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Resumen

Este trabajo presenta los resultados de investigacion sobre el desempefio de paneles
fotovoltaicos en condiciones reales de operacidn. En una primera etapa se propuso una metodologia
para el dimensionamiento del capacitor involucrado en el prototipo electrénico para trazar la curva
I-V de dispositivos fotovoltaicos. Esta metodologia permitié mitigar la obtencién de curvas
incompletas al considerar la dindmica del capacitor, relés del trazador y sus caracteristicas, asi
como del panel en evaluacion segun el rango objetivo de irradiancia definido. La metodologia fue
validada con paneles comerciales de diferentes tecnologias mediante curvas |-V simuladas con el
programa OpenModelica y curvas I-V obtenidas experimentalmente que consideraron variaciones
de irradiancia y temperatura. Los datos experimentales fueron obtenidos en las instalaciones de la
Sede de Investigacion Universitaria de la Universidad de Antioguia en la ciudad de Medellin,
Colombia. Estos registros permitieron validar los rangos teoricos de operacion del trazador en
funcién de la irradiancia y capacitancia. Las curvas |-V experimentales fueron el insumo para la
segunda etapa del proyecto, la cual consistidé en la implementacion de una metodologia
computacional para la estimacién del desempefio eléctrico de los paneles. En este sentido, se
propuso la metodologia de la traslacién de curvas I-V para estimar el desempefio del panel en una
condicion especifica de irradiancia y temperatura a partir de tres curvas medidas a diferentes
condiciones atmosféricas considerando la norma IEC 60891. Este procedimiento se hizo de manera
extensiva y fue validado considerando registros de medicion cada minuto. La técnica de traslacién
permitid calcular los coeficientes de temperatura de los paneles fotovoltaicos evaluados y verificar
los valores dados por los fabricantes en las hojas de datos. Luego, utilizando el método de traslacion
propuesto, se realizd la estimacion y comparacion del desempefio eléctrico de cinco paneles
fotovoltaicos que fueron evaluados durante aproximadamente 10 meses. Por ultimo, se propone
una metodologia para la estimacion de la resistencia serie de paneles fotovoltaicos a partir de curvas
I-V, utilizando como insumo la técnica de traslacion y la metodologia de Suns V.. Las técnicas de

traslacion y resistencia serie pueden ser utilizadas para calcular la degradacion de los dispositivos.

Palabras clave — Pruebas en exteriores, desempefio de paneles fotovoltaicos, curvas I-
V, medidores capacitivos de curvas |-V, condiciones atmosféricas, condiciones reales de

operacion.



Abstract

This work presents the research results on the performance of photovoltaic panels under real
operating conditions. In the first stage, a methodology was proposed for sizing the capacitor
involved in the electronic prototype for tracing the 1-V curve of photovoltaic devices. This
methodology allowed mitigating the obtaining of incomplete curves by considering the dynamics
of the capacitor, tracer relays and their characteristics, as well as the panel under evaluation and
according to the defined irradiance range objective. The methodology was validated with
commercial panels of different technologies by 1-V curves simulated with the OpenModelica
program and real I-V curves that considered variations of irradiance and temperature. Real
information was obtained at the Sede de Investigacion Universitaria of the Universidad de
Antioquia in Medellin, Colombia. These records allowed validating the theoretical operating
ranges of the tracer based on irradiance and capacitance. The real I-V curves were the input for the
second stage of the project, which consisted of the implementation of a computational methodology
for the estimation of the panel’s electrical performance. In this sense, the I-V curve translation
methodology was proposed to estimate the panel performance in a specific condition of irradiance
and temperature from three measured curves at different atmospheric conditions based on the IEC
60891 standard. This procedure was done extensively and validated considering measurement
records every minute. The translation technique allowed the calculation of the temperature
coefficients of the evaluated photovoltaic panels and to verify the values given by the
manufacturers in the data sheets. Then, using the proposed translation method, the electrical
performance estimation and comparison of five photovoltaic panels were carried out, which were
evaluated for approximately 10 months. Finally, a methodology is proposed for the estimation of
the series resistance of photovoltaic panels from I-V curves, using the translation technique and the
Suns Voc methodology as inputs. The translation and series resistance techniques can be used to

observe the performance evolution over time and thus calculate the degradation of the devices.

Keywords — Outdoor tests, Photovoltaic device performance, 1-V curves, Capacitive

-V tracers, Weather conditions, Outdoor conditions.



