thus, it results
mandatory to apply, at least, a geometrical correction
factor f, to correct the error due to the unseen sky dome.
This factor can be defined as:

D. 2« 1 1

De _ - - -5 @l

D, 2rn «x r 1 s ’ @
2r

where D, is the corrected diffuse value, x is the solid an-
gle measured in [sr] blocked by the shadowring and D,
is the recorded diffuse value by the sensor. S is the frac-
tion of the diffuse irradiance intercepted by the shadow-
band.

S can be defined as the ratio between the irradiance
intercepted by the shadowband (7,) and the total irradi-
ance incident on the pyranometer plane (/;):

Ir _ Ir,xky + Ir,gr

S ===
It It,sky + It,gr

(22)
where “sky” subindex refers to the open sky part viewed
by the pyranometer, and “gr” subindex is related to
the ground reflected measured irradiance, also called
albedo’s irradiance. According to [30] both radiances
are related by the following expression:

pGo _ p(Do/Kap) _ p

Lgr = T = I S Kd,O Lsky (23)
where p is the isotropic reflectivity of the surround-
ing ground, G is the global irradiance on the horizon-
tal plane, Dy is the diffuse irradiance on the horizontal

plane and K is the horizontal diffuse fraction.
Each differential part of the irradiance from the sky
vault blocked by the shadow-ring can be expressed by:

dl, = Lcos(b;,)V cos(6)dw 24)

where 6., is the angle between the Sun position on the
sky dome and the pyranometer —see equation (25) [31]-,
V is the transverse angle observed by the pyranometer —
which depends on the geometry of the blocking element
— and w is the hourly angle measured on the shadow-
ring medium plane. We must integrate the previous ex-
pression into two parts, depending on the pyranometer’s
azimuth angle and the part of the shadow-ring which
blocks the incoming sky radiance (L = Lg,) and the part
which blocks the ground reflected one (L = Lg,.). The
intersection of the Ecliptic Plane with the Horizon, mea-
sured in hourly coordinates in the shadow-ring medium
plane, is defined by equation (26) where wy denotes the
maximum hourly angle from the sunrise (or sunset) and
noontime. This hourly angle defines the semi-daylight
duration, and depends on the geographical latitude of
the observer and the solar declination angle.

cos(fsp) = sin(dy) sin(g) cos(b.,)
sin(ds) cos(¢) sin(6;,) cos(y,,)
+c0s(d;) cos(¢) cos(8;,) cos(w)
+ cos(dy) sin(¢) sin(f,,,) cos(y,) cos(w)
+ cos(dy) sin(6;,) sin(y,,) sin(w)
(25)

cos(wg) = tan(¢) tan(dy) (26)

We must notice that for certain latitudes close to the
geographic poles, where  tan(¢) tan(d,) > 1, the Sun
never cross the horizon and day or night lasts 24 hours.
For those cases, wy must be set to 1 or 0 according to the
declination and latitude signs. It also can happen that



the pyranometer plane and the Ecliptic never intersects
due to they are parallel planes. Equivalent correction
must be done.

Finally, the transverse angle depends on the geometry
of the shadowband. In this case, as the transverse sec-
tion of the shadow-ring is a “U” profile, an acceptable
approximation of the transverse angle value is:

4 w w

V 2sin-=———-—— —

2 R+ Wtan(d5)/2 R

where W is the width of the shadow-ring and R is its
internal radius.

In Figs. 14, 15 and 16 we have calculated the geomet-
rical correction factor for each pointed-to pyranome-
ter of the prototype device (Equator pointed-to, East or
West facing and Pole pointed-to) in the case they are
tilted 90 degrees (default tilting position).

27)

Geographical latitude [degN]

150 200
Day of the year [day]

Figure 14: Geometrical correction factor for an Equator facing pyra-
nometer (South pointed-to at the Northern Hemisphere) as a function
of the latitude ¢ and day of the year N.

We have considered a ground reflectance value p =
0.2 and a diffuse fraction K; = 0.5 remaining con-
stant the whole year as an approximation. Both val-
ues are widely considered as mean ones in the litera-
ture [30, 31, 32, 33]. Real values must be applied in the
case they are known or measured. We can see how it
varies throughout the year depending on the pyranome-
ter, geographic latitude and azimuth angles. We want
to remark that Fig. 14 refers to an Equator pointed-to
pyranometer, in other words, a South facing sensor in
the Northern Hemisphere an a North facing one in the

imuth; 90 deg —= Tilt: 90 deg -~ WiR: 0.15957 -- Band. U -~ Gr, ref. 0.2 -- Diff. frac.: 0.5

Geographical latitude [degh]

150

200 250
Day of the year [day]

Figure 15: Geometrical correction factor for an East or West facing
pyranometer as a function of the latitude ¢ and day of the year N.

