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A novel modeling tool for calculation of central receiver concentrated flux distributions is presented, which takes into account drift
effects. This tool is based on a drift model that includes different geometrical error sources in a rigorous manner and on a simple
analytic approximation for the individual flux distribution of a heliostat.Themodel is applied to a group of heliostats of a real field to
obtain the resulting flux distribution and its variation along the day.The distributions differ strongly from those obtained assuming
the ideal case without drift or a case with a Gaussian tracking error function. The time evolution of peak flux is also calculated to
demonstrate the capabilities of the model. The evolution of this parameter also shows strong differences in comparison to the case
without drift.

1. Introduction

Solar thermal electricity production is carried out by means
of sun tracking concentrating mirrors. These are employed
to achieve the high temperatures required by thermody-
namic processes, like Rankine or Brayton cycles. The most
promising is central receiver technology, which is an old idea,
but only recently it has been applied commercially [1–4].
Technical challenges remain to realize the full potential of this
technology.

Central receiver (CR) plants use a large number of two-
axis tracking heliostats to focus the sun. These mirrors
concentrate radiation in the receiver, which is at the top of
a tower, up to 140m high. Depending on the capacity of the
plant several hundreds to tens of thousands of these movable
mirrors are used, which can be located at distances of up to
1500m from the tower.The efficient operation of CR plants is
strongly dependent on the quality of the concentrated solar
beam produced jointly by all of those individual mirrors.
So, the tracking control is necessary to keep a good aiming

of heliostats, in order to achieve desired radiative flux or
temperature distributions [5, 6].

Heliostat control requires adjusting the angles of the
tracking mechanism according to calculations in such a way
that the heliostat normal vector bisects the angle between
solar vector and relative target position vector [7]. However,
this task is subject to many errors [8–16]. Drift is defined
as the wandering of the concentrated light spot produced
by a heliostat. The different types of drift and their causes
have been discussed in detail [8, 17]. This leads to a statistical
distribution of tracking errors that has been shown to differ
from the conventional Gaussian behavior [9].

Drift is always present in CR plants. It can be reduced
by different time consuming methodologies [18], but never
completely eliminated.

To optimize the design of a CR plant, it is important to
analyze the optical behavior of the heliostat field, which has
created the need for specialized modeling tools. There are
different methods that have been proposed to evaluate the
flux distribution produced by heliostats [19]. In particular,

Hindawi Publishing Corporation
International Journal of Photoenergy
Volume 2016, Article ID 8375361, 9 pages
http://dx.doi.org/10.1155/2016/8375361



2 International Journal of Photoenergy

t

t

d

South
Receiver

x

z

h

H

b

y

a

Heliostat
n̂

ŝ
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Figure 1: Geometry of the problem.

Collado et al. [20] presented an analytical model for the
flux density of a heliostat that focuses on a target in a
central tower plant. By this model an exact convolution is
obtained, considering spherical and continuous surface of
the mirror, linear conformal transformation in the complex
plane, equivalent to the reflection mapping between an
on-axis aligned heliostat and the objective located on the
receiver, circular Gaussian distribution of the effective sun-
shape, and the concentration function constant. This model
allows getting an analytic flux density function of the energy
reflected by a heliostat.

The analytical model of Collado et al. [20] is able to
acceptably reproduce the partial results of discrete evalua-
tions. Therefore, the model could be appropriate for quick
preliminary estimations and primary optimizations [21].
Walzel et al. [22] found that the accuracy of codes using
convolution techniques, the peak flux error, and average
absolute error is in the range of 1-2%, which is comparable
to what can be obtained from ray-tracing codes like SolTrace.

All the above simulation methodologies assume that the
imperfect tracking of heliostats can be taken into account
in simulations by considering long term average behavior
based on a Gaussian distribution of tracking errors. The
major drawback of this approach is that it is not useful at
all to analyze the dynamic effects that may appear in the
daily operation of a solar tower power plant. Therefore its
usefulness is limited to the design of the plant.