1. Introduccion

Los paneles solares son dispositivos que transforman la energia solar en energia eléctrica
mediante celdas solares compuestas por diferentes materiales fotovoltaicos y estructuras de disefio.
A lo largo de los afios, se ha investigado y desarrollado diversas tecnologias de paneles solares,
que generalmente se clasifican en tres categorias principales (Mussard and Amara, 2018):

1. Primera generacion: Conformada por dispositivos elaborados con silicio, en su
estructura monocristalina y policristalina. Estos dispositivos son los que presentan
mayor madurez tecnolégica y los que mayor cuota de mercado tienen e igualmente
han sido usados y probados durante muchos afios. Se caracterizan por tener un
periodo de vida Util importante (entre 20 y 25 afios) y que su materia prima es

abundante, pero de alta complejidad para su obtencion y fabricacion.

2. Segunda generacién: Conformada por paneles de pelicula delgada (thin film) que
presentan grandes ventajas respecto a la primera generacion como menor consumo
de materias primas para su fabricacion, facil integracion con edificaciones,

fabricacion mas facil y menor efecto de la temperatura para su funcionamiento.

3. Tercera generacion: Compuesta por dispositivos de celdas solares sensibilizadas
por colorantes (Dye-sensitized solar cells) las cuales son elaboradas con materiales
foto-electro-quimicos mezclados con materiales semiconductores. Por el momento
estos dispositivos a gran escala presentan menores eficiencias a comparacion otras
tecnologias, pero existe gran interés por parte de empresas y academias y se

encuentran en fases de investigacion y desarrollo.

Algunas de las mayores eficiencias, segun su tecnologia, alcanzadas para paneles
fotovoltaicos hasta la fecha son: 24.4 % para silicio cristalino, 20.4 para silicio multicristalino, 19.2
% para CIGS, 12.3 % para silicio amorfo, 17.9 % para perovskite y 8.7 % para organicas (Green
et al., 2023). Lo anterior muestra que existe una gran variedad de eficiencias segun la tecnologia o

materiales semiconductores utilizados en la fabricacion. Por tanto, es de esperar que el desempefio



eléctrico de cada tecnologia dependa de las condiciones atmosféricas y caracteristicas geograficas

del lugar donde sean instaladas.

En la Figura 1 (a) se muestra la proporcion de los tipos de generacion de energia eléctrica
para el afio 2030 y 2050 a nivel mundial con los que se lograria cumplir la meta de mantener el
aumento de la temperatura global del planeta por debajo de los 1.5°C, donde se evidencia el papel
importante que se espera tengan los paneles solares fotovoltaicos para suplir la demanda de energia
eléctrica. De las diferentes tecnologias de paneles solares se tiene que la primera generacion
conformada por médulos de silicio en su forma monocristalina y policristalina dominan el mercado,
ya que como se observa en la Figura 1 (b), aproximadamente el 74 % corresponden a paneles de

estos materiales, donde las demas tecnologias y generaciones se distribuyen el porcentaje restante.

. ‘ 2050 | (a b
Electricity generation (TWh) RE- 90% ( ) ( )
90000 VRE: 63%

I
75000
2030
60000 RE: 65%
VRE: 42%
45000 20 18
RE: 25%
VRE: 7% = Mono-crystalline
30000

m Poly-crystalline

= Amorphous silicon

m CopperindiumGalliumSelenide
= Cadmium Telluride

- -
15000 .

= Gallium Arsenide

2018 2030 2050
Where we need to be (1.5-S)

@ coal @ Hydro @ Biomass Solar PV Wind offshore @ Geothermal
(excl. pumped) (solid)

@ oil csp Wind onshore @ Tidal/Wave
Biomass
Natural Gas (waste) Hydrogen

@ Nuclear Biogas

Figura 1. (a) — Distribucién de fuentes de generacion de energia eléctrica para el afio 2030 y 2050 considerando un
escenario para lograr mantener el aumento de la temperatura global por debajo de 1.5°C (IRENA - International
Renewable Energy Agency, 2022). (b) — Distribucidn del mercado comercial de paneles solares por tecnologia
(Ogbomo et al., 2017).

La distribucidn de la capacidad instalada de generacion de energia mediante paneles solares
a nivel global se centra principalmente en algunos paises y regiones, como se muestra en la Figura

2, donde China, Estados Unidos, Japon, India y la Union Europea concentran el mayor porcentaje
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de esta capacidad, pero donde se observa que el resto de paises del mundo han ido tomando una

mayor relevancia en los ultimos afios.
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Figura 2. Capacidad de energia solar instalada por paises y regiones entre el 2010 y 2020 (REN21, 2022).

