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Resumen

El Sol es considerado como una fuente de energia inagotable, por lo que su estudio y
caracterizacion constituyen una de las principales lineas de investigacion, con el objeto de

evaluar su incidencia en instalaciones de captacién solar.

En instalaciones PV con seguidores solares, resulta de suma importancia el estudio de aquellas
variables susceptibles de proporcionar la orientacién éptima para conseguir la mdaxima

eficiencia desde el punto de vista energético.

La irradiancia global se considera un parametro fundamental para la caracterizacion solar, por
lo que sus componentes (directa, difusa y reflejada) deben ser evaluadas para su éptima
utilizacién. La componente directa estd estrechamente ligada con la geometria Sol-Tierra ya
gue sus rayos asociados provienen directamente de la ubicacién del Sol. Por otro lado, la
componente difusa esta formada por los rayos que llegan desde todas las direcciones de la
boveda celeste exceptuando la direccion Tierra-Sol, mientras que la componente reflejada

depende del coeficiente de reflexién de la superficie también denominado albedo.

Modelos de irradiancia tales como el de Hay-Davies y el modelo de Pérez, permiten relacionar
la funcién de irradiancia con el vector solar (S) y el vector normal de los colectores (7i). De esta
forma, mediante un proceso de optimizacidon basado en multiplicadores de Lagrange sujeto a
una serie de restricciones impuestas, se consigue conocer a priori la orientacidon dptima de los

colectores.

Esta caracterizacion del 6ptimo del vector normal al colector (7)) se consigue tanto en
seguidores solares de 1 como de 2 ejes, lo que establece un punto de partida para realizar el
estudio de la interferencia entre seguidores, y, por consiguiente, determinar la existencia de
sombreamiento. El andlisis de dicho sombreamiento se realiza mediante elementos vectoriales
tanto en el plano (1 eje) como en el espacio (2 ejes), empleando un criterio dicotémico basado

en el dlgebra de Minkowski.
La determinaciéon de la existencia de sombreo permite paralelamente establecer una

alternativa a la orientacion inicial mediante una reorientacion del seguidor (retroseguimiento),

siempre lo mas préxima al valor de irradiancia dptima.
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En este contexto, la presente tesis doctoral avanza en el estudio del comportamiento de

seguidores solares. Los objetivos explicitados en cada articulo son:

e Maximizar la captacidn de radiacién solar en seguidores de 1y 2 ejes.

e Optimizar trayectorias de seguimiento y su interaccion con las variables del terreno.

e Monitorizar el sistema de seguimiento.

e Evaluar todas las componentes de irradiancia global (directa, difusa y reflejada).

e Estudiar los efectos negativos de sombreamiento entre colectores y actuaciones a
seguir en caso de que se produzca dicho efecto.

e Proponer técnicas de retroseguimiento.

e Estudiar la influencia de la geometria de colectores PV en la captacion radiativa.

Palabras clave: Caracterizacion solar, seguidores solares, sombreamiento,

retroseguimiento.
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Abstract

The sun is considered to be an inexhaustible source of energy, so its study and characterisation
are two of the main lines of research, to evaluate with the aim of evaluating its impact on solar

collection installations.

In PV installations with solar trackers, it is extremely important to study those variables likely
to provide the optimum orientation to achieve maximum efficiency from the energy point of

view.

Global irradiance is considered a fundamental parameter for solar characterisation, so its
components (direct, diffuse and reflected) must be evaluated for its use. The direct component
is closely linked to the Sun-Earth geometry as its associated rays come directly from the
location of the Sun. On the other hand, the diffuse component is formed by the rays reaching
from all directions of the celestial vault except the Earth-Sun direction, while the reflected

component depends on the reflection coefficient of the surface, also called albedo.

Irradiance models such as Hay-Davies and Perez, allow the irradiance function to be related to
the solar vector (S) and the normal vector of the collectors (7). In this way, by means of an
optimisation process based on Lagrange multipliers subject to a series of imposed restrictions,

the optimal orientation of the collectors is known a priori.

This characterisation of the optimum normal vector to the collector (71) is achieved in both 1-
axis and 2-axis solar trackers, which establishes a baseline for performing the study of
interference between trackers, and, therefore, determining the existence of shading. The
analysis of this shading is performed using vector elements both in the plane (1-axis) and in

space (2-axis), using a dichotomous criterion based on Minkowski algebra.

The determination of the existence of shading allows at the same time to establish an
alternative to the initial orientation by means of a reorientation of the tracker (backtracking),

but always as close as possible to the optimum irradiance value.

In this context, this doctoral thesis advances in the study on the behaviour of solar trackers.

The objectives expressed in each article are:

e Maximising solar radiation collection in 1- and 2-axis trackers.
e Optimising tracking trajectories and its interaction with terrain variables.

e Monitoring the tracking system.
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e Evaluating all the global irradiance components (direct, diffuse and reflected).

e Studying the negative effects of shading between collectors and actions to be adopted
in the event of this effect occurring.

e Proposing back-tracking techniques.

e Studying the influence of the geometry of PV collectors on radiative capture.

Keywords: Solar characterization, solar trackers, shading, backtracking.
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Lista de simbolos

Magnitudes vectoriales

a = vector proyeccion contenido en panel solar para el analisis de sombreo

5
d = distancia entre centros de dos colectores adyacentes

é = vector unitario en la direccion del eje de rotacién del colector

5> o7

1,7, k = vectores unitarios asociados a un sistema cartesiano

7 = vector normal a la superficie del colector

—

n' = vector normal dptimo a la superficie del colector
—

nr = vector normal al terreno

- . —_— -

q = vector perpendicular al vector ny y e

§ = vector solar

s’ = vector solar en un sistema de referencia {q,é,nr}

U = vector incluido en el plano del colector

V = vector unitario incluido en el plano del colector y perpendicular a u
w = gradiente unitario horizontal de la irradiancia

Magnitudes escalares

a = anchura del colector solar

b = altura del colector solar

d; = dia Juliano

d;= vector desplazamiento desde el poligono Iy aIT’;
dyx; = componente X del vector d;

dy; = componente y del vector d;

h = anchura del colector

i = indice asignado a cada seguidor solar
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j =indice secundario asignado a cada seguidor solar (i # j)

n'y,m'y, ', = componentes del vector normal éptimo a la superficie del colector
Sx» Sy, Sz = componentes del vector solar

s'x,8'y,s'; = componentes del vector solar en un sistema de referencia {q, €, nr}

t = hora especifica solar

X,V, Z = coordenadas cartesianas de la base de cada seguidor solar

x [i], y[i], z[i] = matrices con informacién de las coordenadas de cada seguidor solar
A, = superficie del colector de referencia

A; = superficie de colector genérico

Dgy = distancia entre seguidores en direccidn Este-Oeste

Dys = distancia entre seguidores en direccion Norte-Sur

F,, F, = factores de ponderacidn para la descomposicién de la radiacién difusa inclinada

H,, =radiacién incidente sobre los colectores en cada uno de los dias representativos de cada

mes acorde a Klein(Klein, 1977)

Hyeqr = radiacion global anual

H;;ff radiacidn solar anual estimada sobre los colectores segln ecuacidn (5.28)
ng({ﬁ radiacion solar anual estimada sobre los colectores seguin ecuacion (5.29)
I =irradiancia solar global en el colector inclinado

Iz =irradiancia solar directa sobre en el plano horizontal

Ip =irradiancia solar difusa

Ioy = irradiancia extraterrestre

L, =longitud horizontal del colector después del corte

L,, = longitud vertical del colector después del corte

N=numero de seguidores solares en la instalacion
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Np = ndmero de diferentes disefios de interdistancias entre colectores

N; = nimero de diferentes geometrias de la forma del colector

N,,, = nimero de dias en el mes m

N = numero de posibles distribuciones espaciales de los seguidores solares en la planta

Nt = numero de las diferentes combinaciones de los disefios geométricos resultado del cruce

Ng - Np - N
Py = posicion del colector de referencia

P; = posicidn de un colector genérico

Sco1= superficie del colector

T = variable discriminatoria del tipo de configuracién

X41= coordenada-x del vértice correspondiente al corte hecho en la esquina inferior izquierda
X 4= coordenada-x del vértice correspondiente al corte hecho en la esquina inferior derecha
X eny= mMatriz con las coordenadas-x de la forma del colector

X,1= coordenada-x del vértice correspondiente al corte hecho en la esquina superior izquierda
X,-= coordenada-x del vértice correspondiente al corte hecho en la esquina superior derecha
Y4,= coordenada-y del vértice correspondiente al corte hecho en la esquina inferior izquierda
Y4-= = coordenada-y del vértice correspondiente al corte hecho en la esquina inferior derecha
Y.n»= Matriz con las coordenadas-y de la forma del colector

Y,;,= coordenada-y del vértice correspondiente al corte hecho en la esquina superior izquierda

Y= coordenada-y del vértice correspondiente al corte hecho en la esquina superior derecha

Simbolos griegos

a = angulo de elevacién del colector
B =dangulo de inclinacién del terreno

y = angulo azimut del eje de rotacién del colector
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6 = declinacion solar

€ = error de estimacion del modelo propuesto
&rel = error relativo del modelo propuesto

& = angulo de inclinacion del colector

6 = angulo de incidencia de los rayos de sol sobre un plano inclinado
6, = angulo solar cenital
A, 1, v = multiplicadores de Lagrange

p = albedo

T = multiplicador escalar del vector solar para la regla del paralelogramo
@ = latitud

@ = funcién de Lagrange

x = azimut del terreno

Q) = velocidad de rotacion de la Tierra

I' = magnitud auxiliar dependiente del dia Juliano

11, = poligono del colector de referencia

11; = poligono de un colector genérico

I1'; =proyeccion del poligono de un colector genérico sobre ¥

y = plano que contiene al poligono del colector de referencia 11,

Acrénimos

GCR = Ground Cover Ratio

FOSH = Free and Open-Source Hardware
HW= Hardware

SPSTC= Semi-passive solar tracking concentrator
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CAPITULO 1. INTRODUCCION

La poblacion mundial estimada en 9700 millones de personas para el 2050 (United Nations,
2019) implica una relacion directa con el consumo energético y por consiguiente el nivel de
emisiones a la atmdsfera, lo que obliga a definir actuaciones por parte de los gobiernos

encaminadas a la reduccidn de las mismas.

Para ello el avance en la investigacién en el sector energético es clave en la lucha contra el
cambio climatico, pues dos tercios de las emisiones de gases de efecto invernadero mundiales
estan ligadas a la quema de combustibles fdsiles que se usan para la generacién de energia

(United Nations, 2020).

Si bien la gran mayoria de los paises industrializados ha ido dando pequeios pasos, no fue
hasta el ano 1997, en el Protocolo de Kioto inscrito dentro del Convenio Marco de la ONU
sobre Cambio Climatico, donde surge el acuerdo mas importante, sentando las bases para el

compromiso en la reduccién de emisiones de efecto invernadero.

El Acuerdo de Paris en 2015 adoptado en la Conferencia sobre el clima de Paris (COP21) es el
primero donde se produce una vinculacién juridica y establece un marco global para la lucha
contra el cambio climatico, de aplicacidon en 2020, y de obligado cumplimiento para los paises

firmantes (United Nations, 2015).

No obstante, las emisiones de CO, a la atmdsfera, en contra de lo establecido en dicho
Acuerdo, han ido incrementandose anualmente, y desde la ratificacion de este, sélo en el
pasado afo 2020 se han visto reducidas (7% respecto a 2019) por la situacion de pandemia
mundial a consecuencia de la disminucién de la actividad industrial y, fundamentalmente, el

transporte (United Nations, 2020).

Dentro de las estrategias de reduccién, el fomento del uso de energias renovables frente a las
no renovables desempefia un papel clave en este objetivo de sostenibilidad. En 2019, la cuota
de energias renovables incluida la energia hidroeléctrica supuso alrededor del 27 % de la
oferta eléctrica, cuyo incremento es consecuencia de las nuevas capacidades edlicas y solares

(ENERDATA, 2019).

El avance en la investigacion y el desarrollo de las energias renovables para mejorar la
eficiencia energética y la sostenibilidad global (Sdez-Martinez et al., 2016), han provocado una
tendencia al alza iniciada en el afilo 2000 derivada del avance tecnolégico dentro del sector
edlico y solar, unido al descenso de los costes de las tecnologias empleadas e implantacién de

politicas climaticas cada vez mds ambiciosas en la UE (Zedalis, 2017).
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La Agencia internacional de la Energia (IEA) en su informe anual del afio 2019 (IEA, 2019)
estimé un aumento en la capacidad energética renovable en el 2019 del 12% de produccién
frente al afo anterior (2018). A pesar de la pandemia COVID-19, en el afio 2020 se produjo un

incremento en dicha capacidad de casi un 50% (Camera, 2021).

De todas las fuentes que proporcionan energia renovable, destaca la que proporciona el Sol, al
ser considerada como la mas abundante y limpia (Panwar et al., 2011) y que, si se explota de
manera adecuada, podria ser suficiente para satisfacer la demanda energética mundial

(Kannan and Vakeesan, 2016).

La produccidon mundial de energia solar representa el 3% respecto al total del produccion de
energia eléctrica, mientras que en Espafia alcanza el 6% (ENERDATA, 2019), destacando el
papel de la PV (8.623 MW instalados en el afio 2019) frente a la solar térmica (2.304 MW
instalados en el afio 2019) (REE, 2019).

Otro de los aspectos a destacar es la concienciacion por parte de las administraciones para el
fomento de las energias renovables que en Espafia se traduce en el Plan Nacional Integrado de
Energia y Clima (PNIEC 2021-2030) (Ministerio para la Transicién Ecolégica y el Reto
Demografico, 2020). Uno de sus compromisos es que las energias renovables proporcionen en
el 2030 cerca del 42% de la demanda energética y el 74% de la produccién eléctrica vy, en el

caso de la PV, consiga un parque de generacién proximo a los 18.921 MW.

La produccidn de energia en PV se realiza a través de colectores solares dispuestos bien en
estructuras fijas, dotando a los paneles de un angulo de orientacién fijo determinado por la
latitud del lugar, o bien, mediante seguidores solares que permiten una modificacién en la

orientacién de los colectores para maximizar en cada momento la captacion solar.

Las instalaciones con seguimiento presentan una mayor produccién energética frente a
sistemas fijos convencionales de captacién solar (Sumathi et al., 2017). Otros autores
(Abdallah, 2004; Gay et al., 1982) estiman un aumento entre el 30%-40% de captacion de

radiacion anual de instalaciones con seguidores frente a instalaciones con paneles fijos.

1.1. Optimizacidon de trayectoria de seguimiento

El seguimiento solar supone una mejora tecnoldgica en la produccion de energia fotovoltaica
en la que se ha trabajado durante décadas (Nsengiyumva et al., 2018). Con ella se intenta

paliar los efectos negativos de la alta variabilidad del recurso solar, tanto en el tiempo como en
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el espacio, reorientando los paneles fotovoltaicos hacia posibles direcciones que incrementen

la captacién de irradiancia solar.

Para ello, los seguidores solares son muy utiles en grandes plantas fotovoltaicas conectadas a
la red, donde es necesario aumentar la energia generada por metro cuadrado de superficie de

colectores incrementando asi su rendimiento.

Segun el tipo de movimiento, los seguidores solares pueden clasificarse (Hafez et al., 2018;
Nsengiyumva et al., 2018) en:
e Sistemas de seguimiento de 1 solo eje en los que un elemento modvil adapta su
posicién girando alrededor de un 1 eje fijo
e Sistemas de seguimiento de 2 ejes en los que el plano del colector gira alrededor de 2

ejes, consiguiendo la orientaciéon hacia cualquier direccion de la béveda celeste

Algunos autores han analizado el aumento de produccion energética en funcién de la
tecnologia utilizada de seguimiento y latitud del lugar (Huld et al., 2010; Perpifian et al., 2009),
observando que a mayor latitud, el aumento en la produccion puede alcanzar valores cercanos

al 57% (Paredes-Parra et al., 2019).

Si bien los seguidores solares de doble eje son de coste mds elevado y presentan un
mantenimiento e implementacidon mds alto, determinados autores desechan su utilidad en un
futuro no muy lejano (Huang et al., 2011; Ismail et al., 2013). Por contrapartida, (Bahrami et
al., 2016), presentan comparativas entre la eficiencia de los seguidores solares de 1 solo eje
frente al de 2 ejes, llegando estos ultimos a incrementar la produccidn energética entre un

0.42%- 23.4% dispuestos en la misma latitud.

(Eldin et al., 2016) resaltan que cada vez son mas las investigaciones que pretenden mejorar la
tecnologia de los seguidores de doble eje para que la produccidon supere a los costes de
instalacion y mantenimiento. Estos autores establecen la conveniencia de los sistemas de

monitorizacion adecuados a las condiciones climaticas del lugar.

No obstante, para un sistema fotovoltaico a escala comercial, la decision de optar por un

sistema simple o dual de seguimiento debe tener en cuenta aspectos tales como el coste del

terreno, equipos y mantenimiento. (Martin-Martinez et al., 2019) evaluaron seis plantas
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fotovoltaicas en Espafia y, entre sus conclusiones, sefalaron que se subestimaba la

complejidad del seguimiento de 2 ejes tanto en operacidon como mantenimiento.

Otra clasificacién de los seguidores solares estad basada en los sistemas de accionamiento de

los mismos y pueden ser clasificados en 5 tipos basandose en la tecnologia de seguimiento

(Hafez et al., 2018).

Asi, podemos distinguir:

Seguimiento activo, donde es el propio sistema el que determina la ruta solar durante
cada dia mediante la utilizacién de sensores. (AL-Rousan et al., 2018) destacan
aquellos que buscan la posicion del sol por la variacidon de luz recibida (sensor driver
system).

Seguimiento pasivo, en el que el accionamiento no es mecdnico, sino que es
provocado por el desequilibrio térmico de un gas que se traduce en un movimiento
angular para conseguir un grado de iluminacion homogéneo en el panel solar (Awasthi
et al., 2020).

Seguimiento semi-pasivo (SPSTC), es un sistema disefiado para el seguimiento solar
empleando pequefios esfuerzos mecdnicos, como es el caso de estudio empleando un
sistema matricial de espejos localizado sobre una lente Fresnel (Ledn et al., 2014).
Seguimiento manual, en el que el angulo de inclinacién se modifica de manera
estacional a través de un sistema de engranajes con el objetivo de facilitar su
construcciéon y mantenimiento. Una de las ventajas de este sistema se observa en
seguidores de doble eje al eliminar un motor de accionamiento.

Seguimiento cronoldgico, en el que el colector es programado para que realice un
movimiento angular fijo cada cierto tiempo establecido (15° por hora), y en el que se
consigue un bajo error en el seguimiento (Torres-Roldan et al., 2015). Dentro de esta
tipologia, encontramos aquellos que incorporan pequefos microprocesadores con
estrategias de seguimiento preestablecidas a partir de modelos matematicos
(microprocessor driver system).

En este tipo, el andlisis del movimiento en el seguidor puede basarse en algoritmos
matematicos que vienen determinados por el movimiento terrestre y fundamentados
en la trigonometria esférica con precision de milésimas de radianes (Braun and
Mitchell, 1983; Riley and Hansen, 2015).

No obstante, recientemente se ha abierto una nueva linea de determinacion de la

posicién solar mediante herramientas basadas en notacién vectorial (Parkin, 2010;
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Sproul, 2007), en el que el vector solar (S), se define como un vector unitario dirigido al
centro del disco solar, permitiendo obtener las relaciones astrondmicas mediante

algebra matricial, productos escalares y vectoriales

Comun a todos ellos, encontramos aquellos que disponen de sistemas de seguimiento de lazo
abierto (open loop driver system), los cuales a partir de ecuaciones matematicas modifican el
movimiento de los actuadores mediante la ubicacion de la posicion del Sol y, en
contraposicion, tendremos los de lazo cerrado (close loop driver system), que adaptan el
movimiento de los actuadores del seguidor a partir de la informacién suministrada por

sensores de movimiento recalculando la posicién solar.

Segun lo expuesto anteriormente, ambos sistemas (1 eje y 2 ejes) coinciden en la necesidad de
un avance en su estudio y comportamiento, buscando la optimizacién de la trayectoria del
seguidor, y evaluar otras variables, tales como el efecto del sombreamiento entre colectores e

inclinacién del terreno.

1.2. Modelos fisicos para el seguimiento solar

Los modelos para realizar el seguimiento solar son multiples, entre los que destaca el modelo
de seguimiento astrondmico, cuyo objetivo consiste en optimizar el valor de la componente
directa de la irradiancia, minimizando el angulo entre el vector normal a la superficie del
colector (71) y el solar (S), Figura (1.1), obviando otras componentes de la irradiancia tales
como la componentes difusa y reflejada. Para ello usan los algoritmos que permiten
determinar con gran precisién el vector solar (Blanco-Muriel et al., 2001; Grena, 2008; Reda

and Andreas, 2004).

Colector

Figure 1.1. Vector normal al colector y vector solar

(Fernandez-Ahumada et al., 2017) realizaron el estudio del seguimiento mediante la utilizacion
de modelos racionales incluyendo todas las componentes de la irradiancia debido a que, en

dias nublados, los colectores en posicién horizontal recolectan mas energia que aquellos que
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han sido posicionados segln la estrategia de seguimiento astrondmico (Duffie and Beckman,

2013; Mousazadeh et al., 2009).

Esto se fundamenta a que, en dichos periodos, la irradiancia directa es mucho menor que la
componente difusa y reflejada y, la mayor parte de los modelos, consideran la componente
difusa como una variable obtenida a partir de mediciones de varios afios (Duffie and Beckman,
2013). Varios son los modelos empiricos que incluyen las tres componentes (directa, difusa y

reflejada) (Fernandez-Ahumada et al., 20203, 2017).

Segun lo anterior, la primera aportacion de esta tesis y de aplicacion a seguidores solares de 1
eje, se centra en la busqueda del éptimo del vector normal al colector (7) en establecer su
relacién con colectores dispuestos en terrenos no horizontales, tomando como base el modelo
de Hay-Davies (Hay, 1993) segun la ecuacion (1.1). Este modelo consta de tres términos que
evaltan las componentes directa, difusa y reflejada respectivamente. Los valores de Iz e I

se determinan mediante el modelo de Collares-Pereira (Collares-Pereira and Rabl, 1979).

[ = cos6@ I+ [(;:;:Z)I_B n (1 _ li) 1+cos[s’] I, +p 1—cosp U + Ip) (1.1)

cos0, B 2 2

Ion IoH
Con la idea de seguir avanzando en la evaluacién de la irradiancia en todos sus términos, esta
misma metodologia se ha seguido en la tercera aportacion de la presente tesis, si bien de
aplicacion a seguidores solares de doble eje, empleando el modelo empirico (Perez et al.,
1990) segun la ecuacién (1.2). De esta forma, se obtienen valores mds préximos a mediciones

realizadas y que, al igual que en el caso anterior, permiten determinar la orientacidon 6ptima

del vector normal del colector (71).

cos 6 1+ cosp a 1—cosp (1.2

Iz +|(1—-F) +F—+F,sinf ID+pT(IB+ID)

~ cos 0, 2 b

Finalmente, obtenida la orientacidon dptima en cada uno de los modelos utilizados, se procede

a la evaluacidn del analisis de sombreo y técnica de retroseguimiento en cada uno de ellos.
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1.3. Sombreo y retroseguimiento
El disefio en la disposicidn de los colectores fotovoltaicos representa un papel determinante en
la produccién de energia debido a la interferencia que pueden realizar unos sobre otros por

efectos de sombreamiento.

La componente directa se ve comprometida en el caso de sombreamiento de unos colectores
sobre otros, lo que disminuye el rendimiento y eleva la temperatura de las células
sombreadas, pudiendo provocar una grave alteracién en el panel sombreado (hot spots)

(Belhachat and Larbes, 2015; Satpathy and Sharma, 2019).

(Martinez-Moreno et al., 2010) propusieron un modelo predictivo para la evaluacion de
pérdidas de potencia causadas por el sombreamiento, el cual fue validado por varios autores
(Fartaria and Pereira, 2013; Hu and Yao, 2016), desarrollando modelos mas extensos basados
en el modelo de Martinez-Moreno. Otros autores tales como (Narvarte and Lorenzo, 2008),
estudiaron la productividad de una instalacién PV considerando distintos tipos de seguimiento

solar y basandose en tres hipdtesis simplificadas para estimar las pérdidas por sombreado.

En bibliografia consultada, destacan estudios que han tenido en cuenta la influencia del
sombreo en la optimizacién de instalaciones PV (Diaz-Dorado et al., 2017, 2014). En estos
estudios los sombreos son caracterizados considerando una estrategia de seguimiento
convencional o astrondmico que procura que la superficie colectora conserve la

perpendicularidad con los rayos solares la mayor parte del tiempo de seguimiento.

Una posible solucién al problema del intersombreo pasaria por una distribucién en el terreno
con amplias separaciones entre paneles. Sin embargo, el alto precio que este factor representa
frente al precio cada vez mas bajo de los paneles (Perpifian, 2012) hace que sea necesario el

estudio pormenorizado para la bisqueda de la interdistancia éptima.

No obstante, los efectos de sombreamiento pueden ser reducidos e incluso eliminados
utilizando técnicas de retroseguimiento solar que minimicen dicho impacto (Fernandez-
Ahumada et al., 2020b, 2020a). Esta técnica consiste en desviar de la direccién de maxima

irradiancia los captadores para evitar dicho efecto.

Diferentes autores (Lorenzo et al., 2011; Panico et al., 1991; Pedro, 2016) han demostrado

que, dentro de las grandes ventajas que se encuentran en la utilizacién de esta técnica, se
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observa la disminuciéon de la interdistancia entre los seguidores. Esto consigue un mejor
aprovechamiento del terreno y, por consiguiente, un GCR mayor, una mejora del balance
energético frente a las que no disponen de este sistema (Lorenzo et al., 2011) y, por ultimo,
una disminucién en los costes de mantenimiento al evitar la generacién de puntos calientes en

los paneles.

En esta tesis, las metodologias de estudio del seguimiento e interdistancia se aplican a
seguidores solares de 1 y 2 ejes, lo que amplia el espectro de estudio y resultados. Se ha
seguido un enfoque de analisis vectorial para la caracterizacion astrondmica y posicional de los

seguidores.

En el caso de seguidores de 1 solo eje, el analisis de intersombreo se ha abordado dentro de

un triedro de referencia determinado por el eje del colector (€), la normal al terreno (n7) y el
. - ey . . . . .7

vector normal a los anteriores (g), lo que ha permitido relacionarlo con la inclinacién del

terreno (B) e introducir dicha variable en el estudio y su evaluar su grado de influencia.

En cuanto a seguidores de doble eje, dicho andlisis se ha abordado mediante el criterio
dicotémico basado en el dlgebra de Minkowski (Avnaim and Boissonnat 1989; B. Chazelle

1983).

1.4. Desarrollo de sensor para la determinacion de irradiancia maxima

(Eldin et al., 2016) concluyeron la necesidad de monitorizar instalaciones de paneles
fotovoltaicos y comprobaron que la potencia de salida de captadores monitorizados se acerca
a la dptima, que depende de las condiciones ambientales. Cada vez es mas extendido el
desarrollo de sistemas de monitorizacién que basan su estrategia de seguimiento en factores
tales como la busqueda en la esfera celeste de los puntos de maxima irradiancia y que no

implican un incremento en el coste de implementacién y mantenimiento.

Para ello, el uso de la tecnologia basada en HW libre aporta soluciones similares o incluso
mejores que las comerciales mediante una inversién de bajo coste (Fuentes et al., 2014) v,
paralelamente, permite intercambiar los resultados obtenidos a toda la comunidad cientifica
(Pearce, 2013) ademas de, por su versatilidad, afadir dispositivos que permitan aumentar la

informacién obtenida (Fuentes et al., 2014).
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Paralelamente, el uso de microcontroladores basados en HW libre presenta una ventaja
competitiva desde el punto de vista econdmico frente al control basado en PLC (Singh et al.,
2018) y cada vez es mas comun encontrar en la literatura propuestas basadas en HW libre de
aplicacidn al seguimiento solar. Destacan las basadas en Arduino e loT por su flexibilidad y bajo
coste, sin olvidar su alto nivel de conectividad. Otros autores han desarrollado sistemas
basados en IoT y LoRa (Paredes-Parra et al., 2019), mientras que (Pereira et al., 2018)

desarrollaron un sistema de captacion de datos basandose en tecnologia Raspberry Pi e loT.