Azimuth: 180 deg -~ Tilt: 90 deg -- W/R: 0.15957 -~ Band: U -~ Gr. ref. 0.2 -~ Difi. frac.. 0.5
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Geographical latitude [degN]

1.06

1.04

1.02

150 20
Day of the year

0
[day]

Figure 16: Geometrical correction factor for a Pole facing pyranome-
ter (North pointed-to at the Northern Hemisphere) as a function of the
latitude ¢ and day of the year N.
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Figure 17: Preliminary results for the four cardinal directions measurements.
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Southern Hemisphere. Analogous consideration must
be done for Fig. 16 but with the geographical Poles.

The three colormaps for the geometrical correction
factor shown in Figs. 14, 15 and 16 are symetric from
the day of the year and inverse symmetric from the geo-
graphical latitude, as expected. We can detect inflection
points at equinoxes and solstices and less variations on
the f. values at intermediate latitudes (from 30 to 60 de-
grees). In all cases f. 1 and its maximum value is
less than 1.2 which means that the shadowband makes
an error less than 20%.

We wish to remark that the calculated geometrical
correction factor does not take into account any atmo-
spherical anisotropic effects. Thus, if we want to im-
prove measurement accuracy, we should in addition ap-
ply satisfactory adequate models [17, 28, 34, 35].

6. Preliminary results

On Fig. 17 we can see the preliminary measure-
ments obtained by the built prototype currently func-
tioning on the rooftop of the EPS of the University of
Burgos. This device was installed in August 2014 and
is fully operating since October 2014. Shown measure-
ments correspond to the period from October 2014 to
April 2015 with more than 10000 datapoints recorded
every 10 minutes as an average of every 1 second mea-
surements, for each sensor. Rough measurements (blue
points) and geometrically corrected ones (green points)
are included in each graph, as well as the Root Mean
Square Error (RMS E) for each dataset. The reference
diffuse measurements have been obtained by subtract-
ing the projected beam irradiance on each plane to the
global measured irradiance on each cardinal direction,
according to the three components model:

D=G Bcos(d,,) R (28)

where D is the diffuse irradiance on the tilted plane, B
is the beam irradiance measured by a pyrheliometer and
R is the reflected irradiance. As the device does not in-
clude any reflected irradiance shield yet, this component
has been included into the results.

Presented preliminary results show that the proposed
device is quite accurate in all studied directions. More-
over, by applying the geometrical correction factor de-
duced for the device, RMS E with the reference diffuse
value decreases from a 21.37% for South facing mea-
surements up to 30.44% for West facing ones respect
to the uncorrected measurements. The average final
RMSE is less than 9.78 W/m?2. Deviations tend to in-
crease with the diffuse value due to those measurements
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correspond to clear sky conditions when anysotropic ef-
fects in the atmosphere are much more remarkable.

7. Conclusions

We have reviewed the instruments employed for the
measurement of solar diffuse irradiance on the Earth’s
surface. It has been noted that most of these are only de-
signed to measure this value on an horizontal plane or in
a pointed-to North-South tilted direction. To check cur-
rent diffuse solar distribution models or to develop new
ones, it is mandatory to measure its value on different
planes. So, we presented a new instrument for the si-
multaneous measurement of diffuse solar irradiance on
several azimuth and tilting angles. The prototype that
has been built allows us to measure this value on tilt-
ing angles from 60 to 90 degrees along the four cardinal
directions with one single shadowband. The innovative
aspect of this prototype is the multilobe shape of the
shadow-ring and the relative positions between sensors.
Although the instrument can be automatized it is eas-
ily to manually adjust by one single operator. Thus, it
is inexpensive, easy to operate and it has low mainte-
nance costs. However, as it is based on shadowband
technology, calculation of a geometrical correction fac-
tor is needed to balance the measurements.

The Prototype design described in this paper is pro-
tected under Spanish Law (Patent P201400714).
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Highlights for “New device for the
simultaneous measurement of
diffuse solar irradiance on several

azimuth and tilting angles”

A review of the most commonly used solar diffuse measurement sys-

tems was made.

e A new device for the measurement of diffuse irradiance is presented.

The presented device is based on an innovative single multi-lobe sha-

dowband.

A geometrical correction factor for measurements is calculated for all

positions.

Acurate and reliable performance have been observed on preliminary

results.