In the present work a rigorous geometrical model of drift
behavior [8, 9] is coupled to the very fast heliostat flux model
described above [20]. This allows developing a method to
study the dynamic behavior of the flux distribution, including
its uniformity and average distribution.

2. Methodology

To analyze the dynamical behavior of flux distribution in the
receiver of a solar tower two elements are needed: a drift
model, describing the imperfect tracking by the heliostats,

and a heliostat flux distribution model to evaluate the indi-
vidual contribution of each heliostat according to its deviated
centroid on the target.

2.1. Drift Simulation. Themethodology for drift calculations
has been discussed elsewhere [8], so here it will be only briefly
outlined.

The ideal normal vector of the heliostat at any time is
given by the solar position vector and relative heliostat to
target vector (Figure 1) and the law of reflection:

�̂� =

�̂� + �̂�

‖�̂� + �̂�‖

= (sin𝛽 sin 𝛾, sin𝛽 cos 𝛾, cos𝛽) , (1)

where 𝛽 and 𝛾 are the elevation and azimuth angles of the
heliostat, respectively, and

�̂� = (𝑎

2
+ 𝑏

2
+ ℎ

2
)

−1/2

(−𝑎, 𝑏, ℎ) .
(2)

The solar unit vector is given by the zenith and azimuth
angles, calculated according to the expressions presented by
Duffie and Beckman [23]:

�̂� = (sin 𝜃
𝑧
sin 𝛾
𝑠
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𝑧
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The different tracking errors modify the ideal normal
vector of (1), and as a consequence the reflected vector is also
modified. The latter can be calculated by another form of the
law of reflection [24]:

�̂�

𝑒
= −�̂� + 2�̂�

𝑒
(�̂�

𝑒
⋅ �̂�) , (4)

where �̂�
𝑒
is the normal vector,modified by the tracking errors,

and �̂�
𝑒
is unit direction vector of the resulting reflected ray.

The impact point of the ray reflected at the center of the
heliostat on the receiver is used to describe the drift. This
impact point is determined from the intersection of reflected
vector with a vertical plane located at the front face of the
tower, representing the receiver.

Three drift mechanisms are analyzed here (Figure 2):
angular reference offset, heliostat tilt, and canting error.

The angular reference offset error is a constant offset
in the drive mechanism. In this case the heliostat elevation
and azimuth angles at any given time have a constant shift
(𝛽


, 𝛾


) = (𝛽 + Δ𝛽

𝑒
, 𝛾 + Δ𝛾

𝑒
) instead of the ideal values

(𝛽, 𝛾) that can be obtained from the ideal normal vector given
equation (1).

Canting error is a deviation of the optical axis of the
heliostat from perpendicularity with respect to elevation
axis (Figure 2(b)) by an angle. To obtain the expression for
the deviated normal vector in this case, consider a global
reference system with coordinate axes (𝑥, 𝑦, 𝑧) and a local
reference system, centered in the ideal heliostat plane, with
axes (𝑢, V, 𝑤), as shown in Figure 3.

The canting error of a heliostat involves a deviation in
the normal vector that should in principle be represented
by two angles, measured over the planes (𝑢, 𝑤) and (V, 𝑤).
However, the error angle in the plane (V, 𝑤) rotates around
the elevation axis. Thus, it is actually indistinguishable on its
effects from an offset error around this axis, and therefore it



International Journal of Photoenergy 3

Tilt

Tilt

South

West

Direction

𝜀

𝜅

𝛽

Δ𝛽e

𝛾
Δ𝛾e

(a)

Elevation axis

Facets plane

𝜉

(b)
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Figure 3: The coordinate system (a) shows the canting error in the local system. The coordinate system (b) shows the global reference.

is included already in the parameter Δ𝛽
𝑒
. The deviation in

plane (𝑢, 𝑤) is described by the angle 𝜉. Thus, in the local
reference system the deviated normal vector can be expressed
as �̂�
𝑒
= (− sin 𝜉, 0, cos 𝜉). To obtain this vector in the global

reference system a rotation should be applied corresponding
to the actual angles of the mechanisms of the heliostat, 𝛽 =
𝛽 + Δ𝛽