Por consiguiente, se observa que cada vez es mas frecuente en el dmbito de la energia solar
fotovoltaica encontrar propuestas basadas en estrategias de seguimiento mediante HW libre,
asi como la implementacion de sensores de bajo coste y mantenimiento que sigan la

trayectoria solar (Kelly and Gibson, 2009; Yao et al., 2014).

La estrategia de seguimiento basada en modelos tedricos y analisis matemdticos nos ha
permitido establecer orientaciones éptimas de los colectores y paralelamente evaluar la
influencia de intersombreo. En el segundo trabajo de la presente tesis se considera necesario
Ilevar esto a la practica, lo que se ha traducido en el desarrollo de un sensor dispuesto sobre
un seguidor solar omnidireccional basado en HW libre y cddigo abierto (FOSH). Dicho sensor
cuenta con un sistema de control sencillo asociado a tecnologia 10T y de aplicacién en
seguidores de doble eje, lo que nos permite determinar en cada instante qué punto de la

boveda de la esfera celeste es el 6ptimo para obtener la maxima irradiancia global.

Lo anterior, combinado con un estudio previo de analisis de sombreamiento disefiado por los
autores (Fernandez-Ahumada et al., 2020b, 2020a), permite excluir de las zonas de posible
orientacién aquellas que producen interferencias entre colectores mediante un escaneo

previo.

En esta fase previa se estudia si, a priori, una direccion ha de ser contemplada o no,
restringiendo y, por tanto, disminuyendo su proceso de busqueda de las direcciones espaciales
gue nos proporcionaran maxima captacion solar. Las direcciones pueden aparecer sombreadas
y, por tanto, enviar a los seguidores el angulo de azimut (y) y elevacién («) idéneos para cada

dia juliano (d;) e instante determinado (t).
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Esta técnica establece una reorientacion de los seguidores considerando mediciones
instantaneas de radiacion que permiten saber a priori cual es la orientacién 6ptima del

conjunto de seguidores.

El dispositivo, que cuenta con 2 GDL, realiza un barrido bidireccional en azimut [-180°,180°] y
elevacién [0°,90°]. Toda la estructura soporte ha sido fabricado por impresion aditiva,
utilizando como material filamento de acrilonitrilo butadieno estireno (ABS) y encapsulado en

cupula de metacrilato transparente.

En cuanto a la electrdnica, cuenta con un conjunto de sensores compuesto por reloj en tiempo
real DS1307, con alimentacién auténoma mediante bateria CR2025. Adicionalmnete se ha
dispuesto una célula fotovoltaica calibrada que proporciona valores de intensidad de salida
comprendidas entre 36 mA-288 mA para valores de irradiancia entre los 125 W/m?-1000
W/m?®. Finalmente, se ha completado con dos microinterruptores mecanicos para fijar la

posicion relativa cero.

El procesamiento se lleva a cabo a través de una placa TTGO ESP32 Lora que integra entradas
y salidas analdgicas y digitales, asi como varias interfaces de comunicacidn, tanto inaldambricas
(Wi-Fi y Bluetooth Low Energy) como cableadas (12C, SPI, UART). La placa cuenta con médulo
de comunicacidn LoRa, modelo SEMTECH SX1276 que permite la comunicacién a una

frecuencia de 868 MHz.

El movimiento en los dos ejes se consigue mediante dos motores paso a paso modelo 28BYJ -
48, controlados por dos unidades LM298, con 4096 pasos por revolucién lo que proporciona
una precision de 0,001534 radianes por paso. Por ultimo, el médulo de comunicaciones entre
el dispositivo y los captadores ha sido disefiado acorde al rango que permita un radio entre 3

kmy 15 km.

1.5. Influencia de la geometria de los captadores e inclinacion del terreno

La disminucion en la potencia de salida provocada por el desajuste |-V de celdas de un médulo
PV debido a factores tales como el sombreamiento, ha sido ampliamente analizado por distintos
autores (Karatepe et al., 2007; Kawamura et al., 2003; Meyer and Van Dyk, 2004), asi como la
disminucion en el rendimiento energético provocado por el sombreamiento parcial de paneles

solares (Kaushika and Gautam, 2003; Meyer and Van Dyk, 2004).
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(Perpifnan, 2012), establece que la relacién entre la superficie de colectores y del terreno (GCR)
depende de las variables de disefio de estas. Actualmente en instalaciones PV que ya estan en
produccidn, y en las que no se realiza retroseguimiento se plantean técnicas de eliminacién de
sombreo mediante la modificacion geométrica de los colectores (DEGERiberica, 2020). En la
mayoria de los casos, esta actuacidon se realiza de forma arbitraria, procediendo a la
eliminacidon de aquellos médulos que, mediante la observacién diaria, permanecen un alto

porcentaje de tiempo interferido por captadores colindantes.

La mayoria de los colectores PV que se encuentran en las plantas conectadas a red son
rectangulares, aunque existen ya algunas instalaciones con seguimiento solar a dos ejes donde
los colectores presentan otras formas geométricas, como, por ejemplo, las desarrolladas por la

empresa Deger |bérica en Tarragona (Espafia), en Ontario (Canadd) o en Estonia.

Sin embargo, no se han encontrado en la bibliografia trabajos encaminados a la caracterizacion
de la forma geométrica de los colectores o su grado de modularidad en lo que respecta a la
optimizacidn del rendimiento de una instalacién fotovoltaica ante la posible incidencia de

sombras.

En el tercer trabajo académico de esta tesis, se presenta el estudio de la captacidn radiativa en
seguidores de doble eje, con modificacion de interdistancias y distribucion espacial (cuadricula
y tresbolillo). Como elemento novedoso se han introducido en el estudio colectores PV con
geometrias no rectangulares con eliminacion de mddulos fotovoltaicos, combinandolo con

técnica de retroseguimiento para paliar el efecto de intersombreado.

Finalmente, en la mayor parte de los estudios, la busqueda de la distribuciéon éptima de
paneles en PV formula su analisis en cuanto a la disposicion de los colectores en terrenos de

superficie horizontal.

Dado que, no siempre se disponen de las ubicaciones ideales en cuanto a orientacidon en
inclinacion, es necesario incluir en el disefio de las instalaciones la influencia de la orografia
tanto en la captacion como en el sombreamiento de unos colectores sobre otros, variable

incluida en el andlisis en nuestro primer trabajo académico.
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CAPITULO 2. HIPOTESIS Y OBJETIVOS

2.1. Hipétesis

> Hipotesis global (articulos 1, 2 y 3)

Es necesario avanzar en el estudio del comportamiento de los seguidores solares de 1y 2 ejes al

ser una tecnologia cada vez mds demandada en captacion solar.
> Hipotesis A (articulos 1y 3)

La variable de irradiancia ha de ser analizada en todas sus componentes (directa, difusa y

reflejada).
> Hipotesis B (articulos 1, 2y 3)

Los seguidores solares se distribuyen en agrupaciones y, por consiguiente, el efecto de

sombreamiento entre ellos ha de ser analizado.
> Hipoétesis C (articulo 1y 3)

Orientaciones a priori optimas pueden verse afectadas por efecto de sombreamiento y, por

consiguiente, ser necesaria su reorientacion (retroseguimiento).
> Hipotesis D (articulo 2)

Se puede mapear la béveda celeste para la determinacion de la orientacion dptima de mdxima

irradiancia excluyendo las zonas de sombreo.
> Hipoétesis E (articulo 1y 3)

Variables como inclinacion del terreno y geometria de los colectores pueden afectar en

estrategias de sequimiento y andlisis de sombreos.

2.2. Objetivos

> Objetivo A (articulos 1y 3)

Obtener las trayectorias optimas de sequimiento en instalaciones fotovoltaicas con seguidores

solares de 1y 2 ejes sin considerar el efecto de intersombreo.
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» Objetivo B (articulo 1)

Generar conocimiento a partir de las ecuaciones de modelizacion de la irradiancia incluyendo el

andlisis de sombreo e inclinacion del terreno.
> Objetivo C (articulo 3)

Generar conocimiento a partir de las ecuaciones de modelizacion de la irradiancia incluyendo el

andlisis de sombreo y geometria de los colectores.

» Objetivo D (articulo 2)

Desarrollar un sensor que permita la medicion de la irradiancia instantdnea e incluya un
proceso previo de eliminacion de orientaciones que pudieran causar intersombreo entre

colectores.

> Objetivo E (articulo 1y 3)

Obtener estrategias de retroseguimiento para seguidores solares de 1 y 2 ejes mediante la
evaluacion de la irradiancia en todas sus componentes considerando efectos de sombreo y

otras variables tales como inclinacion del terreno y geometria de los colectores.
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Abstract: This paper investigates how to optimally orient the photovoltaic solar trackers of an
axis parallel to the terrain applying the sky model of Hay-Davies. This problem has been
widely studied. However, there is very limited information on studies that consider the
orientation (inclination and azimuth of the terrain). This paper provides a study of incident
solar irradiance that can be used for fields with variable orientation and considering different
azimuths of the axis of rotation. Also, a case study into the South of Spain is shown,
considering different inclination and orientation terrain values. Results obtained of this study
indicate as novelty that, for lands that are not South-facing, the rotation axis azimuth of solar
trackers should be different from zero and varies in the same direction as the land azimuth in
order to maximize energy production. Annual energy production is sensitive to changes in

rotation axis azimuth (around 3%).

Keywords: solar energy; single-axis solar tracker; backtracking; optimisation
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3.1. Introduction

At present, population growth, the deficiency of natural resources, and global warming
mean a challenge around the world. In recent years, various initiatives have been working on
the development or replacement of the current power grid to obtain a system that allows
greater efficiency in the electrical system, and a reduction in energy waste by reducing losses
during distribution (Carballo et al., 2018). Consequently, it contributes to the promotion of
renewable sources and minimises the environmental impact in the future. Therefore, there is a
requirement to preserve the environment and to improve the penetration of alternative
energy resources (United Nations, 2019). Within the framework of renewable energies, solar
energy is the one that is emerging for having a more remarkable growth in the last years
thanks to the reduction of costs and the legal impulse in many countries (Renewable Energy
Agency, 2020; Ribo-Pérez et al., 2019). In the same way, photovoltaic (PV) is one of the
technologies with a better future projection due to its simplicity, scalability and continuous
manufacture, operation and maintenance reduction costs for solar panels (Kavlak et al., 2018).

However, the lack of the linearity in solar energy received by solar panels mainly caused
by Earth-Sun relative displacement is a disadvantage to consider. It is necessary to redefine the
solar tracking systems increasing solar irradiance capture by PV collectors and, therefore,
improve energy production (Hua et al., 2019).

According to the movement, the following systems can be considered: single-axis tracking
systems, where a mobile element adopts its position by rotating around a fixed axis; and two-
axis tracking systems, where the collector plane rotates about two fixed axes, allowing the
orientation towards any direction of the celestial sphere (Hafez et al., 2018; Nsengiyumva et
al., 2018).

Several proposals have analysed the efficiency of energy production using two-axis
trackers compared with single-axis tracking and fixed panels (Abdallah and Nijmeh, 2004;
Bahrami et al., 2016; Koussa et al., 2011). In this respect, Bahrami et al. (Bahrami et al., 2016)
have determined that the increase in solar production of a PV plant with two-axis trackers
compared to a system with single-axis trackers at the same latitude is 0.42-23.4%. Similarly,
the improvement compared to a fixed-panel system is around 17.22-31.23%. Other authors,
such as Hua et al (Hua et al., 2019), have concluded that fluctuations in energy production can
be reduced depending on the trackers distribution in the PV plant.

Regarding movement strategy, two types can be distinguished: those based on the
information of pyranometers and those based on mathematical statements, determined by

terrestrial and solar movement. For this last option two approaches can be considered. On the
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one hand, the Sun's position is predicted by spherical trigonometry (Braun and Mitchell, 1983;
Duffie and Beckman, 2013; Narvarte and Lorenzo, 2008), and on the other hand, it is
calculated by vectorial calculation (Parkin, 2010; Sproul, 2007). This article is based on vectorial
calculation.

The most frequently followed strategy in solar tracking is the one based on the
astronomical model. This method tries to minimise the angle composed by direct sunrays and
the normal vector to the collector plane, thereby increasing the direct part of solar irradiance.
However, this strategy is not optimal for the PV energy case since it does not involve the
remaining parts (diffuse and reflected) which contribute to energy production. This issue was
thoroughly studied by Duffie and Beckman(Duffie and Beckman, 2013), finding that on cloudy
days astronomical tracking obtains an irradiance lower than fixed panels because during those
days direct radiation fails.

The PV plant yield can be highly affected when panels are shaded among themselves (Fan
et al., 2017; Satpathy and Sharma, 2019; Seyedmahmoudian et al., 2016). Two consequences
are derived from the shading effect on the panels. The first consequence is the reduction of
captured irradiance since the direct component does not reach the cell surface. The second
consequence is the increase in temperature of the shaded cell since it works as a resistive load
absorbing from the adjacent cells and thus, accelerates its deterioration (Belhachat and Larbes,
2015; Satpathy and Sharma, 2019). In this respect, it would be advisable to arrange the
location of the panels in such a way that there is no inter-shadowing. However, given the high
price of the terrain and the increasingly low price of the panels, the most common is to find PV
plants with distances between panels that produce shade (Saint-Drenan and Barbier, 2019).
This important scientific challenge has been widely studied by many authors who have decided
to study the reduction in PV production due to shade in the panels (Fan et al., 2017; Perpiiian,
2012; Saint-Drenan and Barbier, 2019; Satpathy and Sharma, 2019).

In addition, solar geometry and PV plant design also affect energy production. So,
solutions devoted to simulate all aspects demand significant calculation times (Deline et al.,
2013; Martinez-Moreno et al.,, 2010). However, authors such as Saint-Drenan and Barbier
(Saint-Drenan and Barbier, 2019) have started to optimise this issue, featuring a model with a
low computational load. The model can maintain the required accuracy levels using a few
input parameters. This method has been tested in only two PV plants. The authors recommend
extending the validation to other facilities and geometries. Consequently, it is necessary to
continue studying the influence of shading on production.

Under this paradigm, the backtracking method is an adequate solution for the inter-

shading problem in PV plants (Panico et al., 1992), especially during sunrise and sunset when

45



TESIS DOCTORAL

the solar beams are very low and there is greater inter-shadowing between PV modules. This
method varies the optimum angle of greatest solar incidence to prevent the back panels from
being shaded (Figure 3.1). Although the result of using backtracking is a lower angle of
incidence of solar collection, it is more favourable than the projection of shadows between

adjacent solar panels (Antonanzas et al., 2018).

Q@D Q@AZD

Figure 3.1. Bactracking technique

The use of backtracking has become a technique that increases energy production in
photovoltaic plants in cloudy periods. The diffuse component of solar radiation is much more
relevant in these cases and, therefore, the "approaches" that ignore this component (such as
astronomical ones) are no longer optimal.

This is not the only advantage of employing backtracking. There is also the reduction in
hot spots on the trackers, which increases its life span and reduces breakdowns. It also
improves the GCR of the installations, which has the effect of reducing the economic impact of
the soil required when building plants (Fernandez-Ahumada et al., 2020a).

For this reason, there is a niche in scientific work focused on the development of options
from backtracking and on the optimisation of solutions responding to the challenge posed by
solar panels not exclusively focused on classic tracking (Antonanzas et al., 2018; Kelly and
Gibson, 2009; Koussa et al., 2011; Quesada et al., 2015).

From this perspective, a work based on tracking has been proposed with the aim of
optimising  production  throughout the movement including the backtracking
sections(Fernandez-Ahumada et al., 2020a, 2017). To achieve this, the search for a panel path
is underway that generates optimum production under the premise that the panel is isolated
and therefore does not receive shade from any adjacent panel. Once this proposal has been
considered, a condition is established to verify the possible shading between photovoltaic
panels. After these two steps, the shaded orientations are shown against those that are not
shaded. Thus, they establish a path that optimises production including the non-shading

caused between modules.
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Since it is difficult to find a completely horizontal location for photovoltaic plants, further
studies and deeper knowledge of photovoltaic trackers are required to offer optimisation
guidelines in solar capture. This study has been performed by means of: (a) mathematical
modelling for solar capture on trackers; (b) programming that allows automation of the
calculations; (c) simulation of the case studies; and (d) analysis of optimal conclusions. In this
regard, conclusions have been drawn on orientations, land inclinations, distances between
modules, etc. in terms of produced energy.

Figure 3.2.a and Figure 3.2.b represent angles y (azimuth) and £ (inclination) for a generic
terrain. The angle y (azimuth of the collector rotation axis) is also represented. This article,

based on the Hay-Davies model, characterises solar radiation on trackers using angles y, fand

V.
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Figure 3.2. Relevant geometry and vectors for the current study and Earth reference system. a)
Perspective view; b) Orthogonal view

The remainder of the article is organised as follows. In the next section, Section 2, the
model used, mathematical optimisation bases, backtracking and software development are
presented. Section 3 outlines how the methodology was tested in Cérdoba, Spain, and the
results are discussed. In Section 4, conclusions are drawn based on the restrictions shown and

further research is indicated.

3.2. Materials and Methods

3.2.1. Astronomical Bases and Irradiance Model

It is fundamental to know the concrete position of the Sun at each moment of the day and on
each day of the year, to determine the direction of the solar beams. It is possible to determine
the position of the sun accurately by using astronomical geometry. For this purpose, a solar
vector is defined, expressed with respect to a terrestrial reference system (Figure 3.2), formed by
the axes Ox, towards the West; Oy, towards the South; and Oz in the zenithal direction. The

position is determined by equations (3.1) and (3.2):
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§=s0+5,]+s5,k (3.1)

S = sinQlt - coséT + (cosQt - cosé - sing — sind - cos@)j +
R (3.2)
(cosQt - cosé - cosg + sind - sinp)k
Where § represents the solar declination, ¢ the latitude and Qt the hour angle. This angle is
calculated as the Earth's rotation speed, 2rt/24 rad/h, for the hours since solar noon (Fernandez-
Ahumada et al., 2020a).

In PV, all irradiance components (direct, diffuse, and reflected irradiance) are usable.
Traditionally the astronomical model has been used. Applying the astronomical model to solar
tracking means that the angle formed between the direct solar rays and the normal angle to the
collector’s surface 8 must be as low as possible. With astronomical tracking, the value of the
direct irradiance component is maximised, which is appropriate for applications focused on this
component (such as concentration technologies). Therefore, this type of tracking is not the most
suitable. For instance, on cloudy days, when the solar disk is not visible and direct radiation does
not reach the collectors, collectors located on a fixed horizontal position would collect more
energy than those with astronomical tracking. So, to study the influence of diffuse and reflected
components on solar tracking several sky models are proposed.

The Hay-Davies method (Hay, 1993) is considered for making the calculations in this work
since it adequately describes the anisotropy of radiation (Mousazadeh et al., 2009), in addition
to being notable for its simplicity as opposed to other more complex models such as those of
Muneer (Muneer, 1990) and Perez (Perez et al., 1990), obtaining high quality results (Diez-
Mediavilla et al., 2005; Loutzenhiser et al., 2007; Mubarak et al., 2017). This model establishes
that a determined fraction of the diffuse irradiance is directed from the direction of the solar
disk. Models such as Hay-Davies (Hay, 1993) describe the irradiance affecting a solar panel
considering the three components, direct, diffuse and reflected, but considering that the
diffuse component has a preferential direction in which the diffuse radiation is greater than in
the other. According to Hay-Davies (Hay, 1993), the mathematical expression is the equation
(3.3) where the first term appears the direct irradiance /5, the second term refers to the diffuse
irradiance /p, and the third term corresponds to the reflected component, it considers the
visible soil fraction and the albedo, p. /g and Ip have been determined by the Collares-Pereira

model (Collares-Pereira and Rabl, 1979).

cosO cosf \ Iy Iy ) 1+ cosf] 1 — cosé
- 050, ) — 3.3
! cos0, e [(6059) (1 2 Ip+p 2 Ug +1p) (3.3)

IOH IOH
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& being the inclination angle of the collector, and 8, the solar zenith angle, that is, the angle

that forms the solar vector with the zenith axis.
3.2.2.0ptimisation of Collector Orientation

The subject of this study is to establish guidelines for designing facilities with solar trackers
on a rotation axis €. This axis is considered as parallel to the terrain; no restrictions are initially
imposed on it. The general results are valid for any disposition.

The degrees of freedom of the orientation of a surface are two, azimuth y and inclination £.
In the case of single-axis trackers, it would only be the elevation. The orientation of the panel is
characterised by a single vector 71, normal to the surface of the panel. So, the objective will be
the calculation of 77 which implies that the solar capture is the maximum.

To continue with the vector treatment, the cosines of the angles 8, 8, and £ that appear in

the expressions of the different models of the irradiance are expressed as the scalar products of

37andk, being:

cosf = 51 (3.4)
cosf; = §-k (3.5)
cosé = k-1l (3.6)

Substituting the previous expressions in the Hay-Davies model (Hay, 1993):

1_5-77] s <sﬁ> I +<1 IB)1+E.ﬁ
s k0 |\s-%)lon Iow/) 2

To optimise the irradiance [ = I(§-ﬁ,E'ﬁ) the Lagrange multiplier method is used,

-7
Ip +PT(IB +1p) (3.7)

where the following restrictions are definedeé-é=1; n-n=1; €-7n = 0, € being the normal
ground vector.

O, A u,v) = I(§-7‘i,§-7‘i) +A1-n-n)+u(0—e-n)+v(dl—¢e-ée (3.8)
Being the differential:

al al -
do = — S+ —= k —2An —pe|-dn+[1—7-1]dA+ dul[0—é -]
a(s-n) a(k ﬁ) (3.9)

+[1—¢é-éldv

by matching the brackets to zero.
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ol al - N R N N
—2An —pél|-dn+[1—7n-n]dA+ du[0 —

d® = |-—=5+—=——=k
o 1) a(k-n)
+[1—¢é-éldv

Naming

_ ol - ol 7
= > = S -
YTAE D T ok w)

three vectors w, 71 and € appear. These vectors fulfill the relation:
W—2A—ué=0

So, they are linearly dependent and therefore coplanar.

As 7 is perpendicular to €, it can be expressed more easily.
w—Ww-
w—(w -

QL DY

i = ).
2)-

Figure 3.3 represents the plane formed by the vectors w, 71, and €.

1l
(3.10)

(3.11)

(3.12)

(3.13)

Figure 3.3. Representation of the plane formed by the vectors w, 71 and é.

Replacing the vectors € and w by their expressions results in the equation that defines the

vector 1:

50



GOMEZ-UCEDA €T AL. APPLIED SCIENCES (2020): 10(23)

(3.14)

S|

0l
(s - n)

ol \? ar \° al ol ). - al . . ol - .\
J<—a(§-ﬁ)> +<—a(,;.ﬁ)> +2<a<§~ﬁ))<a(z.ﬁ)>s"“(a(s?'ﬁ)s'e " a(/:-ﬁ)"'e)

ol
a(k - ) P

2 2
61)2<61> (61)<al>q—><614 ~4>
———] +|———]| +2 s——= = S'k—|=——=s-e + = k-e
J<6(s-n) a(k - 1) (s -m)/\a(k - 1) a(s - n) a(k - 1)
———<S-'¢e + = k-e
a(s - n) a(k - 1)

Al \? ar \ ol al . - al ar - .\
\/(a@%@) +<a(7€.ﬁ)> +2(6(§-ﬁ))(a@-m)s'k_(a(s?-ﬁ)s'e +a(i€-ﬁ)k'e>

This result allows one to calculate the optimal direction of the normal vector for any

+

v
D
~

13

irradiance model, in any direction of the rotation axis and different positions of the Sun. By
replacing the values from the partial derivatives in equation (3.14) obtained from equation (3.7):
al I I
TG R )
a Ig\Ip »p
a(k-7) ( __)

(3.15)

Ion

Considering equation (3.16), the values of 71 are obtained at any given time for optimum
irradiance incidence.

For example, for the simplest case with a direct irradiance model which only considers the
first term of equation (3.3), and with the rotation axis of the solar panels horizontal to the
ground, a normal vector like the following results:

And the vector € is:
cosf - siny . cosp - cosy S
sin?B + cos2fcos2(y — x) \sin2B + cos2Bcos?(y — )()]
sinf - cos(y — x)
- Jsin?B + cos2fcos2(y — x)

e =

(3.16)

=

B being the inclination of the terrain, y the azimuth of the terrain, and y the azimuth of the

rotation axis collector.
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3.2.3.. Backtracking

In the previous section, the methodology to determine the orientation of the solar tracker
to obtain the maximum solar capture has been detailed. This section will describe the method
followed to prevent a solar tracker from shading an adjacent tracker. To do so, only two factors
must be considered: the position of the sun and the orientation of the panels. To study
intershadowing it is convenient to use an auxiliary reference system where the representation
plane is perpendicular to the tracker axis. For this purpose, the vector ¢, equation (3.17), is
defined.

—

g=¢€ Xnr (3.17)

where § is a perpendicular vector to the normal ground vector €, as well as to the rotation axis

vector 7. The solar vector Sand the plane normal vector in the optimal position 7 will be

named s’ and 7 in the reference system composed by {q, €, n7} (Figure 3.4).

Solar Tracker A Solar Tracker B

> x

Figure 3.4. Solar trackers, normal vector, and solar vector in the reference system.
The procedure for estimating whether a solar panel B shades the adjacent panel A is to
project the shadow of panel B onto the straight line containing the adjacent panel A (Figure
3.5). Since the sun's rays are parallel to each other, the projection of one point is sufficient.

First, a vector is defined from the centre of solar panel B with the direction of the solar rays

s, Secondly, the central point of the solar panel A is projected to the centre of the panel B,

defining d. The study of this vector will determine whether there is shading.
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Solar Tracker A Solar Tracker B

Figure 3.5. Vector in the solar trackers reference system.

To obtain the vector @, it is multiplied in both terms by the vector n':

5> — — f——y n’x‘d
d-n=0+7s"-n =>1=- - — (3.18)
Sy Ny+s, -n,

Substituting the value of T from equation (3.18) into equation (3.19) results:

- n, 'd —
d=d+ z '

s 3.19
Slx . nlx + SIZ . nlz ( )

Vector d would be obtained according to the following expression:

! !

i=d- ny d s’y B— y d -s',np (3.20)

a= [ [ [; [; Sx p [; [; [; [; SZ nT .
Sy nNy+s, -n, Sy Ny+s,-n,

As mentioned above, the study of vector a will determine whether shading exists. If the
module of the vector is less than the width of the panel, shading occurs.

ld| < h (3.21)

To avoid this situation, backtracking is proposed, to look for a new orientation of the
panels that prevents shading. The new orientation is intended to undergo a minimum
deviation from the optimal capture. The new «a inclination angle is that which causes the

shadowing of a panel to fall on the edge of the adjacent panel (Figure 3.6).
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A7 Solar Tracker A Solar Tracker B

b

Figure 3.6. Angle o that avoids the shading between solar panels.

This inclination angle « is calculated based on a triangle formed by the line that joins the

center of the two panels d, the projection of the centre of the panel on the line of the adjacent

s’ and the distance that corresponds to the module of vector d in Figure 3.5, which in Figure

3.6 is equivalent to the width of the panels, h.

The angle ¢ is the one that forms the solar vector s’ with the X axis:

SI

y = arctanSTZ (3.22)

X

The value of the angle § can already be calculated as:

sind = @ (3.23)

And, therefore, the inclination angle of the solar panel is calculated as follows:

a=n—6—-¢ (3.24)

The normal vector that leads to the panel to avoid shading is:

n = sina p + cosa ny (3.25)

3.2.4. Software Applications for Analysis

To calculate the irradiance received by each solar panel, a function implemented in Visual
Basic Application (VBA) for Excel will be used where the calculations described above are
developed. As seen in Figure 3.7, the function is based on several input parameters (latitude,
Julian day, geometrical values, irradiance model considered) and provides an irradiance value
every three minutes. Some restrictions, such as daytime, maximum radiation related to the

used model and eventual shading with backtracking response are assumed.
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Figure 3.7. Flux diagram for VBA function.

3.3. Results and Discussions

The practical results have obtained the value of the estimated annual radiation using the
Hay-Davies model (Hay, 1993) for various land configurations. All the calculations have been
made for the province of Cérdoba, Spain, considering therefore the same geographical values
(latitude =37.75492°N; longitude=5.04548°W), and the same climatic values throughout the
year, varying only the values of inclination § and azimuth y for fixed panel width h = 3 m and

separation between panel linesd = 6 m.
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For each inclination £ (from 0° to 45°, 1°increment) and terrain azimuth y (from -60° to
60°, 5° increment), the rotation axis is oriented with a wide range of azimuth y (from -20° to
20°, 2° increment).

