Sensorless Iterative Solar Tracking In Multiple On-Grid Photovoltaic Generators
With Improved Tracking Strategy
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Abstract. The efficiency of the energy conversion in
photovoltaic panels varies according to the angle of light
incidence. A new method of iterative repositioning of the panels
at maximum-efficiency direction has been proposed. This
method frees up the use of sun position sensors and uses the
instantaneous power delivered to the power line by each panel,
among a series of photovoltaic panels, as a feedback in
determination of the best position in a closed-loop operation.
The proposed repositioning method, as well as the repositioning
dynamic of a series of photovoltaic panels, has been modeled.
The system has been simulated in a single parallel-rays light
source scenario. In simulations, the convergence of panels to
the best energy conversion position was observed.
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1. Introduction

The increasing demand for electric power and the
emerging need of reduction of the human activities
impact on the environment has motivated much progress
on the development of alternative energy sources [1],
with special attention to renewable energy sources, said
sustainable [2]. In this context, stands the study of the
luminous energy to electrical energy conversion [3]. This
one is shown to be gainful considering the reduced
environmental impact, in addition to its high reliability
and low cost of maintenance and operation [4], [5].

Nevertheless, the use of photovoltaic (PV) panels still
exhibits a slow and progressive growth, mainly because
its elevated cost per watt(U$/W) [6]. Thus, it is noted the
necessity of improving the efficiency of PV panels, with
the purpose of minimizing its implementation cost.

The critical point observed on optimizing the use of PV
panels consists mainly on the control of the orientation
direct through the light source direction [7] and the
control of his load operation [8], [9], in different
situations of irradiation and power demand.

The active methods for panel reorientation through the
light source direction latterly used can be sorted in two
main groups: the position control using sensors of the
light source position; and the geoastronomical based. The
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first, also known as Solar Tracker, basically consists in
luminosity sensors connected to a controller that acts on
the correction of the position of the panel in relation to
the sun's position [4]. On the other hand, the
geoastronomical control is based on a reference table of
the sun's position through the year and on the open loop
orientation of the photovoltaic panels by the previously
calculated best position. [2], [3], [10]. In both cases, the
main function of the position control is to ensure that the
sun light incidence is the most perpendicular to the PV
panels as possible, operating in one or two rotating axes

(Fig. 1).
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Figure 1. Orientation axis of a photovoltaic panel.
¢ — east-related orientation. 0 — horizon-related elevation.

In this context, a closed loop control strategy of PV
panels was looked for, without using sensors of the
position of light source. Therefore, it was assumed that
the instantaneous power generated by each PV panel, of a
set of panels, can be used as an indicator of its relative
orientation to the light source [11]. Thus, it enables the
sensorless reorientation of the PV panels, even in a
challenging scenario in which all the PV panels are
connected to the power line through individual DC/AC
inverters.
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2. Sensorless Solar Tracking Approach

The main goal of this work was to enhance the sensorless
control strategy, as presented by [11], to orientate a set of
PV panels to the direction of light source, without using
sun position sensors, thereby, considering also the
following additional restrictions:

1) the control must be given in closed loop

2) the instantaneous power generated by each PV
panel has to be used as feedback control

3) the control must be performed in a scenario in

which all generators were connected to the power line by
his own DC/AC converters (Fig. 2)

4) the movement of PV panels has to be the least
possible to reach the convergence point
5) no adjustment or manual configuration must be

necessary during the installation and operation of the
control system.

Figure 2. Photovoltaic panels connected to the power line by
individual DC/AC converters

The power delivered by a solar panel to the grid, when
connected through an individual CC/CA inverter,
depends on the load of the grid, which can very
dynamically. Moreover, the voltage generated by a solar
panel depends on the instantaneous power delivered,
while their inverter tracks the maximum power point.
This lead to a situation where neither the instantaneous
power nor the generated voltage cold be used as a
feedback indicator during the solar tracking.

The reached solution to this feedback problem in
sensorless solar tracking, as suggested by [11], is
reorientates the solar panels as a whole set, considering
his instantaneous power delivered to the grid relative
among themselves as a feedback indicator. This way, the
dynamically fluctuations of the load on the grid, that is
common to all the solar panels, cold be dismissed, and
the relative power delivered cold be satisfactorily used,
making the sensorless tracking suitable without knowing
the gradient of the sun orientation.

Beside, each solar generator could be connected
independently to the line through its own DC/AC
inverter, improving the system modularity and
scalability, and also maximizing the system efficiency
through individualized tracking of the maximum power
point.
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3. Solar Panel Attitude Modeling

It was also an aim to obtain a compact and convenient
way of expressing the attitude of the PV panels using
vector arithmetic, in order to unify the mathematical
treatment used on the simulation and the control.

A way of representing attitude on solar generators was
looked for, related to the work of [12]. The used notation
is based on the representation of the attitude as three-
dimensional unitary vectors, and uses transformation
matrices and its associated matrices algebra to model the
system and perform the simulations.