𝑒
and 𝛾 = 𝛾 + Δ𝛾

𝑒
. The rotation matrix is given by

𝑃 = (

− cos 𝛾 − cos𝛽 sin 𝛾 sin𝛽 sin 𝛾

sin 𝛾 cos𝛽 cos 𝛾 sin𝛽 cos 𝛾

0 sin𝛽 cos𝛽

). (5)

Then the deviated normal vector, including canting error,
in the global reference system is given by

�̂�

𝑒,oc = (sin𝛽
 sin 𝛾 cos 𝜉

+ cos 𝛾 sin 𝜉, sin𝛽 cos 𝛾 cos 𝜉

− sin 𝛾 sin 𝜉, cos𝛽 cos 𝜉) .

(6)

The third error, gearbox tilt, is caused by a nonvertical
azimuth rotation axis (Figure 2(a)). The tilt angle is 𝜀 and
the tilt direction is 𝜅. Then, the deviated normal vector is
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finally given by a rotationmatrix applied to the normal vector,
distorted by the previous two errors (see (6)):
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(cos 𝜀 − 1) cos 𝜅 sin 𝜅 cos 𝜀 cos2 𝜅 + sin2 𝜅 sin 𝜀 cos 𝜅
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) .

(7)

This expression is obtained as the result of a series of three
rotations by the angles 𝜅, around a vertical axis, 𝜀, around a
horizontal axis, and −𝜅, around a vertical axis.

2.2. Flux Distribution. As was discussed in the introduction,
different methods exist [19] for the simulation of the flux
distribution produced by heliostats. However in this work we
utilize the method proposed by Collado et al. [20], due to its
clear advantage in computational speed.

The used method is based on assuming continuous
heliostat facets of spherical curvature, reflecting Gaussian
beams towards the heliostat, and assuming a Gaussian sun.
The flux distribution produced by a heliostat can be expressed
as

𝐹 (𝑥, 𝑧) = 𝐶𝐼𝜌𝐻 (𝜁, −𝑎
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, 𝑎
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In the above expression, the function 𝐻 is defined in
terms of two error functions

𝐻(𝑤, 𝑎, 𝑐) = (

1

2

) [erf (𝑤 − 𝑎) + erf (𝑤 − 𝑐)] . (9)

This kind of expression is reached after integrating the
Gaussian contributions on the surface of the heliostat and
considering rotations and translations between the local
reference system of the heliostat and the global reference
system. So the above generalized coordinates (𝜁, 𝜂) are related
to coordinates on the screen (𝑥, 𝑧) by
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The meaning of the rest of the parameters and rotation
angles (𝜙 and 𝜏) appearing in the above expressions can be
consulted in [20], since their development is too cumbersome
to be discussed here.
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Figure 4: Layout of the heliostat field. The receiver, located at the
north face of the tower, is centered at (0, 0, 32).

2.3. Coupling of the Methods. The coupling of the drift model
and the flux distribution model is carried out through the
deviated normal vector �̂�

𝑒
and the centroid impact point.

These are directly introduced into Collado’s et al. mathemat-
ical method for flux calculation. First a drift simulation is
carried out for a whole day for some heliostats in the field.
Then, the next step is to obtain the normal vectors with errors
and impact points from the heliostats simulated.Thesewill be
transferred to the routine for flux simulation.

Once these drift errors have been applied, each individual
heliostat flux distribution is simulated for every time step, and
then they are added to obtain the resulting flux distribution
on the receiver.

3. Results and Discussion

In this section results are presented for the analysis of
the impact of the proposed drift mechanisms on the flux
distributions.The analyzed variables are the flux distributions
themselves, their uniformity and centroid. All simulations
are carried out for latitude of 29∘ north, corresponding
approximately to the location of Hermosillo, Mexico. The
heliostat field will be the Central Receiver Experimental Field
of UNISON and UNAM, located in Hermosillo. This field is
illustrated in Figure 4.