Terrains with negative inclinations have not been considered since PV plants are not
commonly installed in shaded areas.

In facilities located in a terrain with null azimuth (South-oriented), independently of its
inclination even if it is null, the greater use is arranging the axis of rotation with South
orientation (y=0°).

For each value of the inclination of the terrain £3, it is also observed that the maximum
value of irradiance is obtained when the azimuth of the terrain y is 0°. That is, the optimal
situation will be when the terrain is South-oriented and the axis of rotation is directed in that
same direction. On the other hand, if the terrain has another orientation, the value of the
optimal angle towards which to orient the axis of rotation would move in that same direction.
This fact becomes more evident at higher values of the terrain inclination 3, although in no
case will the azimuth axis ybe as high as that of the terrain y.

Specifically, results for a case study with a § = 15° inclination are represented in Figure
3.8. Figure 3.8a shows the variation of radiation regarding y when the azimuth of the terrain
x = 0°. However, when the terrain is not oriented to the South, as shown in Figure 3.8b,
where the terrain is turned y = 30°, the maximum radiation is obtained by orienting the axis
with an azimuth y of 6° towards the South. The losses regarding the maximum radiation
obtained in a terrain are shown in Figure 3.8c, where it is again verified that by orienting the
axis at 6°, these losses are minimised. Finally, Figure 3.8d shows the optimal orientation to
direct the axis for the different values of the terrain azimuth y. In this way it is possible to

estimate the orientation that achieves optimal radiation considering the azimuth of the terrain
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Figure 3.8. Results for a case study for inclination 15°: (a) Maximum radiation; (b) Radiation variation for
30° azimuth; (c) Maximum radiation loss for 30° azimuth; (d) Axis azimuth for optimal terrain radiation.
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As already mentioned, for each inclination value the maximum irradiance value is
obtained when the terrain is y=0°. In addition, as the inclination of the terrain increases,
the radiation affecting the panels is greater, as seen in Figure 3.9. The explanation can be
found in the latitude where the calculations have been made and since the direction of
the Sun is not perpendicular to the horizontal plane. The inclination of the terrain
influences the radiation, increasing until a value of § around 21°, where the maximum is

reached y = 0°.
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Figure 3.9. Variation of the maximum radiation on the collector with respect to the inclination of the
terrain.

The difference observed between the radiation value for a particular axis azimuth
and the maximum capture obtained in the optimum direction is greater as the inclination
of the terrain increases. Thus, in low-inclination terrains the difference is low and, on the
other hand, for steeper inclinations, the losses are considerable. Figure 3.10 shows that,
in the specific case of = 20°, the losses caused by a bad choice of rotation axis direction

can reach values above 7%.
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Figure 3.10. Losses for different axis and terrain azimuth values.

Figure 3.11 shows the losses for the conditions y = 0°and S = 20°,considering an
azimuth range y from -60° to 60°. For terrains that are also oriented towards the South or
close to it, the losses will be zero or very low. But as the azimuth of the terrain increases,

the losses become considerable.
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Figure 3.11. Losses with 0° axis azimuth and 20° inclination.

Thus, it is possible to establish a sensitivity of collector axis azimuth y versus the
inclination £ and azimuth of the terrain y. It is worth highlighting the novelty of this result
since no references have been found in the literature suggesting this relationship
between variables.

Another key factor when configuring the layout of the collectors is the separation
between them. This fact has an influence since, the greater the panel separation, the
fewer shading effects will be produced and the fewer losses due to a decrease in
production. On the other hand, it is not possible to separate the rows of collectors as
much as desired, since the costs associated with a higher terrain occupation considerably
increase (Saint-Drenan and Barbier, 2019). In Figure 3.12 shows that, depending on this

parameter, the irradiance has an asymptotic behaviour. This is since the shadow effects of
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one collector on another, when separated by a sufficient distance, are no longer
perceived, obtaining an irradiance value like that of an isolated collector without adjacent

collectors.
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Figure 3.12. Irradiance by varying the ratio d/h (h=3m).

3.4. Conclusions

The solar capture on horizontal one-axis trackers has been mathematically modelled,
establishing the rotation axis orientation for any irradiance model. Backtracking has been
considered to avoid the shading of some panels on the adjacent ones, modifying its
orientation. Considering the results obtained, and those in literature, is achieved an advance in
the knowledge of photovoltaic trackers with an axis parallel to the terrain, allowing an optimal
design for terrains without the horizontality described in previous works.

A program and a subroutine in VBA have been implemented to automatically calculate
the radiation on a solar tracker for different terrain configurations, varying the characteristics
of the installation, both the rotation axis orientation and the ratio dimension of the panels h
and the separation d between adjacent rows. Simultaneously, it provides the optimal azimuth
y value for the rotation axis to be directed and the loss values for each possible case facing the
maximum radiation value for each inclination 8 of the terrain.

Calculations of radiation on solar panels considering fixed width and distance between
lines of panels, varying terrain inclinations 8 and azimuth y, were made in Cérdoba, Spain.

For any given value regarding the terrain inclination f, it is verified that a higher value of
radiation is obtained in those lands that are South-oriented (y = 0°). The optimum direction
for the rotation axis collector y should also be southwards.

An important contribution of this research is the relationship established between the
azimuth y of the collector axis and the inclination  and azimuth of the terrain. For lands that
are not South-facing, the rotation axis azimuth y of solar trackers should be different from zero
and varies in the same direction as the land azimuth y. If the axis of rotation is positioned in a

different direction to the optimum, losses in potential energy production arise. These losses
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vary according to the terrain inclination . The greater the difference between the optimum
azimuth y and the terrain inclination 3, the greater the production losses will be.

Another important conclusion concerning the collector layout on the power plant surface
has been drawn. As the distance d between rows of collectors increases, a greater amount of
radiation is generated. Such growth is asymptotic.

Overall, some progress has been achieved towards the objective of deepening knowledge
concerning photovoltaic trackers. Consequently, guidelines are proposed for solar capture
optimisation in photovoltaic plants. This work provides a further line of research into the
geometric layout optimisation of solar trackers involving more complex models such as Perez
(Perez et al., 1990) and Muneer (Muneer, 1990) and real databases.

As a result of the aforementioned aims and conclusions, it is considered that this work is
the basis for further work, such as the study of one-axis solar trackers located on terrains with
an irregular topography or the study of the collector distribution system, considering potential

uses for the land.
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Abstract: In this work an omnidirectional sensor that enables identification of the direction of
the celestial sphere with maximum solar irradiance is presented. The sensor, based on
instantaneous measurements, functions as a position server for dual-axis solar trackers in
photovoltaic plants. The proposed device has been developed with free software and
hardware, which makes it a pioneering solution because it is open and accessible as well as
capable of being improved by the scientific community, thereby contributing to the rapid
advancement of technology. In addition, the device includes an algorithm developed ex
professo that makes it possible to predetermine the regions of the celestial sphere for which,
according to the geometric characteristics of the PV plant, there would be shading between
the panels. In this way, solar trackers do not have to locate the Sun's position at all times
according to astronomical models, while taking into account factors such as shadows or
cloudiness that also affect levels of incident irradiance on solar collectors. Therefore, with this
device it is possible to provide photovoltaic plants with dual-axis solar tracking with a low-
cost device that helps to optimise the trajectory of the trackers and, consequently, their

radiative capture and energy production.

Keywords: Free and open-source hardware (FOSH), Sun Position Sensor, Omnidirectional

Sensor, Solar Trackers, PV Plants, backtracking)
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4.1. Introduction

The industrial and technological development that society has undergone, as well as the
increase in the population worldwide, has led to a growing demand for energy (Carballo et al.,
2018; Panwar et al., 2011). Satisfying this increase in energy demand only by means of
traditional methods of energy production based on fossil and nuclear resources entails serious
environmental problems that endanger the sustainability of the Earth, such as pollution and
climate change (Caballero et al., 2020; Kannan and Vakeesan, 2016; Obara et al., 2017). In
response, the scientific community has highlighted the importance of enhancing the role of
renewable energies in the energy models of both developed and developing countries
(Carballo et al., 2018; De Castro et al., 2013; Jacobson and Delucchi, 2011). In fact, the number
of journals and papers related to renewable energies has experienced a remarkable growth
(Novas et al., 2020), which shows the increasing researchers' awareness of the need to
contribute to the improvement and the progress of this field of science and its beneficial
impact on the challenges of current society.

Among these possible renewable energy sources, solar energy plays a fundamental role
(Casares et al., 2014; Nsengiyumva et al., 2018; Sumathi et al., 2017) since, as stated by
Kannan and Vakeesan (Kannan and Vakeesan, 2016), it is an abundant source of energy that,
being properly exploited, could be enough to satisfy world energy demand. Furthermore, it is
available all over the planet, its use has no negative impact on the environment and it is a
technology that is easily usable at all levels (industrial, domestic, etc.). The technological
improvements achieved in recent years have allowed to reduce the production cost of PV
energy to values competitive with those of the energy supplied by the grid (D’Adamo et al.,
2020). As a result, the presence of PV technologies in the energy market has experienced a
significant growth (IRENA, 2020). However, in order to continue promoting this expansion it is
necessary to continue researching into new solutions that will maintain their growing

development and technological progress (D’Adamo et al., 2020).

4.1.1. Literature Review on Solar Tracking

Among the solar energy technologies, photovoltaic (PV) is undergoing a remarkable boom
due to its simplicity and low cost, as well as the significantly technological enhancements that
it has been experiencing. As a consequence, it is becoming a promising source of electricity
generation (Eldin et al., 2016). However, despite its rapid technological evolution, there is still
plenty of room for optimisation in the efficiency of the management of photovoltaic
installations, as well as in the configuration of its design, which would lead to a potential

increase in its development.
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One possible line of technological improvement of PV that has been worked on for
decades is solar tracking (Nsengiyumva et al., 2018). It tries to alleviate the negative effects of
the high variability of the solar resource, both in time as well as in space, by reorienting the PV
panels towards possible directions that increase solar irradiance collection. In order to do so,
solar trackers are very useful both in large PV plants connected to the grid and in small
domestic installations in which the space available for the installation of the panels is often
reduced and, as a consequence, it is necessary to increase the energy generated per square
metre of collecting surface (Gutierrez et al., 2020).

There is a traditional classification of trackers based on the degrees of freedom of the
tracking movement according to which they can be categorised into single-axis trackers and
dual-axis trackers. The former are characterised by modifying the orientation of the collector
plane by turning around a single fixed axis. The latter are characterised by a movement of its
plane through the rotation of a system composed of two fixed axes, which allows it to orient
itself in any possible direction in the celestial sphere (Lee et al., 2009). Although dual-axis
trackers are more expensive and require more work to implement and maintain than single-
axis trackers, they offer better performance (Koussa et al., 2011; Maatallah et al., 2011; Seme
et al., 2011). In fact, although some authors affirm that dual-axis monitoring systems have no
future due to their complexity and high cost (Huang et al., 2011; Ismail et al., 2013), Eldin et al.
(Eldin et al., 2016) suggest that at present this type of technology is widespread throughout
the world and that multiple research is being developed to improve both the technology and
its efficiency/cost ratio, so that its energy production exceeds and compensates for the costs
of the installation and maintenance as well as the energy consumption used in the movement
of the trackers.

Another possible classification of solar trackers is the one based on the mechanism that
enables monitoring. Thus, on the one hand there are passive trackers that do not use
mechanical devices for movement. To the contrary, in most cases, they are composed of a pair
of actuators, filled with expandable gas, which in the case of imbalance, are levelled with equal
lighting by means of thermal expansion (Narendrasinh Parmar et al., 2008). In comparison,
active solar trackers use motors commonly governed by control signals for movement in
search of the position of the Sun, which are very precise devices except on very cloudy days
(Mousazadeh et al., 2009).

Finally, depending on the tracking control strategy, a distinction is made between trackers
in which the movement, both in azimuth and elevation, is governed by mathematical models
(in open loop) and those in which the system feeds back through irradiance sensors (closed

loop).
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Various literature review works have systematically collected the data obtained by
different solar trackers developed by the scientific community, finding that the energy
produced by a PV system with tracking is always greater than that of a system without it
(Nsengiyumva et al., 2018; Sumathi et al., 2017), except on spring or summer days with great
cloudiness (Koussa et al., 2011; Quesada et al., 2015). More specifically, Eldin et al. (Eldin et al.,
2016) carried out a study on the convenience of monitoring systems depending on the climatic
conditions of the place and verified that the output power of photovoltaic panels with solar
monitoring depends on environmental conditions. Thus, while in cold regions with a high
incidence of cloudiness, monitoring strategies are profitable for maximising the power of
photovoltaic panels, in places with very hot and sunny climates they are not, due to the
negative influence of overheating on performance of photovoltaic panels. Likewise, some
authors have analysed the improvements in energy production of PV systems with solar
tracking depending on the type of technology used and the latitude of the study site (Huld et
al., 2010; Lorenzo et al., 2002; Perpifian et al., 2009). Thus, it has been shown that, in general,
the higher the Iatitude, the better the monitoring efficiency is achieved, reaching
improvements of up to 57% (Mousazadeh et al., 2009).

Similarly, with regard to grid-connected PV installations, a recent study (Rad et al., 2020)
has analysed, from a techno-economic-environmental point of view, the use of different solar
tracking systems to maximise the photovoltaic power generation in residential solar
installations connected to the grid in eight regions of Iran with diverse climates. Based on the
study carried out, they found that the dual-axis monitoring system is the most efficient (32%
average increase in energy production compared to an installation without monitoring) while
the vertical single-axis monitoring system is the most profitable (23% increase in energy
production compared to a non-monitored installation with only 1.6% increase in energy cost).
In general terms, the study concludes that the use of the solar tracking system in residential
installations connected to the grid significantly reduces the number of panels needed, but this
reduction in size is not always profitable due to the high cost of the monitoring units. However,
the profitability of the installation increases significantly in all cases when the sale of electricity
to the grid is allowed.

As far as the monitoring strategy is concerned, the most frequent in the literature is that
based on solar astronomical movement, which aims to minimise the angle of incidence 6
between the solar rays and the normal to the capture surface. According to this astronomical
tracking strategy, various works (Braun and Mitchell, 1983; Duffie and Beckman, 2013; Meinel
and Meinel, 1979; Narvarte and Lorenzo, 2008; Neville, 1978; Riley and Hansen, 2015) show

prediction models of incident irradiance on the plane of trackers of both single and dual axes,
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with a degree of accuracy for solar location in the celestial sphere to the order of mrad
(Blanco-Muriel et al., 2001; Grena, 2008; Reda and Andreas, 2004). The models used for
astronomical tracking have traditionally been based on spherical trigonometry (Meinel and
Meinel, 1979). However, recently, a new paradigm using vector algebra to define the solar
movement and that of the trackers can be found in the literature (Chong and Wong, 2009;
Fernandez-Ahumada et al., 2020a, 2017; Jolly, 1986; Parkin, 2010; Rapp-Arrards and Domingo-
Santos, 2009; Sproul, 2007). For this, these models use the solar vector s which is a unit vector
that is directed to the centre of the solar disk. Its expression in different coordinate systems
and the use of the definition of scalar and vector product enable the deduction of the entire
system of astronomical relationships that govern the movement of the solar trackers (Torres-
Roldan et al., 2015).

Furthermore, as previously mentioned, the astronomical tracking strategy seeks the
optimisation of the direct component of solar irradiance. Consequently, it is adapted to solar
concentrators that are based on the use of this component, but not to flat PV collectors in
which the remaining components of irradiance (diffuse and reflected) are also used. Thus, on
days when the solar disk is not visible and direct irradiance does not reach the collectors, the
efficiency of this monitoring strategy is not satisfactory (Duffie and Beckman, 2013;
Mousazadeh et al., 2009) and the capture of the collectors is less than that which would be
obtained on a horizontal flat surface. Despite this, it is difficult to find references that
determine models for solar tracking on these types of days, so it is necessary to continue
developing mathematical equations that also take into account the diffuse and reflected
components when trying to maximise radiative collection as part of solar tracking strategy.

On the other hand, the energy reduction caused by shading is particularly significant for
PV installations. In addition, the shaded cells become overheated which may lead to a fast
degradation of the modules. Backtracking is applied to prevent the inter-shading of collectors.
This technique consists of shifting the collectors to positions where shadows no longer appear
(Lorenzo et al., 2011, 2002; Narvarte and Lorenzo, 2008). Combining these two requirements
(optimising global irradiance and performing backtracking) leads to a differentiation within the
dedicated and specific tracking strategy for PV plants, studied further in this article

In this line of work, a novel solar tracking strategy with back-tracking has been proposed
to optimise the capture of solar irradiance at all times while avoiding inter-shading between
collectors in PV plants with dual-axis tracking (Fernandez-Ahumada et al., 2020b, 2020a). In
this study, based on empirical models for the characterisation of the hemispheric distribution

of irradiance, the authors quantify the increases in solar incidence on collectors at a higher
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value than 2%. In order to implement this strategy in existing facilities, the device presented in
this article is developed and built.

Likewise, other authors (Kelly and Gibson, 2009; Koussa et al., 2011; Salgado-Conrado,
2018; Yao et al.,, 2014) have implemented tracking systems with sensors that follow the
position of the Sun with great precision and that have the advantages of easy implementation,
simple design, low cost and a high level of adaptability. However, it is necessary to continue
advancing in the search for tracking strategies that enable constant identification of the
direction of the celestial sphere in which solar irradiance is maximum in a simple way
regarding the hardware and software necessary for its implementation, and that it does not

imply an increase in the cost of the technology, either in implementation or maintenance.

4.1.2. Literature Review on Free and Open Source Hardware and Software applied to PV Energy

Despite the great progress that new technologies have experienced in recent decades, the
energy supply network based on traditional technologies has not evolved at the same rates
(Caballero et al., 2020). However, this is different in the case of renewable energies. In that
sense, it is increasingly common to find in the literature proposals based on free hardware in
the field of photovoltaic solar energy in general, and in solar tracking, in particular. Thus, for
example, the use of microcontrollers (many based on free hardware) in the implementation of
various photovoltaic tracking strategies presents an important competitive advantage at an
economic level compared to control based on traditional PLCs (Singh et al., 2018). In general
terms, with the use of technologies based on free hardware in the field of solar PV energy, not
only are lower costs sought, but it is also intended that the results and yields obtained are
similar to or better than those achieved by commercial solutions (Fuentes et al., 2014). In this
sense, as it is a free hardware system, it can be shared among the scientific community and
can be edited and improved by different experts (Pearce, 2014). Another advantage is the fact
that the application of the devices shows a wide range of possibilities both at the level of
capture (irradiance, temperature, humidity) and control of the complex processes in which it
works (Garcia-Valverde et al., 2016). In addition, the possibility of safely, quickly and easily
storing the huge amount of data generated by any photovoltaic installation is an important
milestone in working with free hardware devices (Gad and Gad, 2015).

Among some of the devices found in the literature is the one by Gutierrez et al. (Gutierrez
et al., 2020) that presents a single-axis solar tracker for the integration of buildings controlled
with an open-loop control strategy implemented through Arduino and loT. This makes it a low-
cost device with a flexible implementation and applicable anywhere in the world. A new

electronic sensor based on free hardware has also been developed, validated and patented to
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measure radiation and global radiation on the horizontal surface (Rus-Casas et al., 2019). The
device is characterised by high precision and the technologies used in its implementation
(Arduino and loT) make it a low-cost device with a high level of connectivity and ubiquity,
which is why it is easily applicable to the monitoring and control of any PV plant and,
especially, to “smart-grid” solutions. Paredes-Parra et al. (Paredes-Parra et al., 2019) have also
developed a low-cost and open source system, based on loT and LoRa, which allows remote
monitoring and real-time operation of a PV plant and, therefore, facilitating maintenance and
supervision tasks. Similarly, Pereira et al. (Pereira et al., 2018) have developed a new multi-
user remote data acquisition and transmission system, based on RaspberryPi and loT
technology, to monitor a photovoltaic plant in real time. Therefore, it can be affirmed that the
relationship established in the different levels of aggregation of solar energy (generation,
Smart grids, integration) is a field in which the use of the aforementioned technologies finds an
interesting space due to the versatility shown (Batista et al., 2014; Coelho et al., 2017).

In accordance with all the above and combining the two lines of work presented, this
paper describes a sensor that uses an onmidirectional solar tracker, based on Free and open-
source hardware (FOSH), which acts as a server of position for dual-axis PV trackers, identifying
at each instant in time the optimal orientation of the PV panels from instantaneous irradiance
measurements. With this, the solar trackers do not have to search for the position of the sun
using algorithms based on solar geometry while taking into account other conditions
(cloudiness, shading between panels, etc.) that also influence the irradiance received by the
capturing surfaces. In this way it is possible to provide PV plants with dual-axis solar tracking
with a low-cost device that helps to optimise the trajectory of its trackers and, consequently,
its radiative capture and energy production.

Following this introduction, the remainder of the article is organised as follows: In the
next section, Section 2, the proposed design and the algorithms implemented in the device are
outlined; Section 3 presents how the system was tested for a PV plant in Pefiarroya (Spain),
and the results are discussed. In Section 4, conclusions are drawn based on the work

developed.

4.2. Proposed Design

The Materials and Methods should be described with sufficient details to allow others to
replicate and build on the published results. Please note that the publication of your
manuscript implicates that you must make all materials, data, computer code, and protocols

associated with the publication available to readers. Please disclose at the submission stage
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any restrictions on the availability of materials or information. New methods and protocols
should be described in detail while well-established methods can be briefly described and
appropriately cited.

To achieve the objective described above, the device presented makes a scan of the
celestial sphere, during which the incident irradiance measurement is carried out in order to
determine the orientation for which this magnitude is maximum. However, as a novelty, the
device incorporates a dichotomous algorithm, designed by the authors (Fernandez-Ahumada
et al.,, 2020b, 2020a) that, prior to the scanning of the celestial sphere, identifies those
orientations of the solar trackers for which there would be inter-shading between the
collectors. With this, the proposed device restricts the search field for the orientation of
maximum irradiance to the set of spatial directions in which there is no inter-shading, which in
practice implies a backtracking strategy. Once the direction of maximum irradiance has been
identified, the azimuth (¥) and elevation (@) angles corresponding to it, stored in the device
that acts as a position server, are made available to the solar trackers of the PV installation for
their orientation towards the position of maximum capture.

The technological solution presented consists of a pan-tilt type orientation mechanism
that allows the positioning of an irradiance sensor in any direction of the celestial sphere,
characterised by its azimuth (y) and its elevation (a), as well as an irradiance measurement
and control system in real time. The mechanism is controlled by a microprocessor that is also
in charge of carrying out the irradiance readings and their transmission to the solar servers. For
its operation the necessary algorithms have been developed and implemented to adjust the
movements of the solar trackers so that optimal energy production is achieved. Likewise, the
complete architecture of the device has been developed, based on Free and Open-Source
hardware (FOSH) and a simple control system with functionalities associated with loT
technologies. All of this makes the device an economically competitive tilt and azimuth server,
capable of integrating into dual-axis photovoltaic installations and favouring the optimisation
of its energy production. This previous dichotomous algorithm for the detection of inter-

shading as well as the electronic and mechanical design of the device is described below.

4.2.1. Algorithm for the Detection of Inter-Shading between Collectors

As mentioned above, the device includes a simple and programmable algorithm in 8-bit
AVR RISC microprocessors that, taking into account the characteristics of the PV installation,
enables one to know whether a certain orientation (y, a) of the collectors would imply the
partial inter-shading between them for a certain Julian day (dj) and a specific solar hour (t)

prior to the scanning of the celestial sphere. This algorithm is supported by a novel tracking
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strategy developed by the authors and which is based on Minkowski algebra (Fernandez-

Ahumada et al., 2020b, 2020a).
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Figure 4.1. Geometric elements necessary to determine the existence of inter-shading according to the
algorithm of Fernandez-Ahumada et al. (Ferndndez-Ahumada et al. 2020b, 2020a).

This procedure can be understood as a Boolean function dependent on (y, a, d;, t) in which
the result “TRUE” implies the existence of inter-shading and “FALSE” the absence. As auxiliary

information this function requires:

1. The width (a) and height (b) of the solar collectors.

2. The set of Cartesian coordinates (x,y, z) of the base of each solar tracker, using as a
reference system a local coordinate system in which the Ox axis goes to the West, the
Oy to the South and the Oz to the point Zenith. This information is structured by three
arrays x[i], y[i], z[i] in which i is the index assigned to each solar tracker (Figure 4.1), so
that 1 < i < N is verified, where N is the number of trackers in the installation.

3. The solar vector or unit vector that points to the solar disk at each instant of time that,

in the reference system considered, is given by the equation (4.1):
S=sd+sy7+ s,k ==sinQt cosST+

+(cos Rt cos b sing —siné cos )j + (4.1)

+(cos 2t cos 5 cos @ + sind sinp)k

where: @ is the latitude, (1t is the hourly angle, defined as the product of the Earth

rotation speed (Q = 2m/24 rad/h) and the time elapsed since solar noon and § is the
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solar declination given by equation (4.2), being I" and auxiliary angle dependent on the
Julian day according to equation (4.3).
§(rad) = 0.006918 — 0.399912 cos(I") + 0.070257sin(I") — 0.006758 cos(2I') (4.2)
+ 0.000907sin(2I') — 0.002697 cos(3I') + 0.00148sin(3I')

2n(d, — 1) (4.3)
365

4. The unit vector 71, which indicates the direction towards which the solar trackers are

I'(rad) =

oriented, being perpendicular to the collectors, and which is given by the equation (4.4).
#i=cosa-sinyl+cosa-cosy]+sinak (4.4)

5. The unit vectors U y ¥ included in the collector plane, where u is horizontal (equation

4.5) and ¥ (equation 4.6) perpendicular to u.

U=—cosyil+sinyJ (4.5)

B =sina-cosyl—sina-cosyj+cosak (4.6)
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Figure 4.2. Flow chart of the designed and implemented procedure.

4.2.2.Design of the Proposed Technological Solution

The mechanical design of the proposed device has been resolved by means of a flat

surface with two degrees of freedom (Figure 4.3). The manufacture has been carried out by

means of additive printing on acrylonitrile butadiene styrene (ABS) filament, a thermoplastic
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polymer with good properties with regard to distortion and softening temperatures, 96°C and

93°C, respectively. The whole set remains inside a transparent methacrylate dome.

Figure 4.3. (a) Design of the system; (b) Electronical components; (c) Photography of the prototype

Figure 4.4 schematically shows the concept of the electronic design of the system in which

four blocks are distinguished: sensors, processing, actuators and communications.

e  Sensors: On the one hand, the system includes a sensor system whose purpose is to know
the solar time corresponding to orientations that are not allowed because they cause
inter-shading between the collectors. For this, among the different options to obtain the

time (internal clock of the microcontroller, time server or external RTC module), in this
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prototype a DS1307 real-time clock has been chosen, with autonomous power supply by
means of a CR2025 battery. Likewise, for the irradiance measurement, a calibrated
photovoltaic cell of the Fadisol C-0121 type has been used that provides a linear current
output with respect to irradiance, comprised between 36 mA for 125 W/ m” and 288 mA
for 1000 W/m?. The measurement of the intensity of the electric current provided by
these short-circuited photovoltaic cells is measured by means of an INA219 module,
consisting of a shunt equipped with a 12-bit analog-digital converter and I12C output. In
this way, adjusting the gain in the module configuration, an accuracy of 0.1 mA and a
maximum intensity of 400 mA are obtained. Finally, an initialisation of the azimuth and
elevation position has been provided, using two mechanical micro-switches that indicate
the zero relative position to the microcontroller.

Processing: In the philosophy of this work, several alternatives for processing have been
evaluated, opting for a TTGO ESP32 Lora development board. The ESP32 microcontroller
integrates analog and digital inputs and outputs, as well as various communication
interfaces, both wireless (WiFi and Bluetooth Low Energy) and wired (12C, SPI, UART). The
selected board also has a LoRa communication module, model SEMTECH SX1276 that
enables communication at a frequency of 868 MHz.

Drive: Two 28BYJ-48 stepper motors, powered at 5 V, with 4096 steps per revolution that
provide a maximum precision of 0.001534 radians, have been used to drive the two axes
of movement of the omnidirectional server presented. The management of the stepper
motors requires a controller, for which two units of the type LM298 have been used.
Communications: Finally, it has been considered that the communications between the
position server and the solar trackers require a range according to the typical dimensions
of photovoltaic installations. The receiving devices of the orientation command can be
arranged in a radius of up to 15 km around the server (Sinha et al., 2017), which is
achieved with direct vision between antennas, in optimal conditions; while in unfavorable

conditions, such as suburban areas, 3 km are reached (Augustin et al., 2016).
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Figure 4.4. Scheme of principle of the proposed system

4.3. Results and Discussion

This section shows the results obtained when applying this device to the “Pefiarroya |I” PV
plant, situated at a location of 38.299224° N latitude and -5.303114° longitude. The plant
consists of 29 dual-axis solar trackers whose collectors measure 12m wide (a) by 5m high (b).
Figure 4.5 shows its distribution in plan as well as the index assigned to each one and the
reference system used to study the system. Table 4.1 shows the coordinates of the base of

each collector.