El desempefio eléctrico de dispositivos fotovoltaicos (celdas y modulos), tradicionalmente
se evalta en laboratorios utilizando simuladores solares y condiciones atmosféricas controladas
como las especificadas en las hojas de datos de los dispositivos conocidas como condiciones
estandar de prueba (STC, por sus siglas en inglés). Sin embargo, este enfoque conlleva costos
elevados debido a la necesidad de equipos especializados de medicion y simulacion de condiciones

ambientales especificas.

Una limitacion importante de las pruebas en laboratorio es que las condiciones simuladas
pueden no representar completamente el entorno real al que los paneles solares estan expuestos.
En condiciones reales de operacion, los paneles solares estan sujetos a variaciones climaticas, como
laintensidad y direccion de la radiacion solar, la temperatura ambiente, la humedad y otros factores

ambientales, que pueden afectar su desempefio eléctrico de manera significativa.

Para abordar esta limitacion, las evaluaciones de paneles fotovoltaicos en condiciones reales

se realizan generalmente en el ambito académico en instalaciones de universidades y centros de
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investigacion, lo que presenta un desafio adicional. Estos dispositivos no son sometidos a las
mismas condiciones atmosféricas y ambientales que se encuentran en laboratorios con simuladores

solares, lo que puede generar discrepancias en los resultados obtenidos.

A pesar de estos desafios, las evaluaciones en condiciones reales son importantes para
comprender el verdadero desempefio de los dispositivos fotovoltaicos y su adecuacion para
aplicaciones préacticas. Estos estudios permiten proporcionar datos mas representativos de la
eficiencia y el comportamiento de los paneles solares en situaciones reales, lo que ayuda a mejorar
la precision de las predicciones de rendimiento y a optimizar su disefio y funcionamiento en

aplicaciones.

En la Figura 3 se muestran algunas instalaciones donde se han caracterizado y monitoreado
tecnologias de paneles solares, donde se observan los diferentes colores y materiales usados para
la construccion de los modulos, y que generalmente se disponen los paneles bajo las mismas

configuraciones de angulo y orientacion.

Figura 3.Algunas instalaciones para caracterizacion en exteriores de tecnologias de paneles solares fotovoltaicos (a)
(Makrides et al., 2008), (b) (Karami et al., 2017), (c) (Guenounou et al., 2016) y (d) (Visa et al., 2016).
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Al momento de caracterizar paneles solares en condiciones de exterior se pueden presentar

los siguientes retos y problemas:

e Simultaneidad y sincronizacion de la informacion experimental para poder hacer
comparaciones directas (Gaglia et al., 2017; Katsaounis et al., 2019; Louwen et al., 2017;
Wang et al., 2018).

e Calidad de las curvas I-V registradas (Balaska et al., 2017; Park et al., 2019; Wang et al.,
2018).

e Ubicacion geogréfica y sus condiciones atmosféricas asociadas (Kaaya et al., 2019; Wang
etal., 2018).

e Acumulacién de materiales sobre los paneles (Nieve, suciedad, contaminacién, entre otros)
(Kaaya et al., 2019; Wang et al., 2018).

e Métodos de medicion rapidos que garanticen condiciones estables (Akhmad et al., 1997).

e Meétricas para comparar su desempefio (Eke et al., 2017; Elibol et al., 2017).

e Frecuencia de obtencidn de la informacion experimental (Dunlop and Halton, 2006; Eke et
al., 2017; Wang et al., 2018)

13



2. Planteamiento del problema

Para caracterizar el desempefio paneles fotovoltaicos, tradicionalmente se han utilizado
condiciones de prueba estandar o STC por sus siglas en ingleés, las cuales son mediciones realizadas
bajo condiciones controladas, generalmente en laboratorios a través de simuladores solares, donde
se utiliza una temperatura del mddulo de 25°C, una irradiancia de 1000W/m?, una masa de aire 1.5
(AM1.5) y 0 velocidad del viento (IEC 60904-3, 2019). Las condiciones de STC no son
condiciones reales a las que son expuestos estos dispositivos para su operacion continua durante
sus afios de funcionamiento (Figura 4), por lo que no se puede comparar directamente su
rendimiento con los valores reportados por los fabricantes, que generalmente lo reportan para

condiciones STC.
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Figura 4. Diferentes condiciones de operacion entre las 06:00 y las 18:00 horas en Medellin, Colombia. (a)
Irradiancia y (b) temperatura ambiente y del panel (linea discontinua).