First of all, it is interesting to compare the results of
the analytical methodology proposed by Collado et al. [20]
with more rigorous Monte Carlo results obtained with the
SolTrace software. In Figures 5 and 6 two particular cases are
shown comparing the obtained flux distributions of individ-
ual heliostats in the field. In Table 1, a systematic comparison
of peak and average flux for both methods is shown for 10
different heliostats located in different parts of the field.

As can be observed in the examples presented in Figures
5 and 6 and Table 1, there is a very good coincidence between
the rigorous (but noisy) results obtainedwith theMCmethod
and the approximate results of the implemented analytical
method. Maximum differences in the peak flux can be up
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Figure 5: Comparative of solar flux in the receiver. Analytical approximation (a) andMonte Carlo method using SolTrace (b). Close heliostat
located at (0, 34.13).
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Figure 6: Comparative of solar flux in the receiver. Analytical approximation (a) and Monte Carlo method using SolTrace (b). Far heliostat
located at (−67.5, 167.99).

to 5%, while in the average flux they are around 2.5%. It
is very interesting to observe that the differences seem to
increase with distance, contrary to what onemay expect from
the nature of the model, which ignores somewhat the actual
geometry of the heliostat.

Moreover the coincidence of the shape of the curves
is remarkable, which suits very well the need for a fast
calculation tool that allows studying the joint flux distribution
of the drifting heliostats.

In Figure 7 the drift behavior is presented for a complete
day simulation on summer solstice for four representative
error sets. This is for 4 heliostats in different positions of the
field. As explained before, each of these trajectories represents
the daily wandering of the centroid of the solar spot produced
by a heliostat. It can be observed that a variety of different
trajectories can be observed depending on the values of the
input error parameters and have been discussed in more
detail elsewhere [8].

The next step, as discussed, is the coupling of the drift
simulation with the flux distribution. A result for a collection
of 5 heliostats is presented in Figure 8. For simplicity to avoid

excessive differences in spot size for the different heliostats,
all of them have been considered to be at the same distance
of 120m, but spanning a range of angles with respect of the
north-south axis of the field (angle 𝜓).

The cases presented in Figure 8 correspond to a case with
drift. We can see that at 7:00 all heliostat images coincide
exactly, but as the day advances drift is observed. At 8:00
the flux distribution is starting to deform, and at 10:00 two
heliostats are clearly separating from the group. One of
them is rapidly isolated and does not contribute to the peak
flux anymore. However, at least three heliostats are partially
overlapping for the whole day. By 15:00, the peak flux has
decreased significantly, due to the spreading.

The effect of the above behavior on the peak flux for the
whole day is presented in Figure 9, for both the ideal and the
drift cases. Huge differences can be appreciated, where the
peak flux never reaches 20 suns for the case with drift. For the
ideal case still a variation in peak flux can be observed, which
is rather a result of DNI variation and the cosine effect, due
to the larger angles subtended by the sun and the target at the
beginning and end of the day.
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Figure 7: Comparative of image centroid drift curves for individual heliostats. Summer solstice. All errors are between −3 and 3mrad.

It is important to point out that drift in general takes the
images out of the center of target, as seen in Figure 7. In fact,
it is common to apply a constant compensation [18], which
centers the trajectories on the target but does not correct drift.
More sophisticated correction methods require much more
implementation effort [20]. In Figure 8 a constant compensa-
tion control strategy is applied.Thus the spots coincide at the
beginning of the day, but their coincidence worsens as the day
advances.

Further discussion about aim and limitations of the pro-
posed model becomes necessary at this point. First of all,

let us point out that the objective of this tool is not to be a
predictive model by anymeans or capable of actually produc-
ing simulations directly comparable with measured flux dis-
tributions. The task of evaluating the set of primary error
parameters (𝜉, 𝜀, 𝜅, Δ𝛽

𝑒
, Δ𝛾
𝑒
) for all the heliostats in real solar

field is not practical or economically feasible. Thus it is very
hard to obtain the information required to actually simulate
the combined drift behavior of many heliostats in a real
field. On the other hand, the Collado et al. approximation,
based on the very idealized profiles given by (8), is not
a realistic representation of the irradiance distribution of
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Table 1: Comparative of peak fluxes and average fluxes of analytical method using Matlab and Monte Carlo method by using SolTrace.