Figure 4.5. Dual-axis trackers plant Pefiarroya |
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Table 4.1. Coordinates (m) considered for each tracker

Tracker x(m) y(m) z(m)
1 18.50 22.70 0.00
2 22.29 40.70 0.00
3 26.08 58.71 0.00
4 29.88 76.71 0.00
5 33.67 94.72 0.00
6 37.46 112.72 0.00
7 41.50 17.86 0.00
8 45.29 35.86 0.00
9 49.08 53.87 0.00
10 52.87 71.87 0.00
11 56.66 89.88 0.00
12 60.46 107.88 0.00
13 64.49 13.01 0.00
14 68.28 31.02 0.00
15 72.08 49.02 0.00
16 75.87 67.03 0.00
17 79.66 85.03 0.00
18 83.45 103.04 0.00
19 87.49 8.17 0.00
20 91.28 26.17 0.00
21 95.07 44.18 0.00
22 98.86 62.18 0.00
23 102.66 80.19 0.00
24 106.45 98.19 0.00
25 114.27 21.33 0.00
26 118.07 39.34 0.00
27 121.86 57.34 0.00
28 125.65 75.35 0.00
29 129.44 93.35 0.00
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Figure 4.6. Simulation of the irradiance ( wW/m?’) values registered by the proposed device and the
fragmentation of the celestial sphere at different moments of time: (a) December 21st at 8:24 AM in
True Solar Time; (b) December 21st at 15:24 PM in True Solar Time; (c) June 21st at 7:30 AM in True Solar
Time; (d) June 21st at 15:48 PM in True Solar.
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Figure 4.6 shows the graphic representation of the data obtained by the proposed
omnidirectional sensor at different times of the year in Lambert projection hemispheric
diagram mode (Ramirez-Faz and Lépez-Luque, 2012). These figures show the existence of two
regions. Thus, the grey region represents the directions of the celestial sphere in which no
measurements are taken since it corresponds to positions for which the algorithm prior to
tracking indicates inter-shading of collectors. On the other hand, the blue region corresponds
to the orientations of the solar servers for which there is no inter-shading and in which,
consequently, irradiance (W/m?) measurements are made, which are represented by the
corresponding iso-level curves (grey lines).

The information shown on each chart is obtained by the sensor during every scanning
cycle along the celestial sphere. There is evidence that this is the most complete traceability
criterion available in the literature (Lorenzo et al., 2011, 2002; Panico et al., 1991; Schneider,
2012). In general, these methods are limited to the evaluation of installations on flat surfaces,
normally horizontal, where only the potential shadows produced by the adjacent collectors are
considered. These methods are also limited by the type of tracking they have been developed
for. Even for certain types of tracking, such as the tracking of a vertical axis, they have not
been computerized due to the lack of a published algorithm (PVsyst SA, 2020). The lack of
open-source devices to solve optimal tracking, including backtracking, and of generic
algorithms is also evident upon consulting commercial devices to manage backtracking.
Although some manufacturers implement algorithms based on artificial intelligence (Array
Tecnhologies, 2020; Nextracker TM, 2019) or on customized systems (STI Norland, 2019),
authors have not found the theoretical basis of these published.

4.4. Conclusions

The present work shows the construction and design of a device capable of determining
the incident solar irradiance on the collector planes of a PV plant with dual-axis trackers
depending on their orientation (azimuth and elevation). From this irradiance, obtained by
means of instantaneous measurements carried out while tracking the celestial sphere, the
device is capable of determining the orientation of the solar trackers for which the incident
irradiance on the collectors would be maximum, which allows optimising their energy capture
and, consequently, the energy production of the PV plant.

The device described has been developed as Free and open-source hardware (FOSH),
which, together with its publication in Open Access, makes it possible for the scientific and/or
technological community to access all the details and therefore be able to analyse, modify or

improve its design. Thus, it is presented as a pioneering technology in the sector as it is a
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solution that is operational but simultaneously open to improvement by the scientific
community in the framework of collaborative scientific-technical projects, assuming a
revolution in the progress of science and technology.

Furthermore, as a novelty, in this device an ex professo algorithm has been implemented
to discriminate at all times those celestial orientations that would imply inter-shading between
the collectors of the PV plant. To do this, the device integrates the implementation of tracking
and backtracking methodologies characterised and simulated by the authors (Fernandez-
Ahumada et al., 2020b, 2020a) in different photovoltaic plants under irradiance conditions
described by empirical models. In this way, the solar trackers do not have to calculate the solar
position using astronomical algorithms while taking into account other factors that also affect
the incident solar irradiance, such as cloud cover, inter-shading between collectors, etc.

According to the aforementioned, the authors consider that the implementation of this
device in photovoltaic plants will make it possible to improve the production of the PV plants
while managers will be able to have real information both in terms of collectors and in other

alternatives.
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Abstract: Solar tracking is an efficient strategy to increase the radiative capture of
photovoltaic collectors. Within the multiple efforts made in recent decades to improve the
production of these facilities, various works have studied solutions to optimize the number of
rotation axes (single or dual rotation axes), the degree of collector coverage, the distances
between trackers, the geometric arrangement of trackers or the minimization of shading
between collectors. However, although in this type of installation it is common to find
collectors with geometric shapes other than rectangles, no studies on the influence of the
shape of the collectors on the radiative incidence are found in the literature. In this
connection, the present work systematically addresses the study of incident solar radiation in
photovoltaic installations with dual-axis trackers with collectors of different geometric
shapes. By means of the exhaustive study, the conclusion is drawn that, for dual-axis
photovoltaic installations with an optimal tracking strategy, the main variables that influence
the annual radiative incidence are the spacing between collectors, the coverage ratio (GCR),
and the collector surface, while the type of arrangement of collectors and the shape of these
do not show predictive values.

Keywords: photovoltaics; dual-axis solar trackers; shading in PV plants; solar tracking;

backtracking
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5.1. Introduction

There is no doubt about the important role that energy plays in our societies. Its
implications go beyond mere technical aspects. Social structuring, economic development, and
the environment, among others, are aspects that make up the complex implication of energy
in the global agenda (Lépez et al., 2018). In this context, renewable energies have been
experiencing sustained growth in recent years. Thus, the International Energy Agency (IEA)
foresees a record increase of 218 GW in the year 2021 in the net capacity of renewable
electricity installed in the world, in an average scenario, that could reach up to 266 GW, in an
accelerated scenario (International Energy Agency -IEA, 2020). In fact, during the first quarter
of 2020, renewable energies were the only source of electricity whose demand increased
despite the 2.5% decrease in global electricity demand caused by the blockades implemented
by different governments to curb the spread of COVID-19 (Renewables 2020 Global Status
Report, 2020).

Within the field of renewables, solar energy, in general, and photovoltaic (PV), in
particular, are candidates to satisfy a large part of the global energy demand in the coming
years due to their abundance and competitiveness (Kannan and Vakeesan, 2016). In fact, in
the IEA predictions for the year 2021, solar PV accounts for 54% of the growth in the world’s
installed net renewable electricity capacity (International Energy Agency -IEA, 2020). The
remarkable progress that the technology associated with the implementation of photovoltaic
energy has been experiencing has not only driven its boom in recent years (Eldin et al., 2016;
Salas and Olias, 2009) but this growth is expected to accelerate during the 2023-25 period
(International Energy Agency -IEA, 2020).

One of the fundamental factors in the energy production of PV plants is the incident solar
irradiance on the collectors. Among the various strategies that exist to increase this irradiance
in solar collectors and, therefore, energy production in PV plants, is solar tracking, which is a
technological niche in which there are still possible improvements that can contribute to such
an increase (Eldin et al., 2016). This strategy is in contrast with fixed panel structures that have
a constant orientation towards the sun depending on the latitude of the place where the PV
installation is located. Thus, in the case of solar trackers, the PV modules move while looking
for an orientation that generates more energy, either by capturing solar energy for as long as
possible (Singh et al., 2018) or by capturing maximum solar irradiance (AL-Rousan et al., 2018;
Frydrychowicz-Jastrzebska and Bugata, 2015).

The most common classification of trackers is established based on the number of axes

used to move the modules. Thus, we speak of tracking systems on one axis (movement in
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azimuth or elevation) or on two axes (movement in azimuth and elevation). Improving the
technology of solar tracking systems is an important objective considering the high demand of
energy resources, being the research niche for many authors. For example, in (Singh et al.,
2018), different tracker motion control systems are studied with regard to their economic
evaluation. In (AL-Rousan et al.,, 2018), the different solar trackers are studied in depth,
performing a comparison between them in terms of efficiency, performance, advantages, and
disadvantages, while other studies perform an in-depth review of the related literature to
define the advantages of the applicability of solar tracking (Hafez et al., 2018; Lee et al., 2009).

In the scientific literature, there are studies that question the use of trackers with one or
two axes versus fixed systems or one axis versus two. Specifically, various studies are being
developed that question the various possibilities that arise in terms of efficiency, cost,
location, production, etc., which is a real scientific challenge. For example, in (Antonanzas et
al.,, 2018; Bahrami and Okoye, 2018; Quesada et al., 2015), authors analyze the effect of
different solar trackers strategies considering the location. Other authors provide profits of the
tracking photovoltaic systems in comparison with fixed photovoltaic systems (Hammad et al.,
2017; Talavera et al., 2019). An interesting result is the one presented in (Hua et al., 2019),
where a method for optimal storage capacity was calculated under the power-curtailment and
storage/discharge requirements. Hence, although solar tracking systems have a higher cost
than fixed systems, their maintenance is more complex and their exposure to environmental
conditions is greater (Ali Jallal et al., 2020); the performance of dual-axis trackers are greater
than those of fixed systems (Eke and Senturk, 2012; Senpinar and Cebeci, 2012) and single-axis
trackers (Bahrami et al., 2016; Koussa et al., 2011; Seme et al., 2011). Bahrami states in
(Bahrami et al., 2016) that a dual-axis tracking system would result in greater irradiance than a
single-axis due to its ability to minimize losses associated with cosine effect. Authors in (Koussa
et al., 2011) highlight their conclusion that using the two-axis sun tracker system enables the
PV panel to collect and produce higher amounts of electrical energy than using single-axis and
fixed structures; their study considered five configurations of sun tracking systems and two
traditional fixed panels. The results presented in (Seme et al., 2011) show that the optimal
trajectories for the tilt and azimuth angle depend on the available solar radiation, solar cell
efficiency, tracking system consumption, and the optimization bounds. Therefore, based on
these studies, it can be affirmed that the choice of the type of strategy depends on several
factors, it being necessary to delve into the technological and economic components to reach
useful conclusions (Eldin et al., 2016).

Regarding the tracking mechanism, different driver methods can be distinguished to

achieve the objectives of the collector movement (AL-Rousan et al., 2018). Among them, the
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sensor driver systems stand out, whose operation is based on the variation of light received by
optical sensors that cause the movement of the collectors looking for the position of the sun.
Additionally, there are microprocessor driver systems that incorporate small processors with
movement strategies programmed through mathematical models to locate the position of the
sun. Within these in the bibliography are the open-loop driver systems that modify the
movement of the actuators of the modules from mathematical equations that fix the position
of the sun from the day and the hour. In contrast, closed-loop driver systems modify the
movement of the actuators based on the information provided by position sensors,
recalculating the position of the sun. Finally, intelligent driver systems incorporate artificial
intelligence techniques to control the movement of collectors (Gémez-Uceda et al., 2021).

Another of the determining factors in the performance of a PV plant is the shading of its
modaules, since these shadows not only imply a lower incident irradiance (Fernandez-Ahumada
et al.,, 2020b) but also give rise to the appearance of hot spots that bring with them
overheating and losses in energy production (Lorenzo et al., 2002). In this regard, the behavior
of PV modules when they are partially shaded has been widely debated. Several simulation
models have been used to find a configuration less susceptible to shadow problems of solar
cells (Karatepe et al., 2007; Kaushika and Gautam, 2003; Trzmiel et al., 2020; Woyte et al.,
2003). Specifically, Diaz-Dorado et al. (Diaz-Dorado et al., 2011) have analyzed the effect of
shading in a PV tracker with partially shaded astronomical tracking based on the exact
arrangement of shaded cells and modules. Other authors have analyzed the energy cost in the
production of PV plants as a function of the connections between the cells and the modules
(Martinez-Moreno et al., 2010) of the ground cover ratio (GCR) of the plant that depends on
the variables of their design (Perpifian, 2012) or of the tracking strategy (Lorenzo et al., 2002;
Narvarte and Lorenzo, 2008).

One possible solution to alleviate the effect of shadows in PV plants with solar tracking is
back tracking (Panico et al., 1991), which consists of modifying the orientation of the collecting
surfaces in shading situations between panels in order to eliminate such shadows. Another
possible solution is to modify the geometry of the collecting surfaces. Thus, although most of
the PV panels found in PV plants connected to grids are rectangular, there are already some
installations with dual-axis solar tracking where the collectors have other geometric shapes,
such as those developed by the Deger Ibérica company in Tarragona (Spain), Ontario (Canada),
or Estonia, with 15.6 kWp, 24 MWp, and 100 kWp installed, respectively (DEGERiberica, 2020).
However, no previous works have been found in the literature aimed at characterizing the
geometric shape of the collectors or their degree of modularity in terms of optimizing the

performance of a photovoltaic installation in the event of the possible incidence of shading.
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In this context, in the present work, the annual radiative uptake has been quantified in a
wide set of PV installations with dual-axis monitoring with different geometries in which the
shape of the collectors and the design parameters have been systematically varied. For each
case, it has been assumed that the collectors follow the optimal solar tracking strategy
proposed by Fernandez-Ahumada et al. (Fernandez-Ahumada et al., 2020a, 2017). Unlike
traditional solar tracking methods that search for the position of the sun at each moment using
astronomical models (Braun and Mitchell, 1983; Reda and Andreas, 2004; Riley and Hansen,
2015), according to this strategy, the collecting planes are oriented at each instant of time
towards the direction of space in which the irradiance is maximum, except during the
moments when such orientation implies the shading of one collector over another. When this
occurs, normally at the beginning and end of the day, the collectors are oriented in the
direction in which, without causing shading, the incident irradiance on the collectors is
maximum. In this way, the production of each installation, which is considered proportional to
annual solar radiation, is calculated under the hypothesis that each installation will follow an
optimal tracking strategy adapted to its own geometry. Therefore, this study aims to advance
the characterization of the electrical behavior of shaded solar trackers, which is an issue where
the scientific community has made a considerable effort, simulating tracking strategies for an
improvement in photovoltaic production (Antonanzas et al., 2018; Kelly and Gibson, 2009;
Quesada et al., 2015).

To achieve this objective, after this introduction in which the scientific advances made by
the scientific community in the field of solar tracking in PV plants are presented, the following
section describes the methodology followed in this study to simulate annual solar radiation
incident on collectors with a dual-axis tracking strategy that optimizes radiative uptake while
avoiding shading between collectors. Similarly, the methodology established for the study of
the influence of the design parameters of a PV plant on this annual solar irradiance is
explained. Based on this, Section 3 presents the results when applying the methodology
described to an existing PV plant (“El Molino”, Cérdoba, Spain) with its design parameters
systematically modified. Similarly, an adjustment model is proposed that represents in a
simplified manner the dependence of the annual solar irradiance with respect to the design
variables studied, and these dependencies are quantified. Finally, in Section 4, the main

conclusions of the present study are presented.
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5.2.Methodology

5.2.1. Vector Treatment of the Solar Position and the Estimation of the Solar Irradiance in the

Celestial Sphere

In accordance with the above, this work presents a study of the influence of design
variables on the performance of a PV plant with dual-axis tracking and optimal tracking
strategy. This tracking strategy, which is described in the following section, will determine the
orientation of the solar collectors at all times, which allows for optimizing radiative capture
while avoiding shadows between collectors. In the present work, to determine at each instant
of time the orientation of these collectors, as well as the position of the Sun in the celestial
sphere, vector notation is used.

Figure 5.1 shows the coordinate system used, with the Ox axis oriented towards the west,

the Oy axis towards the south, and the Oz axis towards the zenith. In this equation, 7, j, and k
are the unit vectors on the axes Ox, Oy, and Oz, respectively; the unit vector that points
towards the Sun, called the solar vector, S, will be expressed by Equation (5.1), in which ¢ is
the latitude of the place, 6 the declination, and t the solar hour.

S=s0+sy]+ s,k = (5.1)

sinQtcossT + (cos QtcosSsing — sindcos@)] + (cos Qtcosdcose + sindsing)k

z(Zenith)

=)

x(West)

Figure 5.1. Astronomical and geometric magnitudes considered.
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Equation (5.2) shows the mathematical expression proposed by Spencer (1971) for
calculating the declination, &, as a function of the daily angle, T, which in turn depends on the
Julian day, d,,, according to Equation (5.3).

§(rad) = 0.006918 — 0.399912 cos(I") + 0.070257sin(I") — 0.006758 cos(2I') (5.2)
+ 0.000907sin(2I') — 0.002697 cos(3I') + 0.00148sin(3I')

2n(d, — 1) (5.3)

I'(rad) = 365

The orientation of the collector plane at each instant of time can be represented by the
unit vector perpendicular to it, 7, or by the pair of unit vectors,u and ¥, contained in the
collector plane, of which % is horizontal and ¥ is parallel to the maximum slope direction of the
collector plane (Figure 5.1). Thus, y and S being the angles representing the azimuth and
inclination of the collectors, respectively, the vectors 7, u, and ¥ will be given by Equations

(5.4)—(5.6), respectively.

7 = sinB sinyl + sinBcosyj + cosBk (5.4)
U = —cosy T+ siny] (5.5)
B = —cosp sinyl — cosBcosy] + sinfk (5.6)

For the characterization of the incident solar irradiance on the collector planes, the model
of Perez et al. (Perez et al., 1990) has been used. According to this model, the global solar
irradiance, /, on an inclined plane at an angle fSis the sum of the direct, diffuse, and reflected
irradiance on an inclined plane, which, in turn, depends on the direct irradiance, Iz, and
diffuse, I, on a horizontal surface, according to Equation (5.7), where 8 is the angle between
the normal vector and the collector plane (77) and the solar vector (§), 8, is the zenith angle, p
is the albedo of the surface of incidence of the irradiance before being reflected towards the
collector, a and b are parameters given by Equations (5.8) and (5.9), and F; and F, are the
weighting factors for the decomposition of the inclined diffuse radiation, the second addition,
in the three subcomponents considered by the authors: isotropic diffuse, circumsolar diffuse,

and diffuse from the horizon (Perez et al., 1990).

cos 8 1+cosp a ) 1—cosf
I=COSGZIB+|:(1_F1)T+F15+Fzslnﬁ ID +pT(IB +ID) (57)
a = max(cos 8,0) (5.8)
b = max(cos 85°, cos 8,) (5.9)

Substituting the vector expressions (5.10), (5.11), and (5.12) in Equation (5.7), we obtain

Equation (5.13), in which the dependence of / on 7 is made explicit,

cos B = k-7 (5.10)
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cos@=5-1 (5.11)

cosf, =3k (5.12)

$-7 1+k-#n 37 S 2 (5.13)
I=TEIB+ A-F)——F—+R—+F 1-(k-7)
S.

The production of a PV plant will be greater to the extent that the incident irradiance on

—

1—-k-n
ID+.DT(IB+ID)

its collectors is greater. In this regard, Fernandez-Ahumada et al. (Fernandez-Ahumada et al.,
2017) showed that the incident irradiance on the collectors is maximum when they are
oriented in such a way that their normal vector verifies Equation (5.14). In accordance with
this result, the authors propose a new tracking strategy for PV plants with dual-axis trackers in
which they are oriented according to Equation (5.14), and consequently, radio capture and

energy production are optimized.

ol . o -
G 1) atk.n)

n= — - 5 . . (5.14)
J<a(§'ﬁ>) +<a(m>> +2(6(§~ﬁ>)<a(1?-ﬁ>>s'k

Therefore, when applying this tracking strategy to the model of Perez et al. (1990), the

partial derivatives given by expressions (5.15) and (5.16) are obtained. Substituting these
results in Equation (5.14), Equation (5.17) is obtained, which represents the direction of the
normal vector to the collecting planes corresponding to the optimal tracking strategy proposed
by Fernandez-Ahumada et al. (Ferndndez-Ahumada et al., 2017) for PV plants with dual-axis
tracking.

6(39-’171’ 3 a(kﬁ-’lfi )k -

2
J (a(ia-lﬁ ))2 * (a(ki-lﬁ )> 2 (a(.ea-lﬁ )> (a(zza-l 7 )) Sk

n=

oo (5.16)
k-n) 2 2 R b 2
LT W
s - ay
i = (5.17)

2
2 - —>._> - q.q -
(-IE_'+F11?D) + a ;I)ID_FZ k-n ID_p(IE;'[D) +2(‘IB_>+F1%)) a 21:1)[D_F2 k-1 ID_p(IB';ID) 3k
S-k - _\2 S-k - N2
1-(k-1) 1-(k-7)

Given the difficulty of solving the variable 71 in Equation (5.17), an iterative method based
on the series convergence of vectors {ﬁo (= 38),1y, 1y, ...,r_ij} is proposed, in which each

vector ﬁj is obtained as a function of ﬁj_l according to Equation (5.18), and consequently, 7
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will be given by Equation (5.19). Given the nature of the problem, in this work, it has been
considered that j = 25 is a sufficiently high value since the correct convergence of this value has

been verified for all the practical cases studied.

/(1—p)1 k- I+1 \4
21 D_FZ j-1 ID_P(BZD) k

2
1-(k-7)°

— . —
n = lim n;

jooo
5.2.2. Method to Avoid Inter-Shading of Collectors

According to the studies found in the bibliographic review, the shading of solar panels
negatively affects their energy production. Therefore, to optimize the performance of a PV
plant with dual-axis solar trackers, as those discussed in this study, it is necessary to
accompany an adequate tracking strategy with a procedure that prevents the collectors from
shading each other.

In this regard, Fernandez-Ahumada et al. (Ferndndez-Ahumada et al., 2020a) presented a
dichotomous criterion to quickly determine whether or not there is inter-shading between
collectors. The method is based on the fact that, in an installation with collectors of the same
geometric shape oriented towards the same direction of the celestial sphere (characterized by
its normal vector, 71), the shadow cast by a collector II; on the plane ¢ that contains the
reference collector 11, is a polygon II'; with the same shape as the contour of the collector

(Figure 5.2).
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Figure 5.2. Shadow cast by a collector I1; on the plane i that contains the reference collector II,

Hence, vector Efi is the geometric displacement vector from polygon II,toII';. This
vector, as shown by the authors, is obtained through the equation (5.20), although it must be
considered that, for the collector II; to be able to shade the collector Il,, the conditions

expressed in Equations (5.21)—(5.23) must be fulfilled.

~__, PPH
d,'=POP,' - li_l, E (520)
s'n
$-k>0 (5.21)
$-1>0 (5.22)
PP 11>0 (5.23)

From expression (5.20), given that JL- is a vector included in the collector plane ¢,
Equations (5.24) and (5.25) allow for determination of the components of this vector in the
OXY reference system contained in the plane ¢ and defined by the vectors U y v.

dy; = d; - U (5.24)
(5.25)

QU
S

Il
S

<

Knowing Ez’l- and its components dy; and dy;, the dichotomous criterion proposed by
Ferndandez-Ahumada et al. (Fernandez-Ahumada et al., 2020a), based on Minkowski’s algebra
(Avnaim and Boissonnat, 1989; Chazelle, 1983; Lozano-Pérez, 1983) and whose validity is
demonstrated in Appendix A, it is established that there will be an intersection of the polygons

I1, and IT';. Therefore, mutual shading between the panels 11, y II;, if, when representing
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vector (ii from the origin of coordinates, the end of the vector is included within the plane
curve 2, which is obtained as the envelope of the family of all polygons that can be drawn on
the plane ¢ by translating the polygon II, with the condition that its perimeter is in contact

with the coordinate origin of the reference system contained in ¢ (Figure 5.3).

case
with
Z intersection

d, d
t

case
without

intersection

X

Figure 5.3. Determination of Z, auxiliary curve of the intersection criterion and existence of shadow
between panels.

It is important to note that, since photovoltaic collectors are built by annexing rectangular
photovoltaic modules, the resulting geometric shape for the collector is, in general, a closed
polygon in which all sides of the perimeter are contained in two directions perpendicular to
each other, as shown by the orange line in Figure 5.4. This fact leads to the determination of
the envelope X being simplified and able to be performed analytically. Furthermore, this
envelope (blue trace in Figure 5.4) will also be a closed polygon with the sides parallel and
perpendicular to the directions of the perimeter of the collectors (Figure 5.4). Therefore, the
envelope is mathematically described by the coordinates X,,,,, (k) and Y,,,,, (k) of each vertex k
of the polygon (1 < k < Ngpy, Neny being the total number of vertices of £). In Appendix B,
the analytical obtaining of the enclosure for photovoltaic collectors is detailed in a generic
way.

According to Figure 5.4, the end of vector (ii would be located inside the envelope X and,
therefore, there would be shading between the panels 11, y II; if there is some vertex k for
which the mathematical condition given by Equation (5.26) is fulfilled.

[sign(dy;) = sign (Xeny (k)] and[sign(dy;) = sign (Yon, (k)] and
[ldxil < |Xeny (K] and [Idy;| < [Yeny (k)]

(5.26)
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Ken3), Yend3)

M H ] P Xen‘z(2)= Y;”\’(z)

T X (1), Yarl 1)

Figure 5.4. Form. Generic shape of a solar collector (orange) and its envelope 5 (blue).

In accordance with the above, Figure 5.5 shows, by means of a flow diagram, the inter-
shading () function, especially designed to implement the method described in this section to
determine the existence of shadow between modules in PV installations with dual-axis tracking
and regular distribution of collectors. This Boolean function depends on the vector 7', Equation
(5.19), returning a value “true” if 7 implies inter-shading and “false” otherwise. As can be seen
in Figure 5.5, only possible shading is studied in the reference collector, considered

representative of the set, which is totally surrounded by N, trackers.
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[ Boolean function intershadows (i1) ]

fori=1to24

\ 4

Determine d; (;)‘eq 20

A

<

Determine dy; =d; Uanddy; = d; - ¥

§-k>0ands-1 > 0and PP, -7 >0

True
intershadows
dx,dyc’X > is
True True
False
False Y
True

intershadows
is

False

Figure 5.5. Flow diagram of the inter-shading function (7).

In this way, in the case that the value of 71, obtained from Equation (5.19), does not imply
shadows between collectors, intershadows(il) = False, the optimal tracking strategy will
propose the orientation of the collectors according to the address of 7i. On the contrary, if the
value of7, obtained from Equation (5.19), implies shadows between collectors,
intershadows (1) = True, the orientation that does not imply shadows and that maximizes
the incident irradiance must be sought. In that case, back tracking is used following the process

indicated in Figure 5.6.
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| Determine 1 eq 19 |

intershadows (1)

True

Determine yy

y():arcm ("—x}
ny

fmux = —1000

\4

fory,=vyo—25toy,+ 25
for B, =0to90

Determine iy = Ty vk, B,) €45

|

4 True

ntershadows (7iy;)

l False

Determine I (7)) eq (14)

|
True @

False

Bnax = f(ﬁﬂa‘)

= —
MNmax = Ny

True

Figure 5.6. Flow diagram to determine the orientation (1) of maximum irradiance uptake without any
inter-shading between collectors.

5.2.3. Calculation Scheme of Intercepted Solar Radiation

With the methodology described for solar tracking, the incident solar irradiance on solar
collectors has been simulated for the 12 representative days, according to Klein (Klein, 1977).
From this irradiance, the incident radiation on the collectors on each representative day m has
been calculated using Equation (5.27), where the integral has been approximated by

discretizing the sum in time intervals of three minutes.
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tsunsetm |37 1+k7 s = _\2 1-k-7t
Hy = [0 [513 + [(1 —F)=——+F=—+F /1 — (k- 7) |1D +p——(Us+1Ip)| dt (527)

Once the daily radiation has been calculated for the representative days proposed by
Klein (Klein, 1977) for each of the 12 months of the year (m = 1,2, ..., 12), the annual global
radiation (Hyear) is calculated according to Equation (5.28), where N,, is the number of days

in the month m.