In the context of this work, attitude was considered as the
orientation, or angular position, of the solar panel relative
to the sun or his reference, as described in figure 3, and
the needed Euler rotations to perform their alignment are
expresses trough rotation matrices.

A rotation matrix is a matrix that is used to perform
rotation in a coordinates in Euclidean space around a
Euler angle. To rotate a vector using a rotation matrix, his
coordinates have to be expressed in a column vector, and
the rotated coordinates are obtained multiplying this
vector by the rotation matrix. Rotation matrices are a
convenient way to algebraic express a rotation, and were
chosen because their compactness and elegance.

The tree basic rotations, around each of the cartesian
axes, as seen in figure 3, cold be represented by rotation
matrices as follow.

X
Figure 3. Euler axes and their respective rotation angles.
Coordinate space fixed drawn in blue. Coordinate space rotated
drawn in red.

Considering coordinate space rotated in reference to a
coordinate space fixed, the equations 1 to 3 describe their
respective rotation matrices, around the Z, Y and X axes,
respectively.

cosg, —sing, O
[TZ]= sing_,  cosgp,, 0 eq. |
0 0 1
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cosd, 0 sinf,
{T?,]= 0 1 0 eq. 2
—sinf, 0 cosé,
1 0 1
[TZ]= 0 cosy, -—siny, eq. 3
0 siny, cosy,

Where:
a — means coordinate space fixed
b — means coordinate space rotated

From these tree rotations matrices, only the two ones
corresponding to the rotation around the Z and Y axes
were used to obtain the cosine of the light incidence
angle, because of this cosine is insensitive among X axis
rotations. But two compound rotation matrix was
necessary to obtain the final sun to panel rotation matrix.
For following equations, “p” is used as solar panel and
“s” as sun. These equations describe the necessary
rotations from a common reference to sun and to panel,
and then the final compound rotation direct from the sun
to the panel.

The first rotation is around the Z axis, seen in equation 4.
With help of an auxiliary coordinate space, named “a”, as
the coordinate space rotated; the rotation angle ¢ defines
the rotations around the Z axis in reference to the
reference coordinate space, named “r”, as the coordinate

space fixed.

cosp, —sing, 0
T,|=|sing, cosp, O eq. 4
0 0 1

Where:

r—means reference coordinate space
a —means auxiliary coordinate space
@, — means rotation angle around Z axis

The second rotation is around Y axis, seen in equation 5.
Now, with “a” as the coordinate space fixed, 6 defines
the rotations around the Y axis in reference to the sun's
coordinate space, as the coordinate space rotated.

cosd, 0 sinf,
<=l 0o 1 o
—sinf, 0 cosé,

eq. 5

Where:

a —means auxiliary coordinate space

s —means sun coordinate space

6,— means rotation angle around Y axis
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Then, to obtain the compound rotation matrix from “r” to
“s”, is necessary to get the matrix multiplication of the

two previews rotation. As seen in equation 6.
eq. 6

Where:

r—means reference coordinate space
s —means sun coordinate space
a—means auxiliary coordinate space

€6 99

In the same way, the compound rotation matrix from “p
to “r” was obtained, as seen in equation 7. But with “p”
as the coordinate space rotated in equations 4 and 5 and

6.

eq. 7

Where:

r—means reference coordinate space

p —means panel coordinate space

b —means another auxiliary coordinate space

The final rotation matrix is composed by the inverse
rotation from “p” to “r” then from “r” to “s”. The inverse
rotations from “p” to “r” was obtained as the transposed

[IP%4)
rotation matrix from “r” to “p”, as seen in equation 8.

=

p p

2|72 =[r]

Where:

r—means reference coordinate space

p —means panel coordinate space

b — means another auxiliary coordinate space

Finally, the rotation matrix from “s” to “p” was obtained
by the matrix multiplication of this two rotation matrix,
resulting in the final direct rotation matrix, as seen in
equation 9.

72}l

Where:

p —means panel coordinate space
r—means reference coordinate space
s —means sun coordinate space

In this final rotation matrix, the first member of the first
column correspond to the cosine of the angle between the

solar panel's normal and the sun light incidence angle,
named v, as seen in equation 10.

cos(y)=sin (8,)sin(¢p,)+cos (6,)cos(8,)cos(p,~p,) eq. 10
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Were:

y — means angle between solar panel's normal and sun
light ray

0, — means rotation angle from sun to reference around
the Y axis

0, — rotation angle from panel to reference around the Y
axis

@, - rotation angle from sun to reference around the Z
axis

@, - rotation angle from panel to reference around the Z
axis

4. Sensorless Solar Tracking Algorithm

To accomplish the proposed objectives, a improved
tracking strategy was formulated and implemented based
on an extended local unimodal sampling optimization
algorithm.