Se han definido otras condiciones de prueba para los paneles fotovoltaicos con el fin de
caracterizar su desempefio eléctrico en diferentes condiciones, logrando con esto un mayor rango
de caracterizacién y cubriendo condiciones mas probables para su operacion real (IEC 61853-1,
2011), estas condiciones también se conocen como Power Rating Conditions o PRC. Estas
condiciones son definidas en la seccion 7. Es de resaltar que hasta el momento es la Gnica norma
que se tiene para realizar evaluacion de paneles solares fotovoltaicos bajo condiciones de exterior.
Principalmente consisten en evaluar los paneles valores especificos de irradiancia y temperatura de

operacion del dispositivo, y donde no se define cuanto tiempo minimo es necesario para la
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caracterizacion bajo estas condiciones, solo se debe cumplir con tener las condiciones alli
requeridas, lo que desencadena que muchas otras condiciones no sean tenidas en cuenta para la
caracterizacion del desempefio de estos dispositivos. En la Tabla | se presentan las caracteristicas

definidas para la medicion en cada condicion.

Condiciones de prueba defin-gggsla(ll’RC) en IEC 61853-1, 2011.
Nombre Abreviacion Irradiancia [W/m?] Temperatura del médulo [°C]
Hight Temperature Conditions HTC 1000 75
Low Irradiance Conditions LIC 200 25
Low Temperature Conditions LTC 500 15
Normal Operating Cell Temperature NOCT 800 20 (ambiente)
Standard Test Conditions STC 1000 25

Las condiciones descritas en la Tabla | abarcan diferentes temperaturas e irradiancias, pero
representan condiciones de medicion especificas que generalmente se logran de forma mas facil en
ambientes controlados. Debido a que las variables atmosféricas bajo las cuales operan los paneles
fotovoltaicos presentan variaciones durante el dia, la época del afio y la ubicacién geografica, no
es posible caracterizar el desempefio para un rango real de condiciones de operacion unicamente
con este tipo de métricas, 1o que por consecuencia tampoco permite determinar completamente qué
tipo de tecnologia presentara un mejor desempefio para las caracteristicas bajo las cuales va a ser

instalada o si el dispositivo cumple con las informacidn entregada por su fabricante.

En la Figura 5 se presentan los mapas de radiacion solar y temperatura promedio anual para
el territorio colombiano, donde se puede observar que existe diversidad de zonas con diferentes
comportamientos y valores, lo que podra representar que existan tecnologias que se desempefien
de forma diferente segln las caracteristicas de cada zona, por lo que la seleccion adecuada de esta
tendra un papel fundamental, teniendo como objetivo principal optimizar de mejor forma los

recursos y con esto tener un mejor desempefio de las instalaciones y proyectos.
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Figura 5. (a) Radiacién solar global promedio anual (UPME, 2005) y (b) temperatura promedio anual de Colombia
(IDEAM, 2014).

En la Figura 6 se presenta el comportamiento de tres variables atmosféricas que influyen en
el desempefio de dispositivos fotovoltaicos medidas en el laboratorio de caracterizacion de
dispositivitos fotovoltaicos en condiciones de exterior del grupo GIMEL de la Universidad de
Antioquia. Se observa que estas variables toman un rango de valores a lo largo del dia, lo que
complementa lo observado en la Figura 5, donde se mostraba un comportamiento promedio global
anual. Por lo que se observa que se presentan variaciones en estas variables segin su ubicacion
geogréfica y que para cada lugar también existen variaciones a lo largo del dia. Estas condiciones
muestran la importancia de contar con una metodologia para estimar el rendimiento de los
dispositivos en condiciones reales de operacion, ya que no son condiciones constantes y se debe
estandarizar o tomar un punto de referencia para evaluar o estimar su rendimiento a lo largo del

tiempo.
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Figura 6. Condiciones de operacion para la ciudad de Medellin, Colombia, entre las 06:00 y las 19:00 horas durante
aproximadamente 18 meses (octubre de 2021 a febrero de 2023). (a) Radiacion solar global perpendicular a un plano
horizontal (b) temperatura ambiente y del panel. Las lineas oscuras corresponden a la mediana y las areas
sombreadas corresponden a una desviacion estandar respecto a la mediana. Los paneles de la derecha corresponden a
la distribucion de los datos.

En Figura 7 se muestran las HSP para cada mes del afio calculadas para Medellin, Colombia
en el laboratorio solar del grupo GIMEL de la Universidad de Antioquia. Se observa que esta
ubicacion presenta variaciones en cuanto al desempefio solar a lo largo del afio pero que por su
ubicacion cuenta con un buen comportamiento de radiacion solar durante todo el afio, con un

promedio diario anual de 4.6 HSP.
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Figura 7. HSP por mes para la ciudad de Medellin, Colombia, considerando informacion de aproximadamente 18
meses (octubre de 2021 a febrero de 2023). El panel derecho corresponde a la distribucion de los datos de cada uno
de los meses.