Hyear = Z N,, - H, (5.28)

5.2.4. Cases Analyzed

In this work, the effect of the shape of the collectors on the capture of annual radiation in
a PV plant with dual-axis tracking has been studied. To generate the study scenarios, the
design of “El Molino”, a photovoltaic installation located in Cérdoba (latitude = 37.75492° N;
longitude = 5.04548° W) was used as a starting point. It is an installation with dual-axis trackers
(with azimuth and elevation movement) and rectangular collectors 8 m wide and 5 m high.
Each collector is made up of 25 photovoltaic modules 1m high and 1.6m wide (Figure 5.7a).
The trackers are arranged in a regular grid on horizontal ground, initially separated by a

distance Dgyy =20 min the EW direction and Dy =14 m in the NS direction (Figure 5.7b).

16m

(a) (b)

Figure 5.7. Design characteristics of the “El Molino” facility: (a) Constitution of the collectors; (b)
Arrangement of collectors.

Case studies arise by introducing different variations in the original design and crossing all
possible sources of variation. Specifically, the variations introduced consist of:

e Modification of the collector shape. The possibility of introducing cuts at the vertices has

been considered to study the collectors with the shape indicated in Figure 5.8. Letting

Xy Yu), KXo Yur), Xai, Ya1), and (X4, Yy4r) be the coordinates of the vertices

corresponding to the cuts made in the upper left, upper right, lower left, and lower right

corners, the possible values considered (in metres) for each of these pairs were (0,0),
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(1,1.6), (1,3.2), (2,1.6), and (2,3.2). The crossing of all the possibilities generated N; = 5*
= 625 different forms of collector.

e  Modification of the inter-distances. Letting Dys be the distance in the NS direction
between rows of collectors and Dgy, the distance in the EW direction between columns
of collectors, the possibilities Dys = 10 m, 12.5 m, 15 m, 17.5 m, and 20 m and Dgy, =
10 m, 15 m, 20 m, and 25 m were studied. The crossing of these possibilities gave rise to
Np =20 designs of different distances.

e  Modification of the spatial distribution of the solar trackers. For each pair of distances
(Dys, Dgw ), N = 2, possible spatial distributions of the solar trackers in the plant were
studied, both the regular grid arrangement oriented to the south (Figure 5.9a) and
staggered (Figure 5.9b). In both configurations, it was considered that the reference
collector in the study (i = 0) was surrounded by 24 collectors.

Lx

Yul

.8 Yd
Y r
L gdl I

Xq| Xdr

Figure 5.8. Generic way of describing the clipped vertex collector.

Dgw
v e EH R E R,
l“t e R e O e R s R v R
i o] [l [Ed [ [
FH EH EH E E

B E EELS

alalafala
allafafalla
alalalala
alalalalla

(a) (b)

Figure 5.9. Considered spatial arrangements and location of the reference collector in the study (i = 0):
(a) regular grid; (b) staggered.

98



GOMEZ- UCEDA ET AL. APPLIED SCIENCES (2021): 11(23)

The crossing of all the possibilities generated Ny = N - Np - Ng = 25000 different
combinations of geometric designs for the PV plant “El Molino” with dual-axis tracking and its
collectors. For each of these designs, the annual incident radiation on the collectors was
obtained by the method set forth, equation (5.28), considering the 12 characteristic days
proposed by Klein (Klein, 1977), and the monthly mean radiation values (Posadillo and Lépez
Luque, 2008) set forth in Table 5.1.

Table 5.1. Data considered for the estimation of the annual solar irradiance in “El Molino” PV Plant
(Cordoba, Spain): horizontal daily radiation, H (Posadillo and Lopez Luque, 2008) and representative day
proposed by (Klein, 1977) each month of the year.

Month H (J/m?) Representative Day
January 7401000 17
February 11097000 47
March 14158000 75
April 17307000 105
May 19017000 135
June 24263000 162
July 25719000 198
August 23411000 228
September 17983000 258
October 11895000 288
November 8228000 318
December 6237000 344

5.3.Results

This section describes the incident radiation values on collectors and the results of the
study of the influence of the design variables on the solar incidence on the PV plant designs
considered. The synoptic values obtained for the annual incident radiation in collectors are
summarized in Table 5.2. Figure 5.10 shows the distribution of values obtained depending on

the membership intervals.
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Table 5.2. Descriptive parameters of the set of values of Hyear (kWh/m?).

Number of Cases 25000
Average 2172.0
Minimum 2040.2
Maximum 2233.8
Median 2189.6
Distribution for values of Hyear
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Figure 5.10. Distribution of annual solar radiation values (H) according to membership intervals.

In the set of values obtained, it is observed that certain forms of the collector offer the
same value. These are the cases in which the set of cuts A, B, C and D of Figure 5.11a are
permuted as shown in Figure 5.11b—d,f—i. A detailed analysis of the procedure followed makes
it possible to verify that the shape of the solar collector does not influence directly but rather
through its envelope. As a consequence, the collector shapes of the first column (5.11 (a), 5.11
(b), 5.11 (c), 5.11 (d)) give rise to identical annual radiation results since they all give rise to the
same envelope I (represented in Figure 5.11e). On the other hand, the coincidence of
radiation outcomes in the results between the collector shapes of the first (Figure 5.11a—d)
and the second column (Figure 5.11f—i) should be understood as a consequence of the
symmetry with respect to the NS axis of the studied configurations and of the symmetry with
respect to this plane in the positions of the sun between the hours of the morning and

afternoon.
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Figure 5.11. Set of collector shapes that generate identical annual incident radiation results. The forms
(a—d) generate the same envelope 5 (e) and the set of symmetric figures with respect to a vertical axis (f-
i) generate a symmetric envelope 3’ of 2 (j).

The dependence of the values obtained with respect to the considered design variables
was studied using an approximation and simplified model, in which the calculated annual
radiation was expressed as a function of the following explanatory variables:

e  Collector surface S.,; (m?).

e Distance between trackers in east—west direction, Dgy, (m)

e Distance between trackers in north—south direction, Dygs (m)

e Discriminatory variable of the type of configuration T (T = 1 for staggered
configurations and T = O for regular grids).

In this sense, it is worth highlighting that the model described and used (for each of the
25,000 cases) can be considered a mathematical function of the variables proposed. However,
the complexity of the model and the need to aggregate results on the different representative
days made it difficult to know the weight or influence of each variable on the final results.
Thus, to overcome this difficulty, this paper proposes to replace this complex function with a

mathematical function of simple expression reproducing the result of the complex model with
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the least possible error. The reader should assume that this is not a statistical problem but
rather a problem of adjustment or approximation of a simple expression function to a complex
function, so that statistical methods are not applicable. To address the fit, the set of simple
variables was extended with composite variables obtained as products and ratios of simple
variables. The proposed function (5.29) was selected from the set of fits to linear functions of
composite variables. It lacks a clear physical meaning, but it allows for reproduction of the
results of the model with an average relative error equal to 2.561 kWh/m?®year; therefore, it is
considered suitable for the study of the relative weight of the variables.

Equation (5.29) shows the mathematical expression of this model for which the
parameters a, b, ¢, d, e, f, g, h, |, r, and w have been obtained by the least squares method
(Table 5.3), with an adjustment coefficient R? = 0.993. Table 5.4 shows the synoptic values of
the estimation errors of the model € and &,,;, given by Equations (5.30) and (5.31), where

Hgggr is the annual solar irradiance on the solar collectors estimated according to equation

(5.28) and H;g‘{r is the one approximated by the model (5.29). The low value obtained for the

mean square error means that the equation can be considered valid for the study of

dependence of the annual solar irradiance with respect to the variables S.,;, Dgyw, Dns, and T.

H;gér =a+bS. +cDgy +D— +eDys+f Dys* + g ﬂ+h(ﬂ)

Ew Dys Dys (5.29)
S, Dye D
+ 1 col br S EW W
DNS DEW Scol
e = |HE, — Hol, (5.30)
ai
_ |H§§3r - H;Le(;r (5'31)

Erel =
H sty

Table 5.3. Values obtained for the model of equation (5.29).

Parameter Units Value
a kWh/m? year 2656.366
b kWh/m*year -0.960
c kWh/m?year 6.921
d kWh/m year -25.783
e kWh/m?3year -756.012
f kWh/m*year 0.512

kWh/m?year -167.750
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h kWh/m?year 19.071
l kWh/m?year -364.603
T kWh/m?year -1.365
w kWh/m?®year -1.661

Table 5.4. Synoptics of the errors € equation (5.30) and erel equation (5.31) obtained for the model given
by equation (5.29).

& Erel
(kWh/m? year) (Dimensionless)
Number of cases 25000 25000
Average 3.302 1.53-107
Minimum 4.67-10™" 2.099-10”7
Maximum 35.913 1.66-10°°
Median 2.561 1.15-107

It is important to note that the model adjusted in Equation (5.30) does not consider the
geometric shape of the collectors itself since, given that the mean error, &, of the proposed
model is 3.3 kWh/m?year (Table 5.4), the geometric shape would not have an explanatory
capacity superior to this & This reasoning allowed us to conclude the little influence of the
shape of the collectors in facilities that follow the tracking/ back-tracking policy considered in
this work.

For a better interpretation of the adjusted Equation (5.29), we can consider it as the

addition of four terms separated by parentheses in Equation (5.32).

. d D Dgw\°
adj _ 2 “EW ZEw
Hy =a+ {b SCOl} + {C DEW + DEW + eDNS + f DNS + g DNS +h (DNS) } (532)

Scol DNS DEW
+ { l +r } + {wT}
DNS DEW Scol

The first term only depends on the collector surface S.,;. Given that b < 0, it was found
that, as the collectors were larger, the lower the annual incident radiation. This effect was due
to the greater possibility of inter-shading as the collectors had more surface area. With the
cases studied, the variation interval of the final result due exclusively to this term was 24

kWh/m?year.
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The second term marks the importance of the geometric design of the plant given by Dgy,
and Dy, regardless of whether it is a staggered or grid configuration. In the group of cases
studied, the variation interval was 116 kWh/mZyear.

The third term is interpreted as a function of the ground cover ratio (GCR) parameter

defined by Equation (5.33).

Scol
GCR = —— (5.33)
DNS DEW

According to this definition, the third term considered in the model given by Equation
(5.29) can be rewritten obtaining the expression (5.34). Thus, this term showed that the
variation in this term was 104 kWh/m?year for the GCR values considered in the set of cases

studied.

Scol DNS DEW} m
| ———+m ———=11GCR+ — (5.34)
{ Dys Dgw Scol { GCR}

Finally, given that the parameter w was negative, the term {wT} implied a small difference
of 1.6 kWh/m? year to the detriment of the installations that were arranged in a staggered

pattern compared to those with a regular grid.

5.4.Conclusions

This work presents a novel methodology for the productive study of PV solar collectors
mounted on dual-axis trackers. The study, applied to multiple cases, generated as variations
with respect to the design adopted in an existing PV Plant (“El Molino”, located in Cérdoba)
allows for identification of the design variables that fundamentally influence the annual
incident irradiation on the solar collectors and, therefore, on the energy production of the PV
plant. Specifically, by systematically varying the geometry of the collectors, the distance
between them, and their spatial distribution, 25,000 case studies were simulated. For all of
them, the annual incident solar radiation on the solar collectors was calculated, using for this
the irradiance estimation model of Perez (Perez et al., 1990) and assuming that they were
governed by a tracking strategy that optimized radiative capture while avoiding inter-shading
between collectors (Fernandez-Ahumada et al., 2020a, 2017). Although a comprehensive
methodology was used to study the case, it was difficult with the data set to understand the
influence of each variable on the final result. Therefore, a simple function was fitted, which
accurately reproduced the result of the complex model £_rel = 0.00115. From the irradiance
data obtained for the different PV plant designs, a simple mathematical model has been
obtained, Equation (5.29) with a high level of adjustment (R? = 0.993) that represents the

dependence of the annual solar irradiance on the PV plant with respect to design variables
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such as collector surface, S;,;, NS and EW distances between collectors Dyg and Dgy,, and
spatial distribution of the collectors: regular or staggered grid. Thus, the proposed model has
made it possible to identify that the main variables that influence the annual incidence of
irradiance are, in order of greatest influence, the geometric design of the plant as a function of
the distances between its collectors, (Dys, Dgy), the GCR of the installation and the surface
of its collectors (S.,;), which can lead to variations in the electrical production of the PV plant
of up to 116 kWh/m?’year, 104 kWh/m’year, and 24kWh/m’year. However, for practical
purposes, with regard to the spatial distribution of the collectors, it is not appropriate to
assume a better behaviour of the regular grid arrangement with respect to the staggered
shape since the margin of 1.6 kWh/m?®year for this variable falls within the uncertainty margin
of the radiation prediction models. Similarly, the geometric shape of the collectors does not
exert a significant influence on the irradiance received since it gives rise to variations of 3.3026
kWh/mzyear , which, therefore, are lower than the uncertainty margin of the estimation
model itself. Future works will study the influence of the shape in confluence with the

orientation of the terrain.
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CONCLUSIONES

Se detallan a continuacién las conclusiones de este trabajo distribuidas por cada uno de los

articulos académicos que lo conforman.

6.1. Conclusiones del primer articulo

Se ha modelizado la captacion solar en seguidores a 1 eje, cuyo movimiento evita el
sombreamiento mutuo (técnica de retroseguimiento). Se ha interrelacionado dicha captacion
con las caracteristicas de inclinacién y acimut del terreno donde se ubica la instalacidn. Esto se
conseguido mediante la implementacién de una subrutina en VBA que toma datos de
orientacién del eje del colector, dimensiones y separacién. Esto permite obtener el valor
Optimo de azimut del colector (y), y por consiguiente conseguir una orientacion para obtener

el valor maximo de radiacién segun la inclinacion del terreno.

El aporte mas novedoso de este trabajo consiste en el estudio de la relacidn existente entre los
valores de acimut del terreno y, el acimut del eje del colector y y la inclinacion del terreno ().
Asi se ha obtenido, que para instalaciones orientadas hacia el Sur (y=0°), la orientacién 6ptima
del eje del colector es en la misma direccidn (y=0°), independientemente de la inclinacion del
terreno. Si el terreno tuviese otra orientacidn, el acimut 6ptimo en el que ha de orientarse el
seguidor, debe ser en la misma direccidon que el acimut terrestre. El estudio indica que, para la
latitud y valores climaticos de Cdrdoba, la relacién entre el acimut dptimo de seguidores vy el
acimut del terreno viene dada por la Figura (3.8.d). Si el eje de rotacion se posiciona en una
direccion diferente, surgen pérdidas de energia que varian segun la inclinacién del terreno, las

cuales han sido caracterizadas en Figura (3.8.c).
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Figure 3.8. Results for a case study for inclination 15°: (a) Maximum radiation; (b) Radiation variation for
30° azimuth; (c) Maximum radiation loss for 30° azimuth; (d) Axis azimuth for optimal terrain radiation.
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Por otro lado, se ha observado que, para terrenos y eje del colector con orientacién Sur, el

valor de radiacion maxima se obtiene para inclinaciones £=21° (Figura 3.9).
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Figure 3.9. Variation of the maximum radiation on the collector with respect to the inclination of the
terrain.

Respecto a otra influencia en la inclinacién del terreno, se ha demostrado que al alejarse de la
orientacién dptima del eje de rotacion del colector, las pérdidas aumentan considerablemente
conforme la inclinacidn del terreno es mayor, llegando a valores cercanos al 7% en el caso de

estudio de un terreno de inclinacién £=20°.

En este trabajo se presentan avances significativos en el ambito de los seguidores fotovoltaicos
de 1 eje. Se abren nuevas lineas de investigacion en la optimizaciéon del comportamiento de

seguidores solares que involucren modelos mas complejos.

6.2. Conclusiones del segundo articulo
El dispositivo desarrollado evallia de forma instantanea el valor de la irradiancia global solar
incidente, lo que permite establecer la orientacidon éptima de los captadores en la bdveda

celeste, y por tanto optimizar la produccién de energia en PV. Consta de un mecanismo

hardware y algoritmo de control.
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Se ha desarrollado un algoritmo exprofeso para el control del sombreamiento y realizacion del
retroseguimiento que ha sido implementado en el microprocesador ATMEL 2560 (incorporado
en la placa Arduino Mega). La légica de control permite discriminar a priori aquellas zonas
donde los seguidores solares generan sombreo. Para ello el programa de control requiere,
como datos de entrada, las variables geométricas del campo de colectores y su ubicacién

geografica.

El dispositivo toma medidas sistematicas de irradiancia en aquellas direcciones en las que no
existe sombreamiento entre colectores y ofrece aquella direccidn en la que la irradiancia es
maxima. De esta forma el dispositivo es util para realizar retroseguimiento en cualquier

instalacion PV.

Lo anterior, unido a que la tecnologia usada para la construccién de dicho dispositivo haya sido
realizada en hardware libre y cédigo abierto (FOSH) y, por tanto, de acceso libre (Open Access),
hace que se presente como una tecnologia pionera en estrategias de seguimiento y que,
paralelamente, permita a la comunidad cientifica acceder, modificar o incluso mejorar su

disefio.

6.3.Conclusiones del tercer articulo

En el tercer trabajo académico se ha profundizado en la caracterizacidon de los seguidores
solares de doble eje y, a diferencia del primer articulo, se ha optado por la evaluacién de la
irradiancia mediante un modelo mas complejo (Perez et al., 1990) para la caracterizacion del

vector normal a los colectores (7).

Paralelamente, se ha introducido como novedad en el estudio, la modificacidon de la geometria
de los colectores, mediante eliminacion de mddulos en los vértices, con lo que el andlisis de
intersombreado mediante el criterio dicotdmico basado en el algebra de Minkowski (Avnaim
and Boissonnat 1989; B. Chazelle 1983) presenta una envolvente irregular a diferencia de

seguidores de 1 eje.

Se presenta como caso de estudio la instalacion PV “El Molino” localizada en Cdrdoba,
mediante la simulacion de 25.000 variantes geométricas. Esto ha permitido evaluar la
radiacidn solar incidente anual combinando geometrias diferentes de colectores, modificacion

de la interdistancia entre ellos y disposicidn espacial en forma de matriz regular y tresbolillo.
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El resultado obtenido muestra que colectores con geometrias diferentes, presentan valores de
radiacion equivalente cuando tienen la misma envolvente, o bien cuando presentan simetria

respecto el eje NS.

La radiacion anual estimada se ha ajustado a una funcién empirica simple por minimos
cuadrados (R? = 0.993). El modelo empirico desestima la geometria de los colectores como
variable explicativa. En caso de ser explicativa su aporte seria inferioral valor de 3.3 kWh/m”

afo.

Paralelamente, el modelo propuesto ha permitido identificar las variables que influyen
notablemente en la incidencia anual de la irradiancia, y que vienen determinadas por la
distancia entre colectores (Dys, Dgy ), superficie de colector (S.,;) y el GCR de la instalacién.
Se puede llegar a explicar variaciones en la produccién eléctrica de 116 kWh/m’ afio,

24kWh/m?” afio y 104 kWh/m? afio respectivamente.

En lo que respecta a la distribucidn espacial de forma regular frente a tresbolillo, no es
conveniente asumir un mejor comportamiento de uno frente a otro, debido a que la variacidn
de 1.6 kWh/m?afio se situa dentro del margen de incertidumbre de los modelos de prediccién

de radiacion.

Finalmente, este estudio abre la puerta a futuras investigaciones en el andlisis del
comportamiento de colectores con geometrias irregulares, introduciendo variables de estudio

como la inclinacién del terreno, caracterizada en el primer trabajo académico.
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Abstract: This paper investigates how to optimally orient the photovoltaic solar trackers of an axis
parallel to the terrain, applying the sky model of Hay-Davies. This problem has been widely studied.
However, the number of studies that consider the orientation (inclination and azimuth of the terrain)
is very limited. This paper provides an examination of incident solar irradiance that can be extended
to terrain with variable orientation and in consideration of different azimuths of the axis of rotation.
Furthermore, a case study of the south of Spain is provided, considering different inclination and
orientation terrain values. The results obtained in this study indicate, as a novelty, that for lands that
are not south facing, the rotation axis azimuth of solar trackers should be different from zero and
adjusted to the same direction as the land azimuth in order to maximize energy production. Annual
energy production is sensitive to changes in the rotation axis azimuths of solar trackers (an influence
of around 3% of annual energy production).

Keywords: solar energy; single-axis solar tracker; backtracking; optimisation

1. Introduction

At present, population growth, deficiencies in natural resources and global warming are producing
challenges around the world. In recent years, various initiatives have been working on the development
or replacement of the current power grid to obtain greater efficiency in the electrical system and a
reduction in energy waste by reducing losses during distribution [1]. Such a system would contribute
to the promotion of renewable resources and the minimisation of the environmental impact in the
future. Therefore, there is a global requirement to preserve the environment and to improve the
penetration of alternative energy resources [2]. Within the framework of renewable energies, solar
energy is the form of energy that has shown the most remarkable growth in recent years thanks to
the reduction of costs and to legal requirements in many countries [3,4]. Similarly, photovoltaic (PV)
technology is one of the current technologies with a better future projection due to its simplicity and
scalability and the continuous manufacture, operation and maintenance reduction costs it enables for
solar panels [5].

However, the lack of the linearity in the solar energy received by solar panels, mainly caused
by Earth-Sun relative displacement, is a disadvantage to consider. It is necessary to redefine solar
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tracking systems by increasing the solar irradiance capture enabled by PV collectors and therefore
improve energy production [6].

Classified according to the type of movement, the following systems can be considered: single-axis
tracking systems, in which a mobile element adapts its position by rotating around a fixed axis; and
two-axis tracking systems, in which the collector plane rotates around two fixed axes, allowing an
orientation towards any direction of the celestial sphere [7,8].

Several studies have analysed the efficiency of energy production using two-axis trackers compared
with single-axis tracking and fixed panels [9-11]. Bahrami et al. [10] determined that the increase in
solar production of a PV plant with two-axis trackers compared to a system with single-axis trackers
at the same latitude is 0.42-23.4%. Similarly, the improvement compared to a fixed-panel system is
around 17.22-31.23%. Other authors, such as Hua et al. [6], concluded that fluctuations in energy
production can be reduced depending on the tracker distribution in the PV plant.

With regard to movement strategies, two types can be distinguished: those based on information
from pyranometers and those based on mathematical statements, determined by terrestrial and
solar movement. For this latter option two approaches can be considered. For the first, the sun’s
position is predicted by spherical trigonometry [12-14], and for the second, it is acquired by vectorial
calculation [15,16], This article uses vectorial calculation.

The most frequently followed strategy in solar tracking is that based on the astronomical model.
This method aims to minimise the angle composed by direct sunrays and the normal vector to the
collector plane, thereby increasing the direct portion of solar irradiance. However, this strategy is
not optimal for the PV energy case since it does not involve the remaining portions (diffuse and
reflected) which also contribute to energy production. This issue was thoroughly studied by Duffie
and Beckman [13], who found that on cloudy days astronomical tracking obtained an irradiance lower
than fixed panels because during those days direct radiation fails.

PV plant yields can be highly affected when panels are shaded by each other | 17-19]. Two consequences
can be derived from the shading effect on the panels. The first consequence is the reduction of captured
irradiance since the direct component does not reach the cell surface. The second consequence is the
increase in temperature of the shaded cell since it works as a resistive load absorbing heat from the
adjacent cells which thus accelerates its deterioration [15,20]. In this respect, it would be advisable to
arrange the location of the panels in such a way that there is no intershading. However, given the
high price of the terrain and the increasingly low price of the panels, the most common solution is to
construct PV plants with suitable distances between the panels that produce shade [21]. This important
scientific challenge has been widely studied by many authors who are interested in the reduction in PV
production due to shade from the panels [17,18,21,22].

In addition, solar geometry and PV plant design also affect energy production. Solutions which
aim at simulating all the relevant aspects of this issue therefore demand significant calculation
times [23,24]. However, authors such as Saint-Drenan and Barbier [21] have started to work on the
optimisation of this issue using a model with a low computational load. This model can maintain
the required accuracy levels using a few input parameters. However, it has only been tested in
two PV plants. The authors therefore recommend extending the validation of this model to other
facilities and geometries. Consequently, it is necessary to continue studying the influence of shading
on energy production.

Under this paradigm, the backtracking method can provide adequate solutions for the intershading
problem in PV plants [25], especially during sunrise and sunset when solar beams are very low and
there is greater intershading between PV modules. This method varies the optimum angle of greatest
solar incidence to prevent the back panels from being shaded (Figure 1). Although the result of using
backtracking is a lower angle of incidence of solar collection, it is more favourable than the projection
of shadows among adjacent solar panels [26].
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Figure 1. Backtracking method.

Backtracking has become a technique used to increase energy production in photovoltaic plants
in cloudy periods. The diffuse component of solar radiation is much more relevant in these cases and
“approaches” that ignore this component (such as astronomical ones) are thus no longer optimal.

This is not the only advantage of employing backtracking. There is also the resulting reduction
in hot spots on the trackers, which increases their life span and reduces breakdowns. Backtracking
also improves the ground cover ratio (GCR) of the installations, which has the effect of reducing the
economic impact with regard to the soil required when building plants [27].

For these reasons, there is a niche in scientific work focused on the development of options
utilising backtracking and on the optimisation of solutions responding to the challenges posed by solar
panels which are not exclusively focused on classical tracking [9,26,28,29].

From this perspective, work based on tracking has been undertaken with the aim of optimising
production throughout the movement of a panel path, including the backtracking periods [27].
To achieve this, the search is underway for a panel path that maintains the optimum production under
the premise that the panel is isolated and therefore does not receive shade from any adjacent panel.
Once this objective has been considered, a condition can be established to verify the possible shading
between photovoltaic panels. After these two steps, the shaded orientations can be indicated against
those that are not shaded. Thus, a panel path that optimises production, including the non-shading of
modules, can be established.

Since it is difficult to find a completely horizontal location for photovoltaic plants, further study
and deeper knowledge of photovoltaic trackers are required to offer optimisation guidelines for solar
capture. The present study was undertaken to include: (a) mathematical modelling of solar capture on
trackers; (b) programming that allows automation of the calculations; (c) simulations of case studies;
and (d) analysis of optimal conclusions. In light of this, conclusions were drawn on orientations,
land inclinations and distances between modules, etc., in terms of produced energy.

Figure 2a,b represent angles v (azimuth) and $ (inclination) for a generic terrain. The angle y
(azimuth of the collector rotation axis) is also represented. This study, based on the Hay-Davies model,
characterises solar radiation on trackers using angles x, f and y.
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Figure 2. Relevant geometry and vectors of an Earth reference system for current study. (a) Perspective
view; (b) orthogonal view.

127



TESIS DOCTORAL

Appl. Sci. 2020, 10, 8531 40f16

The remainder of this paper is organised as follows. In Section 2 the model used, the mathematical
optimisation bases, the backtracking method and the relevant software development are presented.
Section 3 outlines how the methodology was tested in Cérdoba, Spain, and the results are discussed.
In Section 4, conclusions are drawn based on the restrictions shown and potential further research
is indicated.

2. Materials and Methods

2.1. Astronomical Bases and Irradiance Model

Knowing the concrete position of the sun at each moment of the day and on each day of the year
is fundamental for determining the direction of solar beams. It is possible to determine the position
of the sun accurately by using astronomical geometry. For this purpose, a solar vector was defined,
expressed with respect to a terrestrial reference system (Figure 2) and formed by the axes Ox, towards
the west; Oy, towards the south; and Oz in the zenithal direction. The position was determined by
Equations (1) and (2):

-
s

=5ei +8y] +5:k M

S = sfnﬂl'wsb-l? + (cosQt-cosdsing -Siﬁlﬁ‘cﬂsm) j+ o)
(cosQt-cosd-cosg + sindsing) k

where d represents the solar declination, ¢ the latitude and Qf the hour angle. This angle was calculated

as the Earth’s rotation speed, 271/24 rad/h, for the hours since solar noon [30].

In PV technology, all irradiance components (direct, diffuse and reflected irradiance) are usable.
Traditionally, the astronomical model has been used to determine the position of the sun. Applying the
astronomical model to solar tracking means that the angle formed between the direct solar rays and
the normal angle to the collector’s surface & must be as low as possible. With astronomical tracking,
the value of the direct irradiance component is maximised, which is appropriate for applications
focused on this component (such as concentration technologies). Therefore, this type of tracking is not
the most suitable for the purposes of this study. For instance, on cloudy days, when the solar disk
is not visible and direct radiation does not reach the collectors, those located on a fixed horizontal
position collect more energy than those using astronomical tracking. Therefore, to study the influence
of diffuse and reflected components on solar tracking, several sky models have been proposed.