Heliostat 𝑥, 𝑦
coordinates
(m)

Peak flux
MC (W/m2)

Peak flux
approx. (W/m2)

Difference
(%)

Average
flux MC
(W/m2)

Average flux
approx. (W/m2)

Difference
(%)

(−6.8, 27.5) 6936 6946 0.14 410.0 410.1 0.04
(15.9, 30.2) 5674 5581 1.65 401.7 401.8 0.04
(0, 34.1) 6288 6260 0.44 400.6 401.8 0.28
(0, 49.9) 4213 4169 1.05 383.7 383.5 0.04
(8.1, 56.3) 3513 3464 1.41 377.4 377.3 0.02
(14.2, 66.7) 2701 2616 0.77 367.9 368.6 0.19
(0, 88.5) 1765 1716 2.78 354.9 354.1 0.27
(−67.5, 167.0) 463 438 5.57 248.2 242.1 2.46
(−23.5, 205.7) 379 361 4.73 223.4 218.4 2.25
(−7.8, 206.9) 381 363 4.65 224.1 219.1 2.25
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individual heliostats, which tend to display much less regular
distributions. Thus, this approximation is intended for the
simulation of many heliostats simultaneously.

Another point to bementioned is that the locations of the
centroid of the flux distribution and its peakmay not coincide
in very astigmatic situations. Asmentioned previously, in this
work drift is calculated from the impact point of the central
ray, which also does not necessarily coincidewith either of the
former points. This may be particularly accentuated for large
incidence angles, that is, very inclined heliostats (large 𝜓) or
nonflat receivers. However, as has been discussed elsewhere
[9], for north field configurations with flat receivers, the dis-
tance between these points is relatively small in comparison
with the displacements caused by drift. For other kinds of
configurations the model should be further developed.

From the above discussion the limitations of the code
to reproduce actual results from experiments are clear. The
aim of this methodology is rather to serve as a parametric
tool to simulate different drift scenarios and to evaluate the
impact in plant performance. Also, the present modeling tool
can be very useful to study the effect of different advanced
heliostat control strategies [5, 6, 18]. Sometimes a uniform
flux is sought, but in other cases specialized flux distributions
may be sought for some applications. Traditional simulation
methods are based on the assumption of Gaussian tracking
errors, whichmay in some cases be very inaccurate, especially
for small to medium size heliostat fields. In contrast, the
present proposal has the capability to address situations
where the heliostat dynamics is important.

4. Conclusions

In the present work a modeling tool has been presented for
calculation of central receiver concentrated flux distributions,
which includes drift effects, unlike any previous software.
This modeling tool is based on a drift model that includes
different geometrical error sources in a rigorous manner [8]

and on an analytic approximation [20] for the individual flux
distribution of a heliostat.

This model has been applied to a group of heliostats
of a real field, and the accuracy of the flux distribution
approximation has been checked for a range of distances
to the tower, with excellent results, against SolTrace. Some
examples of drift calculations have been presented as well
as the resulting flux distribution of five heliostats experience
drift along the day. It can be observed that the resulting peak
fluxes differ strongly from those obtained assuming the ideal
case without drift. The time evolution of quantities like peak
flux, average flux, or flux uniformity can be easily calculated
with this model. It is clear, from the presented examples, that
flux distribution may become very irregular under some cir-
cumstances, which rules out the possibility of analyzing them
by simply considering the addition of a Gaussian tracking
error to the optical errors of the heliostat, as is conventionally
done [24]. This latter approach can be useful for studying
yearly averages, but not when dynamic effects are important,
like in the design of advanced control strategies for heliostats.
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