Un reto en la caracterizacion de paneles fotovoltaicos en condiciones reales de
funcionamiento es el método que se usa para la obtencion de los datos eléctricos de operacion y la
velocidad que se necesita para el registro de informacion, ya que se busca que esta sea lo méas rapida
posible con el fin de garantizar condiciones atmosféricas constantes mientras la captura de los
registros. En la Figura 8 se muestran curvas I-V de un panel fotovoltaico Sharp NU-RC290, donde
la curva (a) corresponde a la reportada por el fabricante en su hoja de datos para condiciones STC
y las curvas de laimagen de (b) corresponden a curvas registradas de forma experimental, obtenidas
mediante la técnica de medicion capacitiva, donde segun el area que cubren las curvas se puede
concluir que el panel estuvo expuesto a diferentes condiciones atmosféricas. Se observa ademas
que al utilizar la técnica de medicién de curvas I-V a través del método capacitivo se puede llegar
a perder informacién, debido principalmente a la capacitancia utilizada y a las caracteristicas
electronicas (tiempos, frecuencia de medicidn, entre otros) del equipo caracterizador. Sin embargo,
esta técnica es una de las mas utilizadas para condiciones de exterior ya que es econdmica, facil de
implementar y permite tener tiempos cortos de medicion con el fin de realizar la captura de las

curvas bajo las mismas condiciones atmosfeéricas (Velilla et al., 2019).
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Figura 8. (a) - Curva I-V para STC (SHARP Energy Solutions) y (b) - curvas |-V medidas experimentalmente.

En condiciones de exterior se han planteado en la literatura diferentes métodos para estimar
y calcular el desempefio de paneles fotovoltaicos, tanto para horizontes de tiempo cortos como
largos pero no se tiene un consenso general, ya que este no es un proceso simple debido a que
intervienen factores como la calidad de informacion medida, su procesamiento y las metodologias
usadas para esto, lo que incluso puede ocasionar que partiendo de la misma informacién se
obtengan resultados diferentes (Jordan et al., 2017). Por este motivo es importante contar con un
procedimiento robusto que permita realizar la evaluacion y comparacion del desempefio eléctrico

para condiciones de exterior de dispositivos solares fotovoltaicos.
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3. Objetivos

3.1 Objetivo general

Implementar computacionalmente una metodologia para comparar el desempefio eléctrico
de tecnologias solares fotovoltaicas evaluadas en condiciones de exterior, considerando estandares

internacionales aplicables.

3.2 Objetivos especificos

1. Estudiar el impacto de variables atmosféricas como irradiancia y temperatura en el
desempefio eléctrico bajo condiciones de exterior de las tecnologias solares

fotovoltaicas seleccionadas.

2. Investigar modelos, procedimientos y/o metodologias computacionales que puedan
ser usados para la comparacion de tecnologias solares fotovoltaicas evaluadas en
condiciones de exterior considerando el impacto de variables atmosféricas en el

desempefio eléctrico de los médulos.

3. Implementar computacionalmente metodologia para la comparacién del desempefio
eléctrico de tecnologias solares fotovoltaicas en condiciones de exterior y validarla
respecto al(los) modelo(s) y/o criterio(s) seleccionado(s) utilizando datos reales de

desempefio eléctrico y condiciones especificas del lugar de instalacion.
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4. Cumplimiento de los objetivos

Este trabajo de investigacion se ha estructurado como la compilacion de tres articulos que
son el resultado del proceso académico y de investigacion desarrollado. Mediante estos articulos
se da cumplimiento a los objetivos propuestos en la seccion 3. Los articulos y los supporting

information asociados a estos se encuentran anexos al final de este documento.

Mediante los articulos Capacitive tracer design to mitigate incomplete I-V curves in outdoor
tests y Outdoor and synthetic performance data for PV devices concerning the weather conditions
and capacitor values of 1-V tracer (Londofio et al., 2022) se abordan los objetivos especificos 1y
2 ya que se estudia el efecto de variables atmosféricas como la irradiancia sobre el comportamiento
de los parametros eléctricos derivados de la curva I-V como por ejemplo Voc e Isc de tres paneles
fotovoltaicos de diferentes tecnologias y se identifica y soluciona el problema de la calidad de las
curvas |-V mediante la propuesta de una metodologia adecuada de dimensionamiento de la
capacitancia, la cual es comprobada de forma experimental y tedrica a través de datos

experimentales y simulados respectivamente.