The Hay-Davies method [31] was used for the calculations in this work because it adequately
describes the anisotropy of radiation [32] in addition to being notable for its simplicity, as opposed to
other more complex models such as those of Muneer [33] and Perez [34], and for obtaining high quality
results [35-37]. This model establishes that a determined fraction of diffuse irradiance is directed
according to the direction of the solar disk. Models such as that of Hay-Davies [31] describe the
irradiance affecting a solar panel by considering its three components, direct, diffuse and reflected
irradiance, but take into account the fact that the diffuse component has a preferential direction in
which the diffuse radiation is greater. According to Hay [31], the mathematical expression of the model
is given by Equation (3), where the first term indicates the direct irradiance [, the second term refers to
the diffuse irradiance Iy and the third term corresponds to the reflected component, taking into account
the visible soil fraction and the albedo, p. Iz and Ip are determined by the Collares-Pereira model [35].
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where £ is the inclination angle of the collector and € is the solar zenith angle, that is, the angle
between the solar vector and the zenith axis.
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2.2. Optimisation of Collector Orientation

The aim of this study was to establish guidelines for designing facilities with solar trackers on
a rotation axis ¢. This axis was considered as parallel to the terrain; no restrictions were initially
imposed on it. The general results are valid for any disposition.

In this study there were two degrees of freedom for the orientation of a surface, the azimuth y
and inclination $. In the case of single-axis trackers, there would only be the elevation. The orientation
of a panel was characterised by a single vector ¥, normal to the surface of the panel. The objective was
therefore the calculation of 71 such that that the solar capture was the maximum.

Expanding on the treatment of the vectors, the cosines of the angles 0, 0z and £ that appear in the

expressions of the different models of the irradiance are expressed as the scalar products of :’,7; and k:

cosf = n (4)
cosfz = ?7(‘ (5)
cosE = k-n (6)

Substituting the previous expressions into the Hay-Davies model [31] gives the following:

- - - - —* -
1==Zlg+ [S_:'- I_B+( e ’D+P1_k." (Is +Ip) ™
25 .1 Jon Iou) 2 2

To optimise the irradiance | = l(_s'-ﬁ‘ + X ﬁ), the Lagrange multiplier method was used with the

following restrictions defined: ce=Lnn=1en=0r¢ being the ground normal vector.
0(71., A, v) = I(?T; Y 71') + r\(l —T;Tl‘) + ;1(0 - ;.71') - v(l - ??) (8)
The differential is described by:

D = a(g_fﬁ); + a(g—fﬁ); =240 —pé |t + [1 = fdA +dp[o— ¢+ [1-EElav @

by matching the brackets to zero.

do= |25 ¥ o5 |+ [t - A+ dufo-T] + [1-FE )y a0y
so) a(k-n)
By naming
et f’_‘ an
3( s -n) k. ,,)
three vectors _!;, Wand ¢ appear. These vectors fulfil the relation:
U-2An—-pe =0 (12)

So, they are linearly dependent and therefore coplanar.
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As 1 is perpendicular to ¢, it can be expressed more easily.
R u-aa“
(13)

_._,_.

Ll"lll

Figure 2 represents the plane formed by the vectors i, nande.

Figure 3. Representation of the plane formed by the vectors W, nand ¢,

Replacing the vectors ¢ and 1 with their expressions results in the equation that defines the

vector;;:
7= ) s
7
] 2{ /I [ N o U R S B
=) 4‘ 7)) EDNE)) T C ©7)
gy
79 "
_dl_. Tk =B 3.7 4+ ._z:_i'.*, (14)
_N)] .,{“] z{a(uv) a(,.:,‘)"' ;f;-) ¢
—Lsf‘- zl

i) .‘ ,] i

J«---) [1 ;] e -"»]l«-x’ ey »TL]

This result makes it possible to calculate the optimal direction of the normal vector for any
irradiance model in any direction of the rotation axis and for different positions of the sun. By replacing
the values of the partial derivatives in Equation (14) with those obtained from Equation (7), we get:

A= 21+ L)

As7)

9(?.}7) =( - ro%)'g'&(fﬁﬂp) (15)

Utilising Equation (16), the values of 7 can be obtained at any given time for the optimum
irradiance incidence.

For example, for the simplest case of a direct irradiance model which only takes into account the
first term of Equation (3), and with the rotation axis of the solar panels assumed to be horizontal to the
ground, a normal vector like the following results, where the vector T is:

B cosfi-sime E7y cosfi-casy ';
Vsm?fi4-cos?poos? (= ) \jcmz{i: cos?ficos? (y=x] (16)
_ qu os(y-x) k
V:urﬂ—-wsi;inmil r=x)
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P being the inclination of the terrain, y the azimuth of the terrain and y the azimuth of the rotation
axis collector.

2.3. Backtracking

In the previous section, the methodology used to determine the orientation of the solar tracker in
order to obtain the maximum solar capture was detailed. This section describes the method used to
prevent a solar tracker from shading an adjacent tracker. Only two factors needed to be considered
for this method: the position of the sun and the orientation of the panels. To study intershading it is
convenient to use an auxiliary reference system where the representation plane is perpendicular to the
tracker axis. For this purpose, the vector E was defined as:

g=¢ xnr 17)

- ; - : :
where ¢ is a vector perpendicular to the ground normal vector ¢, as well as to the rotation axis vector
>

- - -t =
n7. The solar vector s and the plane normal vector in the optimal position 1 were named s” and 1’ in
the reference system composed by {-ff, e, ff}} (Figure 4).

Solar Tracker A Solar Tracker B

> x

Figure 4. Reference system indicating the solar trackers, normal vector and solar vector.

The procedure used to estimate whether a solar panel B would shade an adjacent panel A was

to project the shadow of panel B onto the straight line on which the adjacent panel A lay (Figure 5).

Since the sun's rays are parallel to each other, the projection of one point was sufficient. First, a vector

was defined from the centre of solar panel B in the direction of the solar rays 7s’. Next, the central
point of solar panel A was projected onto the centre of panel B, defining 7. The examination of this
vector enables the determination of whether shading will occur.

Solar Tracker A Solar Tracker B

Figure 5. Vectors in the solar trackers reference system.
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In order to obtain the vector 71', both terms were multiplied by the vector n’:

ey

dn’ =0+7

o S .. - (18)

8ty + 820

“l

Substituting the value of 7 from Equation (19) into Equation (18) results in:

1-Fp2st _§ (19)

s'yn'y + 5 ns
Vector 4 can be obtained according to the following expression:

- ( n'od ,\) - n yd . 20)

31

a=|d- s'y|p - 'z
St x +8on'; # §'xt'x + 8",

As mentioned above, the examination of vector 7 enables the determination of whether shading
will occur. If the module of the vector is less than the width of the panel, shading will occur.

|7{| <h (1)
To avoid this situation, backtracking was used to look for a new orientation of the panels that
prevented shading. The new orientation was intended to involve a minimum deviation from the

optimal capture orientation. The new inclination angle a was that which caused the shading of a panel
to fall on the edge of the adjacent panel (Figure 6).

I ¥4 Solar Tracker A Solar Tracker B

vh - / -

nr

-
>

—
q

Figure 6. Angle « avoids the shading of solar panels.

This inclination angle @ was calculated based on a triangle formed by the line that joins the center

of the two panels d, the projection of the centre of the panel on the line of the adjacent 75’ and the
distance that corresponds to the module of vector @ in Figure 5, which in Figure 6 is equivalent to the
width of the panels, /1.
The angle C is the one between the solar vector s and the X axis:
o

y= arc(an;T: (22)
Sy

The value of the angle 0 can already be calculated as:

sind = ginid (23)
Therefore, the inclination angle of the solar panel can be calculated as follows:
a=mn-96-C (24)
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The normal vector that leads to the determination of the orientation of the panel in order to avoid
shading is:

n’ = sina ;f + cosa ny (25)
2.4. Software Applications for Analysis

To calculate the irradiance received by each solar panel, a function was implemented in Visual Basic
for Applications (VBA) for Excel in which the calculations described above were developed. As seen in
Figure 7, the function was based on several input parameters (latitude, Julian day, geometrical values,
irradiance model considered) and provided an irradiance value every three minutes. Some restrictions,
such as whether it as daytime, the maximum radiation related to the used model and eventual shading
with backtracking response were assumed.

Calculation of reference system

Wait 3
minutes

Is it day time?

YES

Caleulation of selar vector and direct

and dif fuse irradiance

Caleulation of normal vector to obtain

maximum irradiance according to Hay = Davies model

1s there any shadings

hetween panels?

No

YES

Recalculation of normal vector

Calculation of angle 8 (between solar and normal vectors)

and irradiance according to Hay — Davies model

Figure 7. Flux diagram for Visual Basic for Applications (VBA) function.
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3. Results and Discussion

The practical results provided the value of the estimated annual radiation using the Hay-Davies
model [31] for various land configurations. All the calculations were made for the province of Cordoba,
Spain, therefore assuming the same geographical values (latitude = 37.75492° N; longitude = 5.04548° W)
and the same climatic values throughout the year, varying only the values of inclination f and azimuth
A for a fixed panel width /i = 3 m and separation between panel lines d = 6 m.

For each inclination f (from 0° to 45°, 1° increment) and terrain azimuth y (from —60° to 60°,
57 increment), the rotation axis was oriented with a wide range of azimuth y (from —20° to 20,
2° increment).

Terrains with negative inclinations were not considered since PV plants are not commonly installed
in shaded areas.

For facilities located on terrain with a null azimuth (oriented south), independently of its inclination
even if it is null, the optimal orientation of the axis of rotation is southward (y = 0°).

For each value of the inclination of the terrain §3, it was also observed that the maximum value of
irradiance was obtained when the azimuth of the terrain y was 0°. That is, the optimal situation is
when the terrain is oriented south and the axis of rotation is directed in the same direction. If the terrain
has another orientation, the value of the optimal angle towards which the axis of rotation should be
oriented would move in that same direction. This fact is more evident at higher values of the terrain
inclination 3, although in no case will the azimuth axis y be as high as that of the terrain y.

The results for a case study with a § = 157 inclination are presented in Figure 5. Figure 5a shows
the variation of radiation with regard to y when the azimuth of the terrain y = 0°. However, when the
terrain was not oriented to the south, as shown in Figure 8b in which the terrain was turned y = 30°,
the maximum radiation was obtained by orienting the axis with an azimuth y of 6° towards the south.
The losses with regard to the maximum radiation obtained in a terrain are shown in Figure 8¢, where
itis again verified that, by orienting the axis at 6°, these losses can be minimised. Finally, Figure 8d
shows the optimal orientation to direct the axis for the different values of the terrain azimuth x. In this
way it is possible to estimate the orientation that achieves optimal radiation considering the azimuth
of the terrain y.

As already mentioned, for each inclination value the maximum irradiance value was obtained
when the terrain had an angle y = 0°. In addition, as the inclination of the terrain increased,
the radiation affecting the panels was greater, as seen in Figure 9. The explanation can be found in
the latitude for which the calculations were made and in the fact that the direction of the sun is not
perpendicular to the horizontal plane. The inclination of the terrain influenced the radiation, increasing
until a value of § of around 217, where the maximum was reached.

230 — 228 —
=15 p=15°
228 — x=0 221 | X=3%"
€ E
%m - 220
] g 225 —|
S 224
& 3
24
222 —
T T T T T ] o T T T ]
80 40 20 0 20 40 60 20 -10 0 10 20
Azimuth angle of the collector rotation axis y (") Azimuth angle of the collector rotation axis y (%)
(a) (b)
Figure 8. Cont.
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Losses (%)
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Figure 8. Results for a case study for inclination 15%: (a) maximum radiation; (b) radiation variation for
307 azimuth; (¢) maximum radiation loss for 30° azimuth; (d) axis azimuth for optimal terrain radiation.
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Figure 9. Variation of the maximum radiation affecting the collector with respect to the inclination of
the terrain.

The difference observed between the radiation value for a particular axis azimuth and the
maximum capture obtained in the optimum direction was greater as the inclination of the terrain
increased. Thus, in low-inclination terrains the difference was low and while for steeper inclinations
the losses were considerable. Figure 10 shows that, in the specific case of f§ = 20°, the losses caused by
a bad choice of rotation axis direction can reach values above 7%.

2 o kB &5 B

Azimuth angle of the termain x (%)
b o

8§ 5 B &

60 40

-20
Agimuth anghe of the colectar rotation axis y (*)

0

10

Figure 10. Losses for different axis and terrain azimuth values.
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Figure 11 shows the losses for the conditions y = 0° and f = 20°, considering an azimuth range y
from —60° to 60°. For terrains that are also oriented towards the south, or close to it, the losses will be
zero or very low, but as the azimuth of the terrain increases, the losses become considerable.

5 —
B=20°
4 Yro
£3
-
—
1 -
. T R T ]
-60 -40 -20 0 20 40
Azimuth angle of the terrain x (°)

Figure 11. Losses with 0° axis azimuth and 20” inclination.

Thus, it is possible to establish a relationship between the sensitivity of the collector axis azimuth
7 and the inclination f and azimuth of the terrain y. Itis worth highlighting the novelty of this result
since no references have been found in the literature suggesting this relationship between variables.

Another key factor when configuring the layout of the collectors was the separation between
them. This fact had an influence since the greater the panel separation is, the fewer shading effects are
produced and the fewer losses due to a decrease in production. On the other hand, it was not possible
to separate the rows of collectors as much as desired, since the costs associated with a higher terrain
occupation increase rapidly [21]. Figure 12 shows that, depending on this parameter, the irradiance
demonstrated asymptotic behaviour. This was because the shadow effects of one collector on another,
when separated by a sufficient distance, were no longer perceived, thus resulting in an irradiance value
like that of an isolated collector without adjacent collectors.

224 —
T 220 —
35
=
5216 —
B
8
£ 212
X =30°
208 — ---x=0r

rr1r 11T 1T 17T 1T 1T T T

14 16 18 2 22 24 26 28 3 32 34 36
Ratiod/h (h=3m)

Figure 12. Irradiance by varying the ratio d/h (h = 3 m).

4. Conclusions

In this paper, the solar capture on horizontal one-axis trackers was mathematically modelled,
thus establishing the rotation axis orientation for any irradiance model. Backtracking was used to
avoid the shading of some panels on adjacent ones, modifying their orientation. The results obtained,
combined with those in the literature, amount to an advance in the knowledge on photovoltaic trackers
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with axes parallel to the terrain, allowing an optimal design for terrains without the horizontality
described in previous works.

A program and a subroutine were implemented in VBA to automatically calculate the radiation
affecting a solar tracker for different terrain configurations and for which it was possible to vary the
characteristics of the installation, namely the rotation axis orientation and the ratio dimension of the
panels It and the separation d between adjacent rows. Simultaneously, the program and subroutine
provided the optimal azimuth y value for the rotation axis to be suitably directed and the loss values
for each possible maximum radiation value for each inclination g of the terrain.

The calculations of the amounts of radiation affecting solar panels, assuming fixed width and
distance between lines of panels and varying terrain inclinations § and azimuth y, were made in
Cordoba, Spain.

For any given value regarding the terrain inclination f, it was verified that a higher value of
radiation was obtained for terrain that was oriented south (y = 0°). The optimum direction for the
rotation axis collector ) should also be southwards.

An important contribution of this research is the relationship established between the azimuth
vy of the collector axis and the inclination f and azimuth of the terrain. For terrain that is not south
facing, the rotation axis azimuth y of the solar trackers should be different from zero and varies in the
same direction as the land azimuth y. If the axis of rotation is positioned in a different direction to
the optimum, losses in potential energy production arise. These losses vary according to the terrain
inclination fi. The greater the difference between the optimum azimuth y and the terrain inclination f,
the greater the production losses will be.

Another important conclusion drawn from this research concerns the collector layout on the
power plant surface. As the distance d between rows of collectors increases, a greater amount of
radiation is generated. Such growth is asymptotic.

Overall, some progress has been achieved towards the objective of deepening knowledge
concerning photovoltaic trackers. Consequently, guidelines were proposed for solar capture
optimisation in photovoltaic plants. This work opens up further lines of research into the geometric
layout optimisation of solar trackers involving more complex models, such as those of Perez [34] and
Muneer [33], and real databases.

As a result of the aforementioned conclusions, it is considered that this study can be the basis for
further work, such as the study of one-axis solar trackers located on terrains with irregular topographies
or of the collector distribution system, considering potential uses of the land.
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Abbreviations

3 projection vector of the solar panel being studied for shading
E distance between the centers of two adjacent solar collectors
v unit vector contained in the collector rotation axis

GCR ground cover ratio

It collector width

_,', 7 k unit vectors associated with a local Cartesian system

I global solar irradiance on the tilted collector

Iy direct solar irradiance on the horizontal plane

Ip diffuse solar irradiance

lon extraterrestrial irradiance

" normal vector to the surface

o optimal normal vector to the surface

ey, n'; components of optimal normal vector to the surface

E} narmal terrain vector

» unit vector perpendicular to ground normal vector ¢

:; perpendicular vector to nrand ¢

s solar vector

Sx» Sys Sz components of solar vector

;7 optimal solar vector

N I Y
Sx, 8y 5=
3, L

u

Greek Letters

DX BE "= >POMS< ™R
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Abstract: In this work, an omnidirectional sensor that enables identification of the direction of the
celestial sphere with maximum solar irradiance is presented. The sensor, based on instantaneous
measurements, functions as a position server for dual-axis solar trackers in photovoltaic plants. The
proposed device has been developed with free software and hardware, which makes it a pioneering
solution because it is open and accessible as well as capable of being improved by the scientific
community, thereby contributing to the rapid advancement of technology. In addition, the device
includes an algorithm developed ex professo that makes it possible to predetermine the regions of
the celestial sphere for which, according to the geometric characteristics of the PV plant, there would
be shading between the panels. In this way, solar trackers do not have to locate the Sun’s position
at all times according to astronomical models, while taking into account factors such as shadows or
cloudiness that also affect levels of incident irradiance on solar collectors. Therefore, with this
device, it is possible to provide photovoltaic plants with dual-axis solar tracking with a low-cost
device that helps to optimise the trajectory of the trackers and, consequently, their radiative capture
and energy production.

Keywords: free and open-source hardware (FOSH); sun position sensor; omnidirectional sensor;
solar trackers; PV plants; backtracking

1. Introduction

The industrial and technological development that society has undergone, as well as
the increase in the population worldwide, has led to a growing demand for energy [1,2].
Satisfying this increase in energy demand only by means of traditional methods of energy
production based on fossil and nuclear resources entails serious environmental problems
that endanger the sustainability of the Earth, such as pollution and climate change [3-5].
In response, the scientific community has highlighted the importance of enhancing the
role of renewable energies in the energy models of both developed and developing
countries [1,6,7]. In fact, the number of journals and papers related to renewable energies
has experienced a remarkable growth [8], which shows the increasing researchers’
awareness of the need to contribute to the improvement and the progress of this field of
science and its beneficial impact on the challenges of current society.

Among these possible renewable energy sources, solar energy plays a fundamental
role [9-11] since, as stated by Kannan and Vakeesan [3], it is an abundant source of energy
that, being properly exploited, could be enough to satisfy world energy demand.
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Furthermore, it is available all over the planet, its use has no negative impact on the
environment and it is a technology that is easily usable at all levels (industrial, domestic,
etc.). The technological improvements achieved in recent years have allowed to reduce
the production cost of PV energy to values competitive with those of the energy supplied
by the grid [12]. As a result, the presence of PV technologies in the energy market has
experienced a significant growth [13]. However, in order to continue promoting this
expansion, it is necessary to continue researching into new solutions that will maintain
their growing development and technological progress [12].

1.1. Literature Review on Solar Tracking

Among the solar energy technologies, photovoltaic (PV) is undergoing a remarkable
boom due to its simplicity and low cost, as well as the significantly technological
enhancements that it has been experiencing. As a consequence, it is becoming a promising
source of electricity generation [14]. However, despite its rapid technological evolution,
there is still plenty of room for optimisation in the efficiency of the management of
photovoltaic installations, as well as in the configuration of its design, which would lead
to a potential increase in its development,

One possible line of technological improvement of PV that has been worked on for
decades is solar tracking [9]. It tries to alleviate the negative effects of the high variability
of the solar resource, both in time as well as in space, by reorienting the PV panels towards
possible directions that increase solar irradiance collection. In order to do so, solar trackers
are very useful both in large PV plants connected to the grid and in small domestic
installations in which the space available for the installation of the panels is often reduced
and, as a consequence, it is necessary to increase the energy generated per square metre
of collecting surface [15].

There is a traditional classification of trackers based on the degrees of freedom of the
tracking movement according to which they can be categorised into single-axis trackers
and dual-axis trackers, The former is characterised by modifying the orientation of the
collector plane by turning around a single fixed axis. The latter are characterised by a
movement of its plane through the rotation of a system composed of two fixed axes, which
allows it to orient itself in any possible direction in the celestial sphere [16]. Although
dual-axis trackers are more expensive and require more work to implement and maintain
than single-axis trackers, they offer better performance [17-19]. In fact, although some
authors affirm that dual-axis monitoring systems have no future due to their complexity
and high cost [20,21], Eldin et al. [14] suggest that, at present, this type of technology is
widespread throughout the world and that multiple research is being developed to
improve both the technology and its efficiency/cost ratio, so that its energy production
exceeds and compensates for the costs of the installation and maintenance as well as the
energy consumption used in the movement of the trackers.

Another possible classification of solar trackers is the one based on the mechanism
that enables monitoring. Thus, on the one hand, there are passive trackers that do not use
mechanical devices for movement. To the contrary, in most cases, they are composed of a
pair of actuators, filled with expandable gas, which in the case of imbalance, are levelled
with equal lighting by means of thermal expansion [22]. In comparison, active solar
trackers use motors commonly governed by control signals for movement in search of the
position of the Sun, which are very precise devices except on very cloudy days [23].

Finally, depending on the tracking control strategy, a distinction is made between
trackers in which the movement, both in azimuth and elevation, is governed by
mathematical models (in open loop) and those in which the system feeds back through
irradiance sensors (closed loop).

Various literature review works have systematically collected the data obtained by
different solar trackers developed by the scientific community, finding that the energy
produced by a PV system with tracking is always greater than that of a system without it
[9,10], except on spring or summer days with great cloudiness [17,24]. More specifically,
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Eldin et al. [14] carried out a study on the convenience of monitoring systems depending
on the climatic conditions of the place and verified that the output power of photovoltaic
panels with solar monitoring depends on environmental conditions. Thus, while in cold
regions with a high incidence of cloudiness, monitoring strategies are profitable for
maximising the power of photovoltaic panels, in places with very hot and sunny climates,
they are not, due to the negative influence of overheating on performance of photovoltaic
panels. Likewise, some authors have analysed the improvements in energy production of
PV systems with solar tracking depending on the type of technology used and the latitude
of the study site [25-27]. Thus, it has been shown that, in general, the higher the latitude,
the better the monitoring efficiency is achieved, reaching improvements of up to 57% [23].

Similarly, with regard to grid-connected PV installations, a recent study [28] has
analysed, from a techno-economic-environmental point of view, the use of different solar
tracking systems to maximise the photovoltaic power generation in residential solar
installations connected to the grid in eight regions of Iran with diverse climates. Based on
the study carried out, they found that the dual-axis monitoring system is the most efficient
(32% average increase in energy production compared to an installation without
monitoring), while the vertical single-axis monitoring system is the most profitable (23%
increase in energy production compared to a nonmonitored installation with only 1.6%
increase in energy cost). In general terms, the study concludes that the use of the solar
tracking system in residential installations connected to the grid significantly reduces the
number of panels needed, but this reduction in size is not always profitable due to the
high cost of the monitoring units. However, the profitability of the installation increases
significantly in all cases when the sale of electricity to the grid is allowed.

As far as the monitoring strategy is concerned, the most frequent in the literature is
that based on solar astronomical movement, which aims to minimise the angle of
incidence € between the solar rays and the normal to the capture surface. According to
this astronomical tracking strategy, various works [29-34] show prediction models of
incident irradiance on the plane of trackers of both single and dual axes, with a degree of
accuracy for solar location in the celestial sphere to the order of mrad [35-37]. The models
used for astronomical tracking have traditionally been based on spherical trigonometry
[31]. However, recently, a new paradigm using vector algebra to define the solar
movement and that of the trackers can be found in the literature [38-45]. For this, these
madels use the solar vector §, which is a unit vector that is directed to the centre of the
solar disk. Its expression in different coordinate systems and the use of the definition of
scalar and vector product enable the deduction of the entire system of astronomical
relationships that govern the movement of the solar trackers [46).

Furthermore, as previously mentioned, the astronomical tracking strategy seeks the
optimisation of the direct component of solar irradiance. Consequently, it is adapted to
solar concentrators that are based on the use of this component, but not to flat PV
collectors in which the remaining components of irradiance (diffuse and reflected) are also
used. Thus, on days when the solar disk is not visible and direct irradiance does not reach
the collectors, the efficiency of this monitoring strategy is not satisfactory [23,30] and the
capture of the collectors is less than that which would be obtained on a horizontal flat
surface. Despite this, it is difficult to find references that determine models for solar
tracking on these types of days, so it is necessary to continue developing mathematical
equations that also take into account the diffuse and reflected components when trying to
maximise radiative collection as part of solar tracking strategy.

On the other hand, the energy reduction caused by shading is particularly significant
for PV installations. In addition, the shaded cells become overheated, which may lead to
a fast degradation of the modules, Backtracking is applied to prevent the inter-shading of
collectors. This technique consists of shifting the collectors to positions where shadows no
longer appear [26,32,47]. Combining these two requirements (optimising global irradiance
and performing backtracking) leads to a differentiation within the dedicated and specific
tracking strategy for PV plants, studied further in this article.
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In this line of work, a novel solar tracking strategy with back-tracking has been
proposed to optimise the capture of solar irradiance at all times while avoiding inter-
shading between collectors in PV plants with dual-axis tracking [39-41]. In this study,
based on empirical models for the characterisation of the hemispheric distribution of
irradiance, the authors quantify the increases in solar incidence on collectors at a higher
value than 2%. In order to implement this strategy in existing facilities, the device
presented in this article is developed and built.

Likewise, other authors [17,48-50] have implemented tracking systems with sensors
that follow the position of the Sun with great precision and that have the advantages of
easy implementation, simple design, low cost and a high level of adaptability. However,
it is necessary to continue advancing in the search for tracking strategies that enable
constant identification of the direction of the celestial sphere in which solar irradiance is
maximum in a simple way regarding the hardware and software necessary for its
implementation and that does not imply an increase in the cost of the technology, either
in implementation or maintenance.

1.2, Literature Review on Free and Open-Source Hardware and Software Applied to PV Energy

Despite the great progress that new technologies have experienced in recent decades,
the energy supply network based on traditional technologies has not evolved at the same
rates [5]. However, this is different in the case of renewable energies. In that sense, it is
increasingly common to find in the literature proposals based on free hardware in the field
of photovoltaic solar energy, in general, and in solar tracking, in particular. Thus, for
example, the use of microcontrollers (many based on free hardware) in the
implementation of various photovoltaic tracking strategies presents an important
competitive advantage at an economic level compared to control based on traditional
PLCs [51]. In general terms, with the use of technologies based on free hardware in the
field of solar PV energy, not only are lower costs sought, but it is also intended that the
results and yields obtained are similar to or better than those achieved by commercial
solutions [52]. In this sense, as it is a free hardware system, it can be shared among the
scientific community and can be edited and improved by different experts [53]. Another
advantage is the fact that the application of the devices shows a wide range of possibilities
both at the level of capture (irradiance, temperature, and humidity) and control of the
complex processes in which it works [54]. In addition, the possibility of safely, quickly
and easily storing the huge amount of data generated by any photovoltaic installation is
an important milestone in working with free hardware devices [55].