As described in [13], a local unimodal sampling allow the
optimization of a function without the knowledge of its
gradient, and basically consist of randomly pick up
samples of the search space and keep one of these
samples as a candidate solution, only if it perform better
than the previews one.

A extended version of that algorithm was applied as solar
tracking algorithm, using the power delivered by a solar
panel to the grid relative among each other panels, in a
set of panels, as feedback to optimize the entire set
orientation. Additionally, only the less performing panel
is reoriented, keeping the maximum possible power
generating during the solar tracking and assuring the
minimum movement of solar panels. This algorithm
could be described by the following steps:

1. [Initialize the solar panels orientations randomly
among possible orientations;

2. Pick the less performing solar panel, comparing
his instantaneous power delivered to the grid
with all the others panels in the same set;

3. Reorientate this solar panel in direction of the
best performing solar panel, adding a random
disturbance in his final orientation;

4. Reduce the random disturbance and resume in
the second step, until the desired number of
iterations was reached or a minimum diversity
in panel's orientations was obtained.

5.  Wait for a predefined delay and restart in second
step;

The random disturbance is needed to maintain a
minimum diversity in the solar panels orientations,
allowing the convergence of the set to the best
orientation, and should be always expressive. As pointed
by [13], better results are obtained starting with a greater
disturbance and reducing this disturbance gradually
among the iteration steps.

Finally, the delay and posterior restart after the
convergence is necessary because the dynamic nature of
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the best orientation, allowing the tracking behavior of the
solar panels set all day long.

5. Simulation Results

The proposed algorithm was simulated considering a set
of eight solar panels, equipped with solar tracking
actuators of two degrees of freedom, as illustrated by the
figure 1. For this simulation, the sun was considered
oriented at 10° from east to north and 60° of elevation
from the horizon.

For the purpose of this simulation, the performance of
each panel was considered as the cosine of the angle
between the solar panel normal and the light incidence,
by the fact of the relative efficiency of a solar panel is
strongly dependent on the light incidence angle. This
cosine was obtained with the equation 10, as explained
previously.

The solar panels were initialized in random orientations,
limiting their movement by -n to i in rotation and 0 to i
in elevation, as shown in figure 4.

3,14
2,51
@ o @9
1,88 2
@ Solar Panels
@ @
1,26 @ Sun
0,63 @
-
0
-2,51 -1,26 0 1,26 2,51
-3,14 -1,88 -063 063 1,88 3,14

Figure 4. Initial solar panels orientations

In each iteration, the less performing solar panel was
picked and reoriented in direction of the best performing
solar panel, adding to his orientation a random
disturbance of +0.5m on rotation and +0.125m on
elevation at 1% iteration; decaying exponentially to
£0.00050 and +0.000125m, respectively, at the 50
iteration.

The figure 5 shows the relative performance of each solar
panel during the simulated iterations. In this figure, we
could observe a satisfactory convergence of the panels
near the 30™ iteration.
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Figure 5. Relative performance of each panel during the
simulated iterations

This convergence can be observed too in the figures 6
and 7. The figure 6 shows the solar panels orientations
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after 10 iterations and the figure 7 shows their
orientations after twelve iterations.
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Figure 6. Solar panels orientation after ten iterations
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Figure 7. Solar panels orientations after twelve iterations

Is interesting explain at this moment who the solar panels
apparently converge to a distinct orientation other than
direct to the sun. This occurs because with the simulated
freedom of the panels, they could archive the same
orientation by two distinct coordinates that overlap. This
way, the two distinct point in the map are actually the
same orientation described by two distinct coordinates.

The figure 8 shows the surface of relative performance
through this overlapping coordinate space, considering
the sun at ¢=10°,6=60°. In this surface, we could observe
two maximums, besides the unimodality of the plotted
function.

Figure 8. Surface of the performance of solar panels
orientations relative to the sun. Sun at ¢=10°,6=60°.

6. Conclusions

The proposed sensorless solar tracking approach and
algorithm has been simulated and the simulations results
show a quick convergence in just a few iterations. The
final implemented strategy agrees with the imposed
restrictions and seems to be ready for concrete use.

The absence of sensors, configurations or calibrations
and the observed results, lead to the following implied
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advantages over sensored and georeferenced solar
trackers:

1) lower cost, dispensing solar position sensor, its
calibrations and maintenance;

2) ease of installation, dispensing georeferencial
coordinates determination and permanent calendar
adjustments and maintenance;

3) on-grid operation and full compatibility with
one DC/AC converter per solar generator.

However, the way of operation of this sensorless
approach need at least two solar generators, and all the
solar panels in the same set need to be homogeneous.

The results of this work are being validated in a concrete
under-construction PV panel array, composed of three
experimental solar generators equipped with 2-axis solar
tracker actuators each one.

Furthermore, a self-learning approach, combined with
sensorless tracking, is under study, inspired by [6],
aiming at minimizing installation misalignment and yet
less power consume in solar tracking.
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