El objetivo especifico 3 es abordado en el articulo Ilamado Photovoltaic performance assess
by correcting the I-V curves in outdoor tests (Padilla et al., 2022) en el cual se propone e
implementa computacionalmente una metodologia de traslacion de parametros eléctricos de
paneles fotovoltaicos que permite estimar el desempefio de estos dispositivos para una misma
condicion de temperatura irradiancia y con esto poder llevar a cabo una comparacion evaluacién

del desempefio de estos en condiciones reales de operacion.

Adicionalmente, para el cumplimento del objetivo especifico 3, se ha desarrollado una
metodologia para la estimacion y seguimiento de la resistencia serie de dispositivos fotovoltaicos
en condiciones de exterior. Estos resultados se estdn compilando para una nueva publicacion, se

anexa una version  borrador de dicha metodologia en el Anexo 6:

Photovoltaic Modules Series Resistance Estimation In
Outdoor Conditions Using -V Curves Data
(Borrador).
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Después de completar los objetivos especificos, se logra dar complimiento al objetivo
general propuesto, ya que se propuso e implementd la metodologia de traslacion de parametros
eléctricos de dispositivos fotovoltaicos instalados en condiciones de exterior, la cual entre sus

principales ventajas y aplicaciones se encuentran:

e Comprobacion del desempefio eléctrico informado por los fabricantes.

e Estimacion de pardmetros eléctricos para condiciones especificas de operacion.
e Calculo de los coeficientes de temperatura.

e Medicion de la degradacion.

e Deteccion de fallas de los dispositivos.

e Seguimiento en linea del desempefio.

e Disminucidn de la dispersion en la estimacion de los parametros eléctricos.

A través de esta técnica se realiza una estimacion y comparacion del desempefio de
diferentes tecnologias fotovoltaicas a través del calculo de la potencia maxima y de la resistencia
serie para condiciones especificas de temperatura e irradiancia, pudiendo observar con estas
condiciones fijas la evolucion de estos pardmetros en el tiempo de evaluacion de los dispositivos.

Lo anterior puede ser observado en la Figura 9.
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5. Resultados

En la Figura 9 se muestra de forma grafica un resumen del trabajo de investigacion realizado
y los principales resultados obtenidos. A continuacion, se describe cada una de las secciones de

esta figura:

Seccidn superior izquierda: Esta seccion corresponde con la obtencion y manejo de
informacidn, alli se capturoé el desemperio de diferentes tecnologias de paneles solares a través de
curvas I-V (Velilla et al., 2019) medidas cada minuto y de forma simultanea para todos los paneles
durante las horas de luz dia y variables atmosféricas como irradiancia y temperatura utilizando el
laboratorio de evaluacion y caracterizacion de tecnologias fotovoltaicas del grupo GIMEL de la
Universidad de Antioquia, el cual se encuentra ubicado en la Sede de Investigacién Universitaria
en la ciudad de Medellin, Colombia. Adicionalmente se abordo el reto de mejorar la calidad de las
curvas I-V medidas, ya que en algunas condiciones estas quedaban incompletas, a través de la
propuesta de una metodologia de dimensionamiento adecuada del capacitor (Londofio et al., 2022)
y con esto mejorar el desempefio de los demas analisis y metodologias realizadas a partir de la

informacion en condiciones de exterior (Londofio et al., 2023).

Seccion inferior izquierda: Esta seccion aborda el reto y objetivo del desarrollo de una
metodologia computacional a través de la cual se pueda realizar una comparacion del desempefio
de paneles fotovoltaicos en condiciones reales de operacion. Para esto, se propuso e implementd
un método aleatorio e iterativo para estimar diferentes parametros eléctricos de los paneles dada

una condicion especifica de temperatura y nivel de radiacion solar (Padilla et al., 2022).

Seccion derecha: Esta seccion corresponde a los resultados finales después de haber
aplicado los procedimientos desarrollados en las dos secciones anteriores (azul y verde). Para esto
se parte de datos de desemperfio de paneles fotovoltaicos en condiciones de exterior (curvas 1V,
irradiancia y temperatura), con estos datos se realiza la metodologia de traslacion propuesta para
estimar los parametros para una condicion especifica (STC) y finalmente se obtiene el desempefio
eléctrico de estos (Pmax). EStos mismos datos experimentales son utilizados para la estimacion de

la resistencia serie y su evolucion en el tiempo aplicando la metodologia de calculo de resistencia
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serie que se propone como resultado adicional de este trabajo de investigacion. En total se evalud
y compard el desempefio de cinco paneles fotovoltaicos durante aproximadamente 10 meses, segun

como se muestra en la imagen de esta seccion.
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Figura 9. Resumen gréfico del trabajo de investigacion realizado.
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6. Conclusiones