Among some of the devices found in the literature is the one by Gutierrez et al, [15]
that presents a single-axis solar tracker for the integration of buildings controlled with an
open-loop control strategy implemented through Arduino and loT. This makes it a low-
cost device with a flexible implementation and applicable anywhere in the world. A new
electronic sensor based on free hardware has also been developed, validated and patented
to measure radiation and global radiation on the horizontal surface [56]. The device is
characterised by high precision and the technologies used in its implementation (Arduino
and ToT) make it a low-cost device with a high level of connectivity and ubiquity, which
is why itis easily applicable to the monitoring and control of any PV plant and, especially,
to “smart-grid” solutions. Paredes-Parra et al. [57] have also developed a low-cost and
open-source system, based on loT and LoRa, which allows remote monitoring and real-
time operation of a PV plant and, therefore, facilitating maintenance and supervision
tasks. Similarly, Pereira et al. [58] have developed a new multi-user remote data
acquisition and transmission system, based on Raspberry Pi and loT technology, to
monitor a photovoltaic plant in real time. Therefore, it can be affirmed that the
relationship established in the different levels of aggregation of solar energy (generation,
smart grids and integration) is a field in which the use of the aforementioned technologies
finds an interesting space due to the versatility shown [59,60].
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In accordance with all the above and combining the two lines of work presented, this
paper describes a sensor that uses an onmidirectional solar tracker, based on Free and
open-source hardware (FOSH), which acts as a server of position for dual-axis PV
trackers, identifying at each instant in time, the optimal orientation of the PV panels from
instantaneous irradiance measurements. With this, the solar trackers do not have to search
for the position of the sun using algorithms based on solar geometry while taking into
account other conditions (cloudiness, shading between panels, etc.) that also influence the
irradiance received by the capturing surfaces. In this way, it is possible to provide PV
plants with dual-axis solar tracking with a low-cost device that helps to optimise the
trajectory of its trackers and, consequently, its radiative capture and energy production.

Following this introduction, the remainder of the article is organised as follows: in
the next section, Section 2, the proposed design and the algorithms implemented in the
device are outlined; Section 3 presents how the system was tested for a PV plant in
Penarroya (Spain) and discusses the results. In Section 4, conclusions are drawn based on
the work developed.

2. Proposed Design

To achieve the objective described above, the device presented makes a scan of the
celestial sphere, during which the incident irradiance measurement is carried out in order
to determine the orientation for which this magnitude is maximum. However, as a
novelty, the device incorporates a dichotomous algorithm, designed by the authors [39,40]
that, prior to the scanning of the celestial sphere, identifies those orientations of the solar
trackers for which there would be inter-shading between the collectors. With this, the
proposed device restricts the search field for the orientation of maximum irradiance to the
set of spatial directions in which there is no inter-shading, which in practice implies a
backtracking strategy. Once the direction of maximum irradiance has been identified, the
azimuth (y) and elevation («) angles corresponding to it, stored in the device that acts
as a position server, are made available to the solar trackers of the PV installation for their
orientation towards the position of maximum capture.

The technological solution presented consists of a pan-tilt type orientation
mechanism that allows the positioning of an irradiance sensor in any direction of the
celestial sphere, characterised by its azimuth (¥) and its elevation (a), as well as an
irradiance measurement and control system in real time. The mechanism is controlled by
a microprocessor that is also in charge of carrying out the irradiance readings and their
transmission to the solar servers, For its operation, the necessary algorithms have been
developed and implemented to adjust the movements of the solar trackers so that optimal
energy production is achieved. Likewise, the complete architecture of the device has been
developed, based on Free and Open-Source hardware (FOSH) and a simple control system
with functionalities associated with loT technologies. All of this makes the device an
economically competitive tilt and azimuth server, capable of integrating into dual-axis
photovoltaic installations and favouring the optimisation of its energy production. This
previous dichotomous algorithm for the detection of inter-shading as well as the
electronic and mechanical design of the device is described below.

2.1. Algoritlm for the Detection of Inter-Shading between Collectors

As mentioned above, the device includes a simple and programmable algorithm in
8-bit AVR RISC microprocessors that, taking into account the characteristics of the PV
installation, enables one to know whether a certain orientation (y,a) of the collectors
would imply the partial inter-shading between them for a certain Julian day (d)) and a
specific solar hour (t) prior to the scanning of the celestial sphere. This algorithm is
supported by a novel tracking strategy developed by the authors and the one that is based
on Minkowski algebra [39,40].
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This procedure can be understood as a Boolean function dependent on (y, @, dy, t) in
which the result “TRUE" implies the existence of inter-shading and “FALSE,” the absence.
As auxiliary information, this function requires:

1. The width (a) and height (b) of the solar collectors.
2. The set of Cartesian coordinates (x,y,z) of the base of each solar tracker, using as a
reference system a local coordinate system in which the Ox axis goes to the West, the

Oy to the South and the Oz to the point Zenith. This information is structured by

three arrays x|i], y[i], z[i] in which i is the index assigned to each solar tracker

(Figure 1), so that 1 <i < N is verified, where N is the number of trackers in the

installation.

3. The solar vector or unit vector that points to the solar disk at each instant of time that,

in the reference system considered, is given by the Equation (1):

S=si+sj+sk=

=sinft cosdi+

+(cos Ntcos §sing — sin&§ cos )] +
+(cos N tcos 8 cos @ + sin 8 sin @)k,

1)

where ¢ is the latitude, 2t is the hourly angle, defined as the product of the Earth
rotation speed (9 = 2m/24rad/h) and the time elapsed since solar noon, and & is the
solar declination given by Equation (2), being I and auxiliary angle dependent on the
Julian day according to Equation (3)

§(rad) = [0.006918 — 0.399912 cos(I") +
+0.070257sin(I") — 0.006758 cos (2I") +

+0.000907sin(2") — 0.002697 cos(3I") + @
+0.00148sin(3I')],
2rn(d, 1)
F(rad) ="t "2 3
(rad) %5 &)

4. The unit vector 7, which indicates the direction towards which the solar trackers are
oriented, being perpendicular to the collectors, and which is given by the Equation
4).

it = cosa-sinyi +cosa-cosyj+sinak, (4)

5. The unit vectors @ y ¥ included in the collector plane, where # is horizontal
(Equation (5)) and ¥ (Equation (6)) perpendicular to .

d=-—cosyi+siny], (3)

ﬁ=slna-casyT—sma~cosyf+cosaE. (6)

Figure 2 shows the flow chart of the designed and implemented procedure.
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Figure 1. Geometric elements necessary to determine the existence of inter-shading according to
the algorithm of Fernandez-Ahumada et al. [39,40].
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2.2, Design of the Propesed Technological Solution

The mechanical design of the proposed device has been resolved by means of a flat
surface with two degrees of freedom (Figure 3). The manufacture has been carried out by
means of additive printing on acrylonitrile butadiene styrene (ABS) filament, a
thermoplastic polymer with good properties with regard to distortion and softening
temperatures, 96 and 93 °C, respectively. The whole set remains inside a transparent
methacrylate dome.

Figure 3. (a) Design of the system, (b) electronical components, and (¢) photography of the prototype.

Figure 4 schematically shows the concept of the electronic design of the system in
which four blocks are distinguished: sensors, processing, actuators and communications.

e Sensors: On the one hand, the system includes a sensor system whose purpose is to
know the solar time corresponding to orientations that are not allowed because they
cause inter-shading between the collectors. For this, among the different options to
obtain the time (internal clock of the microcontroller, time server or external RTC
module), in this prototype, a DS1307 real-time clock has been chosen, with
autonomous power supply by means of a CR2025 battery. Likewise, for the
irradiance measurement, a calibrated photovoltaic cell of the Fadisol C-0121 type has
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been used that provides a linear current output with respect to irradiance, comprised
between 36 mA for 125 W/m? and 288 mA for 1000 W/m?. The measurement of the
intensity of the electric current provided by these short-circuited photovoltaic cells is
measured by means of an INA219 module, consisting of a shunt equipped with a 12-
bit analog-digital converter and 12C output. In this way, adjusting the gain in the
module configuration, an accuracy of (.1 mA and a maximum intensity of 400 mA
are obtained. Finally, an initialisation of the azimuth and elevation position has been
provided, using two mechanical micro-switches that indicate the zero relative
position to the microcontroller.

Processing: In the philosophy of this work, several alternatives for processing have
been evaluated, opting for a TTGO ESP32 Lora development board. The ESP32
microcontroller integrates analog and digital inputs and outputs, as well as various
communication interfaces, both wireless (Wi-Fi and Bluetooth Low Energy) and
wired (12C, SPI, UART). The selected board also has a LoRa communication module,
model SEMTECH $X1276 that enables communication at a frequency of 868 MHz.
Drive: Two 28BY]-48 stepper motors, powered at 5V, with 4096 steps per revolution
that provide a maximum precision of 0.001534 radians, have been used to drive the
two axes of movement of the omnidirectional server presented. The management of
the stepper motors requires a controller, for which two units of the type LM298 have
been used.

Communications: Finally, it has been considered that the communications between
the position server and the solar trackers require a range according to the typical
dimensions of photovoltaic installations. The receiving devices of the orientation
command can be arranged in a radius of up to 15 km around the server [61], which
is achieved with direct vision between antennas, in optimal conditions, while in
unfavourable conditions, such as suburban areas, 3 km are reached [62].

ACTUATORS

| ) | AZIMUTAL

\ [ omvena | moToR
ELEVATION

~[[omvenz | —— | "voron

OUTPUT

POSITION SWITCHES §

Figure 4. Scheme of principle of the proposed system.
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3. Results

This section shows the results obtained when applying this device to the “Pefiarroya
I" PV plant, situated at a location of 38.299224° N latitude and -5.303114" longitude. The
plant consists of 29 dual-axis solar trackers whose collectors measure 12 m wide (a) by 5
m high (b). Figure 5 shows its distribution in plan as well as the index assigned to each
one and the reference system used to study the system. Table 1 shows the coordinates of

the base of each collector.

Figure 5. Dual-axis trackers plant Penarroya 1.

Table 1. Coordinates (m) considered for each tracker.

Tracker x (m) y (m) z (m)
1 18,50 22.70 0.00
2 2229 40.70 0.00
3 26.08 58.71 0.00
4 29.88 76.71 0.00
5 33.67 94.72 0.00
6 3746 112.72 0.00
7 41.50 17.86 0.00
8 4529 35.86 0.00
9 49.08 53.87 0.00

10 52.87 71.87 0.00
n 56.66 89.88 0.00
12 60.46 107.88 0.00
13 64,49 13.01 0.00
14 68.28 31.02 0.00
15 7208 49.02 0.00
16 75.87 67.03 0.00
17 79.66 85.03 0.00
18 83.45 103.04 0.00
19 8749 B.17 0.00
20 91.28 26.17 0.00
21 95.07 44.18 0.00
22 98.86 62.18 0.00
23 102.66 80.19 0.00
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24
25
26
27
28
29

106.45
114.27
118.07
121.86
125.65
129.44

98.19
21.33
39.34
57.34
75.35
93.35

0.00
0.00
0.00
0.00
0.00
0.00

Figure 6 shows the graphic representation of the data obtained by the proposed
omnidirectional sensor at different times of the year in Lambert projection hemispheric
diagram mode [63]. These figures show the existence of two regions. Thus, the grey region
represents the directions of the celestial sphere in which no measurements are taken since
it corresponds to positions for which the algorithm prior to tracking indicates inter-
shading of collectors. On the other hand, the blue region corresponds to the orientations
of the solar servers for which there is no inter-shading and in which, consequently,
irradiance (W/m?) measurements are made, which are represented by the corresponding
iso-level curves (grey lines).
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Pigm'e 6. Simulation of the irradiance (W/m?) values registered by the proposed device and the

ion of the celestial sphere at different moments of time: (a) 21 December at 8:24 a.m. in
True Solar Time, (b) 21 December at 15:24 p.m. in True Solar Time, (c) 21 June at 7:30 a.m. in True
Solar Time, and (d) 21 June at 15:48 p.m. in True Solar Time.

The information shown on each chart is obtained by the sensor during every scanning
cycle along the celestial sphere. There is evidence that this is the most complete traceability
criterion available in the literature [26,47,64,65]. In general, these methods are limited to
the evaluation of installations on flat surfaces, normally horizontal, where only the
potential shadows produced by the adjacent collectors are considered. These methods are
also limited by the type of tracking they have been developed for. Even for certain types
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of tracking, such as the tracking of a vertical axis, they have not been computerized due
to the lack of a published algorithm [66]. The lack of open-source devices to solve optimal
tracking, including backtracking, and of generic algorithms is also evident upon
consulting commercial devices to manage backtracking. Although some manufacturers
implement algorithms based on artificial intelligence [67,68] or on customized systems
[69], authors have not found the theoretical basis of these published.

4. Conclusions

The present work shows the construction and design of a device capable of
determining the incident solar irradiance on the collector planes of a PV plant with dual-
axis trackers depending on their orientation (azimuth and elevation). From this irradiance,
obtained by means of instantaneous measurements carried out while tracking the celestial
sphere, the device is capable of determining the orientation of the solar trackers for which
the incident irradiance on the collectors would be maximum, which allows optimising
their energy capture and, consequently, the energy production of the PV plant.

The device described has been developed as Free and open-source hardware (FOSH),
which, together with its publication in Open Access, makes it possible for the scientific
and/or technological community to access all the details and therefore be able to analyse,
modify orimprove its design. Thus, it is presented as a pioneering technology in the sector
as it is a solution that is operational but simultaneously open to improvement by the
scientific community in the framework of collaborative scientific-technical projects,
assuming a revolution in the progress of science and technology.

Furthermore, as a novelty, in this device an ex professo algorithm has been
implemented to discriminate at all times those celestial orientations that would imply
inter-shading between the collectors of the PV plant, To do this, the device integrates the
implementation of tracking and backtracking methodologies characterised and simulated
by the authors [39,40] (Fernandez-Ahumada et al., 2020b, 2020a) in different photovoltaic
plants under irradiance conditions described by empirical models. In this way, the solar
trackers do not have to calculate the solar position using astronomical algorithms while
taking into account other factors that also affect the incident solar irradiance, such as cloud
cover, inter-shading between collectors, etc.

According to the aforementioned, the authors consider that the implementation of
this device in photovoltaic plants will make it possible to improve the production of the
PV plants while managers will be able to have real information both in terms of collectors
and in other alternatives.
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Glossary

a solar collector width

b solar collector height

d; Julian day

i index assigned to each solar tracker

J secondary index assigned to each solar tracker (i # j)

N number of solar trackers in the installation

ik unit vectors associated to a local Cartesian system

s solar vector

Sy Sy, Sy components of solar vector

unit vector perpendicular to the collector surface that indicates the
n direction towards
the tracker is oriented

u unit horizontal vector included in the collector plane

v unit vector included in the collector plane and perpendicular to u

t specific solar hour

X,z Cartesian coordinates of the base of each solar tracker

x [i.y (i), 2[1] larr?_vs containing information about coordinates of each solar

racker

Greek Letters

a elevation angle of the collector

Y azimuth angle of the collector rotation axis

@ latitude

Q Earth’s rotation speed

5 solar declination

2] angle of incidence of sunbeams on the inclined plane

r auxiliary angular magnitude dependent on the Julian day
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Abstract: Solar tracking is an efficient strategy to increase the radiative capture of photovoltaic
collectors. Within the multiple efforts made in recent decades to improve the production of these
facilities, various works have studied solutions to optimize the number of rotation axes (single or
dual rotation axes), the degree of collector coverage, the distances between trackers, the geometric
arrangement of trackers or the minimization of shading between collectors. However, although in
this type of installation it is common to find collectors with geometric shapes other than rectangles,
no studies on the influence of the shape of the collectors on the radiative incidence are found in the
literature. In this connection, the present work systematically addresses the study of incident solar
radiation in photovoltaic installations with dual-axis trackers with collectors of different geometric
shapes. By means of the exhaustive study, the conclusion is drawn that, for dual-axis photovoltaic

Optimal Dual-Axis Tracking. Appl.
Sed. 2021, 11,3917 https:/ /dol.ong/
10.3390,/app11093917

Academic Editors: Giovanni Petrone
and Richard Yong Qing Fu

Received: 18 March 2021
Accepted: 23 April 2021
Published: 26 April 2021

Publisher’s Note: MDPI stays neutral
with regand to jurisdictional claims in

blished maps and i fonal affil-

lations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (hitps://
creativecommons.ong/ licenses /by /
40/)

ions with an optimal tracking strategy, the main variables that influence the annual radiative
incidence are the spacing between collectors, the coverage ratio (GCR), and the collector surface,
while the type of arrangement of collectors and the shape of these do not show predictive values.

Keywaords: photovoltaics; dual-axis solar trackers; shading in PV plants; solar tracking; backtracking

1. Introduction

There is no doubt about the important role that energy plays in our societies. Its
implications go beyond mere technical aspects. Social structuring, economic development,
and the environment, among others, are aspects that make up the complex implication of
energy in the global agenda [1]. In this context, renewable energies have been experiencing
sustained growth in recent years. Thus, the International Energy Agency (IEA) foresees
a record increase of 218 GW in the year 2021 in the net capacity of renewable electricity
installed in the world, in an average scenario, that could reach up to 266 GW, in an
accelerated scenario [2]. In fact, during the first quarter of 2020, renewable energies were
the only source of electricity whose demand increased despite the 2.5% decrease in global
electricity demand caused by the blockades implemented by different governments to curb
the spread of COVID-19 [3].

Within the field of renewables, solar energy, in general, and photovoltaic (PV), in
particular, are candidates to satisfy a large part of the global energy demand in the coming
years due to their abundance and competitiveness [4]. In fact, in the IEA predictions for the
year 2021, solar PV accounts for 54% of the growth in the world’s installed net renewable
electricity capacity [2]. The remarkable progress that the technology associated with the
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implementation of photovoltaic energy has been experiencing has not only driven its boom
in recent years [5,6] but this growth is expected to accelerate during the 2023-25 period [2].

One of the fundamental factors in the energy production of PV plants is the incident
solar irradiance on the collectors. Among the various strategies that exist to increase
this irradiance in solar collectors and, therefore, energy production in PV plants, is solar
tracking, which is a technological niche in which there are still possible improvements that
can contribute to such an increase [5]. This strategy is in contrast with fixed panel structures
that have a constant orientation towards the sun depending on the latitude of the place
where the PV installation is located. Thus, in the case of solar trackers, the PV modules
move while looking for an orientation that generates more energy, either by capturing solar
energy for as long as possible [7] or by capturing maximum solar irradiance [8,9].

The most common classification of trackers is established based on the number of axes
used to move the modules, Thus, we speak of tracking systems on one axis (movement in
azimuth or elevation) or on two axes (movement in azimuth and elevation). Improving
the technology of solar tracking systems is an important objective considering the high
demand of energy resources, being the research niche for many authors. For example,
in [7], different tracker motion control systems are studied with regard to their economic
evaluation. In [8], the different solar trackers are studied in depth, performing a comparison
between them in terms of efficiency, performance, advantages, and disadvantages, while
other studies perform an in-depth review of the related literature to define the advantages
of the applicability of solar tracking [10,11].

In the scientific literature, there are studies that question the use of trackers with one
or two axes versus fixed systems or one axis versus two. Specifically, various studies are
being developed that question the various possibilities that arise in terms of efficiency,
cost, location, production, etc., which is a real scientific challenge. For example, in [12-14],
authors analyze the effect of different solar trackers strategies considering the location.
Other authors provide profits of the tracking photovoltaic systems in comparison with
fixed photovoltaic systems [15,16]. An interesting result is the one presented in [17], where
a method for optimal storage capacity was calculated under the power-curtailment and
storage/discharge requirements. Hence, although solar tracking systems have a higher cost
than fixed systems, their maintenance is more complex and their exposure to environmental
conditions is greater [18]; the performance of dual-axis trackers are greater than those of
fixed systems [19,20] and single-axis trackers [21-23]. Bahrami states in [21] that a dual-axis
tracking system would result in greater irradiance than a single-axis due to its ability to
minimize losses associated with cosine effect. Authors in [22] highlight their conclusion
that using the two-axis sun tracker system enables the PV panel to collect and produce
higher amounts of electrical energy than using single-axis and fixed structures; their study
considered five configurations of sun tracking systems and two traditional fixed panels.
The results presented in [23] show that the optimal trajectories for the tilt and azimuth angle
depend on the available solar radiation, solar cell efficiency, tracking system consumption,
and the optimization bounds. Therefore, based on these studies, it can be affirmed that the
choice of the type of strategy depends on several factors, it being necessary to delve into
the technological and economic components to reach useful conclusions [5].

Regarding the tracking mechanism, different driver methods can be distinguished
to achieve the objectives of the collector movement [8]. Among them, the sensor driver
systems stand out, whose operation is based on the variation of light received by optical
sensors that cause the movement of the collectors looking for the position of the sun.
Additionally, there are microprocessor driver systems that incorporate small processors
with movement strategies programmed through mathematical models to locate the position
of the sun. Within these in the bibliography are the open-loop driver systems that modify
the movement of the actuators of the modules from mathematical equations that fix the
position of the sun from the day and the hour. In contrast, closed-loop driver systems
modify the movement of the actuators based on the information provided by position
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sensors, recalculating the position of the sun. Finally, intelligent driver systems incorporate
artificial intelligence techniques to control the movement of collectors [24].

Another of the determining factors in the performance of a PV plant is the shading
of its modules, since these shadows not only imply a lower incident irradiance [25] but
also give rise to the appearance of hot spots that bring with them overheating and losses in
energy production [26]. In this regard, the behavior of PV modules when they are partially
shaded has been widely debated. Several simulation models have been used to find a
configuration less susceptible to shadow problems of solar cells [27-30]. Specifically, Diaz-
Dorado et al. [31] have analyzed the effect of shading in a PV tracker with partially shaded
astronomical tracking based on the exact arrangement of shaded cells and modules. Other
authors have analyzed the energy cost in the production of PV plants as a function of the
connections between the cells and the modules [32] of the ground cover ratio (GCR) of the
plant that depends on the variables of their design [33] or of the tracking strategy [26,34].

One possible solution to alleviate the effect of shadows in PV plants with solar tracking
is back tracking [35], which consists of modifying the orientation of the collecting surfaces
in shading situations between panels in order to eliminate such shadows. Another possible
solution is to modify the geometry of the collecting surfaces. Thus, although most of the
PV panels found in PV plants connected to grids are rectangular, there are already some
installations with dual-axis solar tracking where the collectors have other geometric shapes,
such as those developed by the Deger Ibérica company in Tarragona (Spain), Ontario
(Canada), or Estonia, with 15.6 kWp, 24 MWp, and 100 kWp installed, respectively [36].
However, no previous works have been found in the literature aimed at characterizing the
geometric shape of the collectors or their degree of modularity in terms of optimizing the
performance of a photovoltaic installation in the event of the possible incidence of shading.

In this context, in the present work, the annual radiative uptake has been quantified in
a wide set of PV installations with dual-axis monitoring with different geometries in which
the shape of the collectors and the design parameters have been systematically varied. For
each case, it has been assumed that the collectors follow the optimal solar tracking strategy
proposed by Fernandez-Ahumada et al. [37,38]. Unlike traditional solar tracking methods
that search for the position of the sun at each moment using astronomical models [39—41],
according to this strategy, the collecting planes are oriented at each instant of time towards
the direction of space in which the irradiance is maximum, except during the moments
when such orientation implies the shading of one collector over another. When this occurs,
normally at the beginning and end of the day, the collectors are oriented in the direction in
which, without causing shading, the incident irradiance on the collectors is maximum. In
this way, the production of each installation, which is considered proportional to annual
solar radiation, is calculated under the hypothesis that each installation will follow an
optimal tracking strategy adapted to its own geometry. Therefore, this study aims to
advance the characterization of the electrical behavior of shaded solar trackers, which is an
issue where the scientific community has made a considerable effort, simulating tracking
strategies for an improvement in photovoltaic production [12,14,42].

To achieve this objective, after this introduction in which the scientific advances made
by the scientific community in the field of solar tracking in PV plants are presented, the
following section describes the methodology followed in this study to simulate annual solar
radiation incident on collectors with a dual-axis tracking strategy that optimizes radiative
uptake while avoiding shading between collectors. Similarly, the methodology established
for the study of the influence of the design parameters of a PV plant on this annual solar
irradiance is explained. Based on this, Section 2 presents the results when applying the
methodology described to an existing PV plant (“El Molino”, Cérdoba, Spain) with its
design parameters systematically modified. Similarly, an adjustment model is proposed
that represents in a simplified manner the dependence of the annual solar irradiance with
respect to the design variables studied, and these dependencies are quantified. Finally, in
Section 4, the main conclusions of the present study are presented.
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2. Methodology
2.1. Vector Treatntent of the Solar Pesition and the Estimation of the Solar Irradiance in the
Celestial Sphere

In accordance with the above, this work presents a study of the influence of design
variables on the performance of a PV plant with dual-axis tracking and optimal tracking
strategy. This tracking strategy, which is described in the following section, will determine
the orientation of the solar collectors at all times, which allows for optimizing radiative
capture while avoiding shadows between collectors. In the present work, to determine at
each instant of time the orientation of these collectors, as well as the position of the Sun in
the celestial sphere, vector notation is used.

Figure 1 shows the coordinate system used, with the Ox axis oriented towards the
west, the Oy axis towards the south, and the Oz axis towards the zenith. In this equation,

i, j,and k are the unit vectors on the axes Ox, Oy and Oz, respectively; the unit vector
thal points towards the Sun, called the solar vector, s , will be expressed by Equation (1), in
which ¢ is the latitude of the place, 4 the declination, and t the solar hour.

=3
s

5= s,7+sy7+s;; = sinﬂtcos:f?%— (cos Ot cos I sin ¢ —sinécosq))_j’ + (cos Q) cos 8 cos @ + sin d sin q))-l; (1)

z(Zenith) : -~

~
)

y(South)

k]
=
| -

x(West)
Figure 1. Astronomical and geometric magnitudes considered.

Equation (2) shows the mathematical expression proposed by Spencer (1971) for
calculating the declination, 4, as a function of the daily angle, I', which in turn depends on
the Julian day, d,, according to Equation (3).
d(rad) = 0.006918 — 0.399912 cos(T") + 0.070257 sin(T") — 0.006758 cos(2T) + 0.000907 sin(2T’)
—0.002697 cos(3I') + 0.00148 sin(3I')

2n(dy —1)
365 @
The orientation of the collector plane at each instant of time can be represented by
the unit vector perpendicular to it, ", or by the pair of unit vectors, il and 7, contained

@

T(rad) =
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in the collector plane, of which 1 is horizontal and ¥ is parallel to the maximum slope
direction of the collector plane (Figure 1). Thus, 7 and f being the angles representing the
azimuth and inclination of the collectors, respectively, the vectors o, u,and v will be given
by Equations (4)(6), respectively.

- — -+ -

n =sinp sinyi +sinficosy | +cos fk 4)
ﬁ=7cos'y::+sin'rf 5)

- — - —

v = —cospsinyi —cosfcosy | +sinfk 6)

For the characterization of the incident solar irradiance on the collector planes, the
model of Perez etal. [43] has been used. According to this model, the global solar irradiance,
I, on aninclined plane at an angle f is the sum of the direct, diffuse, and reflected irradiance
on an inclined plane, which, in turn, depends on the direct irradiance, I, and diffuse,
Ip, on a horizontal surface, according to Equation (7), where @ is the angle between the
normal vector and the collector plane ( ) and the solar vector (5 ), @, is the zenith
angle, p is the albedo of the surface of incidence of the irradiance before being reflected
towards the collector, 2 and b are parameters given by Equations (8) and (9), and F; and
F> are the weighting factors for the decomposition of the inclined diffuse radiation, the
second addition, in the three subcomponents considered by the authors: isotropic diffuse,
circumsolar diffuse, and diffuse from the horizon (Perez et al., 1990).

cosé 1+cosp a . 1—cosp
= gl [(1 R)— L +F} +ngm5]10 +p— bl +1p) @
a = max(cos#, 0) (8)
b = max(cos 85°, cos 6-) ©)

Substituting the vector expressions (10)—(12) in Equation (7), we obtain Equation (13),
in which the dependence of  on 7 is made explicit,

+
cosp=k-n (10)
cosfl= s (§5))
cosb. = 5k (12)
—_— “‘_.
,=°"lg+ (]-FI)1 2‘ kn ]ID+p z'n(ln+ln) (13)
sk

The production of a PV plant will be greater to the extent that the incident irradiance
on its collectors is greater. In this regard, Fernandez-Ahumada et al. [37] showed that
the incident irradiance on the collectors is maximum when they are oriented in such a
way that their normal vector verifies Equation (14). In accordance with this result, the
authors propose a new tracking strategy for PV plants with dual-axis trackers in which
they are oriented according to Equation (14), and consequently, radio capture and energy

production are optimized.
LT
< a‘ st zk "
"= (14)

(3(5",; ))2+ (,(:' )) +z(a(;,."_ )) (;,(3'.: )) K
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Therefore, when applying this tracking strategy to the model of Perez et al. (1990),
the partial derivatives given by expressions (15) and (16) are obtained. Substituting these
results in Equation (14), Equation (17) is obtained, which represents the direction of the
normal vector to the collecting planes corresponding to the optimal tracking strategy
proposed by Fernandez-Ahumada et al. [37] for PV plants with dual-axis tracking.

+

o _ al
N mi"‘:}z—‘?;—)k

n= = 5 (15)
al al al ol oy
= =r ] ¥R =y —f—] 5k
(a(s-n)) (a(k.,;)) (a(<~n))(a(k...-))
73! . (l—Fl)_Fz ken Yo (I +Ip) (16)
3 k - 2 - _\2 2
g 1- (k u)
(:mf th I",) e (M#D*fz (i)L; ): 'v*l'UEi!D‘)) K
- e -k
nj= - (17)
(?'p__{;ﬁip);(tug)/n gy T.‘,:‘ I r""Z"”) +2(T"B?+FYLF) O _g / i .".,. z‘"”’('ﬁ“m a7
V- (#7) y=(¥7)
Given the difficulty of solving the variable 7 in Equation (17), an iterative method
o -3 = -3 » -y . X
based on the series convergence of vectors {nu(= s ), [ S 7E § PO n,} is proposed, in
which each vector ﬁ,v is obtained as a function of 11 j—1 according to Equation (18), and
consequently, 1 will be given by Equation (19). Given the nature of the problem, in
this work, it has been considered that j = 25 is a sufficiently high value since the correct
convergence of this value has been verified for all the practical cases studied.
S
(o +rlp) T [0pleptin w“’#)?
E =¥ )
i e i ix ) (18)
(Jn‘.F'r)z O-F)lo _p Wi g aUstis) | of W plo)| 0 _p kW g oUstio) |2 )
== +hAF) + 3 b= Lt | H o) | S =l el = | 8
“I—(l-u) Vlf(k n)
o= limn (19)

j—roo

2.2. Method to Avoid Inter-Shading of Collectors

According to the studies found in the bibliographic review, the shading of solar panels
negatively affects their energy production. Therefore, to optimize the performance of a
PV plant with dual-axis solar trackers, as those discussed in this study, it is necessary to
accompany an adequate tracking strategy with a procedure that prevents the collectors
from shading each other.
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In this regard, Fernandez-Ahumada et al. [35] presented a dichotomous criterion to
quickly determine whether or not there is inter-shading between collectors. The method
is based on the fact that, in an installation with collectors of the same geometric shape
oriented towards the same direction of the celestial sphere (characterized by its normal
vector, n ), the shadow cast by a collector I1; on the plane 1) that contains the reference
collector Iy is a polygon I1'; with the same shape as the contour of the collector (Figure 2).

Figure 2. Astronomical and geometric magnitudes considered.

Hence, vector d; is the geometric displacement vector from polygon I to IT';. This
vector, as shown by the authors, is obtained through the Equation (20), although it must
be considered that, for the collector I, to be able to shade the collector Iy, the conditions
expressed in Equations (21)-(23) must be fulfilled.

i m BTl Ay (20)
s'n
S k>0 @1
Sn>0 (22)
*
PoPin >0 (23)

From expression (20), given that d ; is a vector included in the collector plane i,
Equations (24) and (25) allow for determination of the components of this vector in the
OXY reference system contained in the plane  and defined by the vectors i y ©.

o
dx, = d,"ll (2‘”

dyi=d;-0 25)
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Knowing d; and its components dy; and dy;, the dichotomous criterion proposed by
Fernandez-Ahumada et al, [38], based on Minkowski's algebra [44-46] and whose validity
is demonstrated in Appendix A, it is established that there will be an intersection of the
polygons Iy and I1',. Therefore, mutual shading between the panels 11, y 11;, if, when

—
representing vector d; from the origin of coordinates, the end of the vector is included
within the plane curve X, which is obtained as the envelope of the family of all polygons
that can be drawn on the plane ¢ by translating the polygon I'ly with the condition that its
perimeter is in contact with the coordinate origin of the reference system contained in i
(Figure 3).

Y
case
wath
l [ Z 1ntov§odwﬂ

/

d,

l |case
without
intersection

Figure 3. Determination of I, auxiliary curve of the intersection criterion and existence of shadow
between panels,

It is important to note that, since photovoltaic collectors are built by annexing rectan-
gular photovoltaic modules, the resulting geometric shape for the collector is, in general,
a closed polygon in which all sides of the perimeter are contained in two directions per-
pendicular to each other, as shown by the orange line in Figure 4. This fact leads to the
determination of the envelope I being simplified and able to be performed analytically.
Furthermore, this envelope (blue trace in Figure 4) will also be a closed polygon with
the sides parallel and perpendicular to the directions of the perimeter of the collectors
(Figure 4). Therefore, the envelope is mathematically described by the coordinates X,y (k)
and Yo (k) of each vertex k of the polygon (1 < k < Ny, Newo being the total number of
vertices of X). In Appendix B, the analytical obtaining of the enclosure for photovoltaic
collectors is detailed in a generic way.

According to Figure 4, the end of vector ;{, would be located inside the envelope £
and, therefore, there would be shading between the panels Iy y TT; if there is some vertex
k for which the mathematical condition given by Equation (26) is fulfilled.

[sign(dx;) = sign (Xewo(k))] and[sign{dy;) = sign (Yeuo(k))Jand

26
(ldxi| < |Xeno(k)[] and [|dv;| < [Yeno(k)|] L
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Y
Xerl®), Yerl®)
Kol o) Xeal2), Yeol2)
X, Yool 1)

Figure 4. Form, Generic shape of a solar collector (orange) and its envelope I (blue).

In accordance with the above, Figure 5 shows, by means of a flow diagram, the inter-
shading (?) function, especially designed to implement the method described in this
section to determine the existence of shadow between modules in PV installations with
dual-axis tracking and regular distribution of collectors. This Boolean function depends on
the vector 7!’, Equation (19), returning a value “true” if W implies inter-shading and “false”
otherwise. As can be seen in Figure 5, only possible shading is studied in the reference
collector, considered representative of the set, which is totally surrounded by N; trackers.

[ lean function intershadows (7)) ]

Determine d; (eq 20

| Determine dy, = d; - and dy; = d; - I

Figure 5. Flow diagram of the inter-shading function n
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In this way, in the case that the value of 1, obtained from Equation (19), does not im-
ply shadows between collectors, intershadows ( " ) = False, the optimal tracking strategy
will propose the orientation of the collectors according to the address of 1. On the con-
trary, if the value of ;f, obtained from Equation (19), implies shadows between collectors,
intershadows (7;) = True, the orientation that does not imply shadows and that maximizes

the incident irradiance must be sought. In that case, back tracking is used following the
process indicated in Figure 6.

Determinen eq 19

<t

l True

Determine yo

Yomaten (2%)
Ty

e = =1000

|

forye=yo—25tay,+25
forp=0t090

1

Determine iy = fig(ye f,) €5 |

E

1 False

| Determine I(7,,) eq (14) |

False

dipae = 1)

ey = M

=3

|

l False

Figure 6. Flow diagram to determine the orientation il of maximum irradiance uptake without any
inter-shading between collectors.
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2.3. Calculation Scheme of Intercepted Solar Radiation

With the methodology described for solar tracking, the incident solar irradiance on
solar collectors has been simulated for the 12 representative days, according to Klein [47].
From this irradiance, the incident radiation on the collectors on each representative day
m has been calculated using Equation (27), where the integral has been approximated by
discretizing the sum in time intervals of three minutes.

f - 1 k’ — - 2 1 k‘ -

lanseton | § - s 3 - — ks

H.,,=/ [ﬁ_,!g+ [(1—5) +2 B F|¥«+Fz‘f]—(k'7;) I+ 21(134- )| at @)
Peanrisem sk

Once the daily radiation has been calculated for the representative days proposed
by Klein [47] for each of the 12 months of the year (m = 1,2, ..., 12), the annual global
radiation ( Hy(nr) is calculated according to Equation (28), where N, is the number of days
in the month .

=1

12
lelr = Z Nu-Hy (28)

m=1

2.4. Cases Analyzed

In this work, the effect of the shape of the collectors on the capture of annual ra-
diation in a PV plant with dual-axis tracking has been studied. To generate the study
scenarios, the design of “El Molino”, a photovoltaic installation located in Cérdoba
(latitude = 37.75492" N; longitude = 5.04548” W) was used as a starting point. It is an
installation with dual-axis trackers (with azimuth and elevation movement) and rectan-
gular collectors 8 m wide and 5 m high. Each collector is made up of 25 photovoltaic
modules 1m high and 1.6m wide (Figure 7a). The trackers are arranged in a regular grid
on horizontal ground, initially separated by a distance Dy = 20 m in the EW direction
and Dys = 14 m in the NS direction (Figure 7b).

(a) (b)
Figure 7. Design characteristics of the “El Molino” facility: (a) Constitution of the collectors; (b) Arrangement of collectors,

Case studies arise by introducing different variations in the original design and
crossing all possible sources of variation. Specifically, the variations introduced consist of:
e Modification of the collector shape. The possibility of introducing cuts at the vertices

has been considered to study the collectors with the shape indicated in Figure 8.

Letting (X1, Yiu ), (Xur, Yur), (Xai, Yir), and (Xy,, Ya,) be the coordinates of the vertices

corresponding to the cuts made in the upper left, upper right, lower left, and lower

right corners, the possible values considered (in metres) for each of these pairs were

(0,0), (1,1.6), (1,3.2), (2,1.6), and (2,3.2). The crossing of all the possibilities generated

Ng = 5% = 625 different forms of collector.

e Modification of the inter-distances. Letting Dy be the distance in the NS direction
between rows of collectors and Dpy the distance in the EW direction between columns
of collectors, the possibilities Dyg = 10 m, 125 m, 15 m, 17.5 m, and 20 m and
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Dpw =10m, 15 m, 20 m, and 25 m were studied. The crossing of these possibilities
gave rise to Np = 20 designs of different distances.

e Modification of the spatial distribution of the solar frackers. For each pair of distances
(Dns, Dew), Ns = 2, possible spatial distributions of the solar trackers in the plant
were studied, both the regular grid arrangement oriented to the south (Figure Y%a) and
staggered (Figure 9b). In both configurations, it was considered that the reference
collector in the study (i = 0) was surrounded by 24 collectors.

Ly

y ;
Y, I
Yot Yur

Ly

Yl

_1 |
. —

Figure 8. Generic way of describing the clipped vertex collector.
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Figure 9. Considered spatial arrangements and location of the reference collector in the study (i = 0): (a) regular grid;
(b) staggered.

The crossing of all the possibilities generated Ny = Ng-NpNg = 25,000 different
combinations of geometric designs for the PV plant “El Molino” with dual-axis tracking
and its collectors. For each of these designs, the annual incident radiation on the collectors
was obtained by the method set forth, Equation (28), considering the 12 characteristic days
proposed by Klein [47], and the monthly mean radiation values [45] set forth in Table 1.
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Table 1. Data considered for the estimation of the annual solar irradiance in “El Molino” PV Plant
(Cordoba, Spain): horizontal daily radiation, H [45] and representative day proposed by [17] each

month of the year.
Month H (J/m?) Representative Day
January 7,401,000 17
February 11,097,000 47
March 14,158,000 75
April 17,307,000 105
May 19,017,000 135
June 24,263,000 162
July 25,719,000 198
August 23,411,000 228
September 17,983,000 258
October 11,895,000 288
November 8,228,000 318
December 6,237,000 344
3. Results

This section describes the incident radiation values on collectors and the results of the
study of the influence of the design variables on the solar incidence on the PV plant designs
considered. The synoplic values obtained for the annual incident radiation in collectors are
summarized in Table 2. Figure 10 shows the distribution of values obtained depending on
the membership intervals.

Table 2. Descriptive parameters of the set of values of Hy, (kWh/m?).

Number of Cases 25,000
Average 21720
Minimum 2040.2
Maximum 22338
Median 2189.6

In the set of values obtained, it is observed that certain forms of the collector offer
the same value. These are the cases in which the set of cuts A, B, C and D of Figure 11a
are permuted as shown in Figure 11b—d,f-i. A detailed analysis of the procedure followed
makes it possible to verify that the shape of the solar collector does not influence directly
but rather through its envelope. As a consequence, the collector shapes of the first column
(11 (a), 11 (b), 11 (c), 11 (d)) give rise to identical annual radiation results since they all give
rise to the same envelope I (represented in Figure 11e). On the other hand, the coincidence
of radiation outcomes in the results between the collector shapes of the first (Figure 11a~d)
and the second column (Figure 11f-i) should be understood as a consequence of the
symmetry with respect to the NS axis of the studied configurations and of the symmetry
with respect to this plane in the positions of the sun between the hours of the morning
and afternoon.
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Figure 10. Distribution of annual solar radiation values (H) according to membership intervals.
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Figure 11. Set of collector shapes that generate identical annual incident radiation results. The forms
(a-d) generate the same envelope X (e} and the set of symmetric figures with respect to a vertical axis
(f-i) generate a symmetric envelope £’ of X (j).
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The dependence of the values obtained with respect to the considered design variables
was studied using an approximation and simplified model, in which the calculated annual
radiation was expressed as a function of the following explanatory variables:

e Collector surface S, (m?).

e Distance between trackers in east-west direction, Dgy (m)

e Distance between trackers in north-south direction, Dys (m)

e Discriminatory variable of the type of configuration T (T = 1 for staggered configura-
tions and T = 0 for regular grids).

In this sense, it is worth highlighting that the model described and used (for each
of the 25,000 cases) can be considered a mathematical function of the variables proposed.
However, the complexity of the model and the need to aggregate results on the different
representative days made it difficult to know the weight or influence of each variable on the
final results. Thus, to overcome this difficulty, this paper proposes to replace this complex
function with a mathematical function of simple expression reproducing the result of the
complex model with the least possible error. The reader should assume that this is not
a statistical problem but rather a problem of adjustment or approximation of a simple
expression function to a complex function, so that statistical methods are not applicable. To
address the fit, the set of simple variables was extended with composite variables obtained
as products and ratios of simple variables. The proposed function (29) was selected from
the set of fits to linear functions of composite variables. It lacks a clear physical meaning,
but it allows for reproduction of the results of the model with an average relative error
equal to 2.561 kWh/m?year; therefore, it is considered suitable for the study of the relative
weight of the variables.

Equation (29) shows the mathematical expression of this model for which the pa-
rameters a, b, ¢, d, e, f, g, h, I, r, and w have been obtained by the least squares method
(Table 3), with an adjustment coefficient R? = 0.993. Table 4 shows the synoptic values of
the estimation errors of the model ¢ and ¢,,;, given by Equations (30) and (31), where Hi3h,
is the annual solar irradiance on the solar collectors estimated according to Equation (28)
and H_f}fé, is the one approximated by the model (29). The low value obtained for the mean
square error means that the equation can be considered valid for the study of dependence
of the annual solar irradiance with respect to the variables S_,;, Dgw, Dys, and T.

; d D Dew\2 S Dys Diew
Hyuly = @+ b Seat + ¢ Dpw + —— +eDys + f Dns® + —~’5W+h(—wfw) el INSTEW LT (29)
A wl EWT Dew ns+fDns"+g Dys Dys Dys Dgw Scol
s )
=g~ Hpk (30)
& ad,
H;Z-f:r — Hyear
Gl =" (31)

it

Table 3. Values obtained for the model of Equation (29).

Parameter Units Value
a kWh/m? year 2656.366
b kWh/m?* year —0.960
) ¢ KWh/m® ):ear 6.921
d kWh/m year ~25.783
e kWh/m?year ~756.012
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Table 3. Cont.

Parameter Units Value
f kWh/m? year 0512
g lth'\/mr2 year —167.750
h kWh/m? year 19.671
! kWh/m? year —364.603
r kWh/m? year ~1.365
w kWh/m? year ~1.661

Table 4. Synoptics of the errors ¢ Equation (30) and ¢,.; Equation (31) obtained for the model given by
Equation (29).

& Epol
(kWh/m? year) (Dimensionless)
Number of cases 25,000 25,000
Average 3.302 153 x 1073
Minimum 4.67x1071 2.099 x 1077
Maximum 35913 166 x 1072
Median 2561 115 % 1073

It is important to note that the model adjusted in Equation (30) does not consider the
geometric shape of the collectors itself since, given that the mean error, g, of the proposed
model is 3.3 kWh/m?year (Table 4), the geometric shape would not have an explanatory
capacity superior to this & This reasoning allowed us to conclude the little influence of the
shape of the collectors in facilities that follow the tracking/ back-tracking policy considered
in this work.

For a better interpretation of the adjusted Equation (29), we can consider it as the
addition of four terms separated by parentheses in Equation (32).

Dgw Dys

Seol Dns Dz:w}
! 4 + {wT
{ Dns Dew Seot T}

The first term only depends on the collector surface S ;. Given that b < 0, it was
found that, as the collectors were larger, the lower the annual incident radiation. This effect
was due to the greater possibility of inter-shading as the collectors had more surface area.
With the cases studied, the variation interval of the final result due exclusively to this term
was 24 kWh/m? year.

The second term marks the importance of the geometric design of the plant given by
Dgw and Dy, regardless of whether it is a staggered or grid configuration. In the group
of cases studied, the variation interval was 116 kWh/m? year.

The third term is interpreted as a function of the ground cover ratio (GCR) parameter
defined by Equation (33).

d ? 2
H:;dl=a+{bs“‘,/}+ CDEw+~—+PDN5+fDN52+ng+h(9—EH)
' Dns 32)

Scal

GCR = ———
Dys Dew

(33)

According to this definition, the third term considered in the model given by
Equation (29) can be rewritten obtaining the expression (34). Thus, this term showed
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that the variation in this term was 104 kWh/m? year for the GCR values considered in the
set of cases studied.

{1 Scol b DN;: Dzw} _ {, GCR+ ™ } 34

Dyns Dew col GCR

Finally, given that the parameter w was negative, the term {wT) implied a small
difference of 1.6 kWh/m? year to the detriment of the installations that were arranged in a
staggered pattern compared to those with a regular grid.

4, Conclusions

This work presents a novel methodology for the productive study of PV solar collectors
mounted on dual-axis trackers. The study, applied to multiple cases, generated as variations
with respect to the design adopted in an existing PV Plant (“El Molino”, located in Cérdoba)
allows for identification of the design variables that fundamentally influence the annual
incident irradiation on the solar collectors and, therefore, on the energy production of
the PV plant. Specifically, by systematically varying the geometry of the collectors, the
distance between them, and their spatial distribution, 25,000 case studies were simulated.
For all of them, the annual incident solar radiation on the solar collectors was calculated,
using for this the irradiance estimation model of Perez [43] and assuming that they were
governed by a tracking strategy that optimized radiative capture while avoiding inter-
shading between collectors [37,38]. Although a comprehensive methodology was used
to study the case, it was difficult with the data set to understand the influence of each
variable on the final result. Therefore, a simple function was fitted, which accurately
reproduced the result of the complex model ¢_rel = 0.00115. From the irradiance data
obtained for the different PV plant designs, a simple mathematical model has been obtained,
Equation (29) with a high level of adjustment (R? = 0.993) that represents the dependence
of the annual solar irradiance on the PV plant with respect to design variables such as
collector surface, S, NS and EW distances between collectors Dys and Dryy, and spatial
distribution of the collectors: regular or staggered grid. Thus, the proposed model has
made it possible to identify that the main variables that influence the annual incidence of
irradiance are, in order of greatest influence, the geometric design of the plant as a function
of the distances between its collectors, (Dys, Drw ), the GCR of the installation and the
surface of its collectors (S, ), which can lead to variations in the electrical production of
the PV plant of up to 116 kWh/m?year, 104 kWh/m?year, and 24 kWh/m?year. However,
for practical purposes, with regard to the spatial distribution of the collectors, it is not
appropriate to assume a better behaviour of the regular grid arrangement with respect to
the staggered shape since the margin of 1.6 kWh/m?year for this variable falls within the
uncertainty margin of the radiation prediction models. Similarly, the geometric shape of
the collectors does not exert a significant influence on the irradiance received since it gives
rise to variations of 3.3026 kWh/m?year, which, therefore, are lower than the uncertainty
margin of the estimation model itself. Future works will study the influence of the shape in
confluence with the orientation of the terrain.
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Abbreviations
Ag reference collector surface
Aj generic collector surface
Dew distance between trackers in east-west direction
d, geometric displacement vector from polygon Il to IT,
dy Julian day
Dnsg distance between trackers in north-south direction
dyi X component of d;
dy; Y component of d;
. R weighting factors for the decomposition of the inclined diffuse radiation
GCR ground cover ratio
H incident radiation on the collectors on each representative day of a month according
o to Klein
Hyear annual global radiation
H;:fur annual solar irradiance on the solar collectors estimated according to Equation (28)
H;f,i, annual solar irradiance on the solar collectors estimated according to Equation (29)
7, jok unit vectors associated to a local Cartesian system
I global solar irradiance on the tilted collector
Ig direct solar irradiance on horizontal plane
Ip diffuse solar irradiance
Ly horizontal longitude of the collector before cuts
L, vertical longitude of the collector before cuts
" normal vector to the surface
Np different design of the inter-distances between collectors
Ng different forms of collector shape
N number of days in the month m
Ng possible spatial distributions of the solar trackers in the plant
Nt different combinations of geometric designs result of crossing Ng-Np-Ng
Po position of the reference collector
P position of a generic collector
s solar vector
Seot collector surface
Sy, Sy, = components of solar vector
T discriminatory variable of the type of configuration
Xar x-coordinate of the vertex corresponding to the cut made in the lower left corner
Xir x-coordinate of the vertex corresponding to the cut made in the lower right corner
Xeno array with the x-coordinates of the collector shape
X x-coordinate of the vertex corresponding to the cut made in the upper left corner
Xur x-coordinate of the vertex corresponding to the cut made in the upper right corner
Ya y-coordinate of the vertex corresponding to the cut made in the lower left corner
Yar y-coordinate of the vertex corresponding to the cut made in the lower right corner
Yoo array with the y-coordinates of the collector shape
Yur y-coordinate of the vertex corresponding to the cut made in the upper left corner
Yur y-coordinate of the vertex corresponding to the cut made in the upper right corner
it horizontal vector to the maximum slop direction of the collector plane
v parallel vector to the maximum slop direction of the collector plane
Greek Letters
B inclination angle of the terrain
Y azimuth angle of the collector rotation axis
8 solar declination
€ estimation error of the proposed model
Erof relative error of the proposed model
angle of incidence of sunbeams on the inclined plane
6. solar zenith angle
i} albedo
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¢ latitude

) FEarth’s rotation speed

r daily angle

Iy reference polygon collector

IT;  generic polygon collector

IT,  projection of generic polygon collector over ¢
P plane that contains the reference collector IT;

Appendix A. Demonstration of the Dicotomic Criterion for Determining the
Intershading between Solar Collectors

To determine if there is inter-shading between collectors, in this work, a dichotomous
criterion is used, based on Minkowski’s algebra [44-16], according to which there is inter-

shading between two collectors 11y y 11, if and only if the displacement vector ¢; from
collector Iy to I1';, which is the projection of collector IT; on the plane ¢ that contains Iy
and can be considered a translation of Iy, is included within the plane curve X, which is
obtained as the envelope of the family of all polygons that can be drawn in the plane ¢
when translating the polygon Iy, with the condition that its perimeter is in contact with
the origin of the reference system contained in .

Thus, this appendix demonstrates this dichotomous criterion for two generic surfaces
I'T and its translation T1y. ;

A polygon ITand its translation I'T; intersect if and only if the translation vector OP
of Ty with respect to TT is included in the envelope Z”.

The demonstration has two steps:

e Step I If OP is included in X, [T and I intersect.
Since OP is included in & (Figure Ala), there will be at least one polygon IT that,
passing through the origin of coordinates O, encloses point P (Figure Alb). If this polygon

is translated following OP, it is evident that point O is translated to P (Figure Alc). Since
this point I, the boundary of Iy, is interior to I, there will be an intersection between I1
and Iy,

(@)

Figure Al. Demonstration sequence: If OPis included in £, ITand [Ty intersect.

»
e Step2: If IT and Iy intersect, OP is included in .
If TT and TTr intersect, there will exist, at least. a point P, of the perimeter of T

that is included in I'1. By calling O the origin of P, it is possible to define the vector op
(Figure A2a). If the system of coordinate axes passing through O is considered and the
envelope X is drawn, it is evident that the point P is included in I (Figure A2b).
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(a) (b)

Figure A2. Demonstration sequence: If I and I intersect, OP is included in Z.

Appendix B. Obtaining the Generic Form o for Collectors with Cuts

In this appendix, the procedure for obtaining the flat curve ¥ associated with a
collecting surface I with a generic shape is explained in detail so that it is valid for all the
collector shapes considered in this work.

Letting a plane ¢ and a reference system OXY be in this plane, we considered a
polygon TT contained in i with the shape of a rectangle with sides Ly and L, with the
vertices trimmed, the coordinates of these vertices being: (X1, Y,0), (Xur, Yir), (Xar, Yar),
and (X, Yy, ) (Figure A3).

Lx

Yul

Ly

Yar

| Fa 1
- —_—

di dr

Figure A3. Representation of the generic collector surface 1 based on a rectangle with sides Ly and
Ly with the vertices cut off.

The analysis of all the translations allows us to obtain the coordinates of the perimeter
of Z. In general, £ is a polygon with 28 vertices that depend on the dimensions reflected in
Figure A3 according to expression (A1).

= Z(Lx, Lyr Xuts Yauts Xurs Yurs xdlr Yar, Xirs Ydr) (A1)

In this way, these coordinates can be structured in two arrays of 28 elements Xenv
(28) and Yenv (28). Next, the VBA programming code that allows obtaining each of these
coordinates is shown.

Xenv(1) = Lx — Xur — Xdl: Yenv(1) = Ly

If Yur<Ydl Then

Xenv(2) = Xenv(1): Yenv(2) = Yenv(1l) — Yur

Xenv(3) = Xenv(1) + Xur: Yenv(3) = Yenv(1) — Yur
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Else

Xenv(2) = Xenv(1): Yenv(2) = Yenv(1) — Ydl
Xenv(3) = Xenv(1) + Xdl: Yenv(3) = Yenv(1) — Ydl
End If

Xenv(7) = Lx: Yenv(7) = Ly — Yur — YdI

If Xur<Xdl Then

Xenv(6) = Xenv(7) — Xur: Yenv(6) = Yenv(7)
Xenv(5) = Xenv(7) — Xur: Yenv(5) = Yenv(7) + Yur
Else

Xenv(6) = Xenv(7) — Xdl: Yenv(6) = Yenv(7)
Xenv(5) = Xenv(7) — Xdl: Yenv(5) = Yenv(7) + Ydl
End If

Xenv(4) = Xenv(3): Yenv(4) = Yenv(5)

Xenv(11) = Lx: Yenv(11) = -Ly + Ydr + Yul

If Xdr<Xul Then

Xenv(11) = Xenv(11) — Xdr: Yenv(11) = Yenv(11)
Xenv(10) = Xenv(11) — Xdr: Yenv(10) = Yenv(11) — Ydr
Else

Xenv(11) = Xenv(11) — Xul: Yenv(11) = Yenv(11)
Xenv(10) = Xenv(11) — Xul: Yenv(10) = Yenv(11) — Yul
End If

Xenv(11) = Xenv(12): Yenv(11) = Yenv(10)

Xenv(14) = Lx — Xdr — Xul: Yenv(14) =-Ly

If Ydr<Yul Then

Xenv(13) = Xenv(14): Yenv(13) = Yenv(14) + Ydr
Xenv(12) = Xenv(14) + Xdr: Yenv(12) = Yenv(14) + Ydr
Else

Xenv(13) = Xenv(14): Yenv(13) = Yenv(14) + Yul
Xenv(12) = Xenv(14) + Xul: Yenv(12) = Yenv(14) + Yul
End If

Fori=15To 211

Xenv(i) = -Xenv(i — 14)

Yenv(i) = -Yenv(i — 14)
Next i

However, when there is some kind of symmetry or when any of the dimensions of
the cutouts is null, some coordinates contained in the Xenv () and Yenv () arrays will be
repeated. In these cases, the number of vertices of £ will be less than 28. After eliminating
the possible repeated points, it is mathematically verified that there are four combinations
or symmetries that generate the same polygon X Equation (A2).

Z(L.\: Lyr Xuts Yt Xurr Yur, xdlv Y, x-lr' Ydr) =

E(Lyi Lys Xayo Yars Xurs Yurr Xaio Yais Xute Yur) =

Ly, Lys Xuto Yut, Xate Yar, Xure Yurs Xars Yar) =
Z(Lx; Ly» X Yare Xuer Yurs Xare Yar, Xups Yul}

(A2)

In this way, it is possible to obtain the envelope X to the family of polygons I'l on
which the dichotomous criterion of inter-shading between collectors will be based.
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