Se desarroll6 una metodologia que permite comparar de forma simultanea diferentes
tecnologias de paneles solares fotovoltaicos bajo condiciones reales de operacion, la cual también
puede ser usada para realizar analisis de degradacién y deteccion de fallas en estos equipos,
facilitando la implementacion de medidas de mantenimiento preventivo y correctivo,
contribuyendo asi a prolongar la vida Gtil de los sistemas y maximizar su rendimiento a lo largo
del tiempo. Al proporcionar una evaluacion simultanea, esta metodologia permite a investigadores
y profesionales del &rea comprender mejor el rendimiento de cada dispositivo en relacion con las
condiciones especificas de operacion, lo que resulta valioso en un entorno donde la tecnologia solar
esta en constante evolucion y se busca maximizar la produccion de energia y la rentabilidad de los
sistemas fotovoltaicos. La metodologia fue aplicada a datos experimentales de curvas I-V obtenidas
de forma simultanea para cinco paneles fotovoltaicos de diferentes tecnologias instalados en la
ciudad de Medellin, Colombia.

Se realizo el registro de forma simultanea de las curvas 1-V de cinco paneles fotovoltaicos
de diferentes tecnologias, utilizando caracterizadores electronicos de paneles desarrollados por el
grupo GIMEL, los cuales se basan en la técnica capacitiva para la adquisicion de las curvas. La
sincronizacién en la medicion permiti6 garantizar que los paneles fueran evaluados bajo las mismas
condiciones atmosféricas, ya que la adquisicion de las curvas era al mismo tiempo para todos. Las
curvas |-V registradas fueron el insumo principal para los demas analisis y metodologias que se

implementaron.

Se desarroll6 una metodologia de dimensionamiento de la capacitancia para medicion de
curvas |-V bajo condiciones de exterior considerando dos indices de desempefio (Vsr € Isr), las
caracteristicas del equipo de medicion de la curva y del panel fotovoltaico a evaluar. Esta
metodologia fue validada con datos tedricos, simulados y experimentales. Los resultados de estas
validaciones demostraron que las consideraciones y simplificaciones de disefio propuestas son
apropiadas, permitiendo ajustar el dimensionamiento del capacitor para diferentes escenarios de

medicion, mitigando asi las curvas I-V incompletas obtenidas en condiciones de exterior.
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Se demostrd la relevancia en el proceso de disefio del retardo de la conmutacion en los relés
del equipo trazador de curvas I-V mediante la metodologia capacitiva, que juega un papel
importante al inicio del proceso de carga del capacitor afectando la region de lsc. Esto indica que
se deben usar dispositivos de conmutacion rapida para el desarrollo de trazadores I-V con el fin de

no disminuir la calidad de las curvas |-V medidas.

Se mitigo la perdida de datos en los extremos de las curvas I-V (zonas de Vo € Isc) de las
curvas experimentales registradas en las instalaciones del laboratorio solar del grupo GIMEL al
utilizar la metodologia de dimensionamiento de la capacitancia y los indices de desempefio
propuestos (Vsr e Isr) para seleccionar el capacitor acorde con las caracteristicas del equipo de

medicion (trazador de curvas I-V), del panel solar y el rango objetivo de irradiancia.

Se propuso e implementé una metodologia computacional que permite estimar el
desempefio de dispositivos fotovoltaicos en condiciones de exterior, utilizando un proceso aleatorio
para la seleccion de los puntos que se consideran para hacer la traslacion y de alli estimar segin
condiciones especificas de temperatura e irradiancia el valor de los principales parametros
eléctricos de estos dispositivos y finalmente con esto realizar una comparacion entre diferentes

tecnologias de paneles fotovoltaicos.

Adicionalmente, la metodologia de traslacion desarrollada fue utilizada para la estimacion
de los coeficientes de temperatura de los paneles fotovoltaicos evaluados, permitiendo calcular
estos de forma practica y obteniendo resultados en el rango de los valores reportados por los

fabricantes y del comportamiento esperado de estos dispositivos.

Se propone una metodologia para realizar la estimacion y seguimiento de la resistencia serie
de dispositivos fotovoltaicos en condiciones de exterior la cual parte de las curvas I-V y de la
temperatura de operacion del dispositivo, y a través de la técnica de traslacion y el método Suns
Voc permite el célculo de esta variable. Esta metodologia complementa el seguimiento del
desempefio de estos dispositivos, ya que permite realizar analisis de degradacién y deteccién de

fallas segun el comportamiento de esta variable.
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7. Trabajos futuros

En esta seccion se presentan los posibles trabajos futuros que pueden ser planteados a partir de la

tematica y los resultados obtenidos del presente trabajo de investigacion:

e Aplicar la metodologia de traslacion a informacion recolectada a lo largo de varios afios,
para otras tecnologias y para otras ubicaciones geogréficas.

e Implementar modelos que utilicen la metodologia de traslacion para realizar prediccién de
desempefio e identificacion de degradaciones tempranas.

e Implementar metodologias basadas en la traslacion para estimar la degradacion de los

paneles fotovoltaicos.
e Evaluar el desempefio de MPPTs e inversores a partir de la metodologia de traslacion.

e Mejorar la metodologia de dimensionamiento del capacitor utilizando bancos de
capacitancia variable.

e Mejorar el desempefio de los trazadores de las curvas I-V al utilizar relés de conmutacién

mucho mas rapida.
e Realizar estudios comparativos para analizar como la variacion de la resistencia serie afecta

el rendimiento general de los paneles solares y su eficiencia en diferentes entornos.
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Capacitive tracer design to mitigate incomplete I-V curves in outdoor tests
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The capacitance technique is the most straightforward and low-cost technique to trace the I-V curve of photo-
voltaic (PV) modules. Nevertheless, the sweep speed and number of samples to measure the I-V curve depend on
the device under test (DUT), capacitance size, switching dynamic, lighting conditions, Etc. Therefore, two per-
formance indexes were proposed to evaluate the I-V curve quality. The indexes were estimated from a circuital
model considering the transient capacitance charging process as a function of the target irradiance levels and

parameters of the DUT and tracer. In this way, a capacitance range is estimated to mitigate the likelihood of
measuring incomplete curves in the Iy and V. regions. Finally, the capacitance sizing design in terms of both
indexes for monitoring PV technologies was validated in outdoor tests.

1. Introduction

The performance of Photovoltaic (PV) devices is described by the
short-circuit current (Is.), open-circuit voltage (V,.), fill factor (FF),
maximum power (Ppn,x), voltage and current at the maximum power
point (Vipp, Impp) and efficiency. These parameters are typically esti-
mated from the I-V curve regarding light and temperature conditions
(Velilla et al., 2017). In this context, the capacitance technique could be
considered the most straightforward and low-cost technique to trace the
I-V curve of PV modules. Nevertheless, it is possible to measure
incomplete I-V curves and estimate inappropriate parameters concern-
ing the performance because the sweep speed and the number of sam-
ples are functions of the device under test (DUT), capacitance value,
switching dynamic, lighting conditions, Etc. These issues could be more
relevant in outdoors because of the irradiance level changes, increasing
the likelihood of measuring incomplete curves, highlighting the
importance of measuring proper curves to improve the performance
estimation.

The [-V curve is conventionally measured by scanning the device
operating points starting at the short-circuit current point (0, Ig),
crossing the maximum power point (Vipp, Impp) and ending at the open-
circuit voltage point (V,, 0). Hence, several I-V tracers have been re-
ported in the literature depending on the sensors and data-acquisition
systems (Zhu and Xiao, 2020), which currently demonstrate more ca-
pabilities and lower cost. Thus, properties such as flexibility, fidelity,
cost, fast-response, modularity, among other parameters, have been
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considered to evaluate the tracer performance (Duran et al., 2008).

Accordingly, the four-quadrant power supply, DC-DC converters and
bidirectional power inverters coupled to DC/DC converters have been
employed to trace the I-V curve by facilitating different sweep speeds
and scan directions (forward and reverse), allowing testing the devices
under dark or light conditions (Morales-Aragonés et al., 2021). On the
other hand, resistive and capacitive load tracers have been widely used
under light conditions because of the simplicity for measuring the curve
regardless of the power dissipation drawbacks. However, the capaci-
tance load or capacitance technique is the most straightforward tech-
nique to be implemented in the tracers because the dynamic behavior to
scan the curve is inherent to the capacitor charging process. Therefore,
the controllability and adaptability of the capacitance technique to scan
the device operating points, facilitates for testing PV and arrays (Chen
etal., 2018; Garcia-Valverde et al., 2016), enables to design tracers with
adaptive sampling period (Chen et al., 2020), tracers for estimation of
the parameters of PV devices (Padilla et al., 2022; Velilla et al., 2021,
2019a; Velilla Hernandez et al., 2022) or multi-module capacitive
tracers for PV systems (Reischauer and Rix, 2019).

The capacitive technique requires large-high-quality capacitors
(minor series resistance) to measure a proper I-V curve concerning light
conditions. Accordingly, different approaches have been proposed for
capacitance sizing. Most of them are based on the “fill factor one” or
constant current approximation (Warner and Cox, 1982). Herein, the
solar panel is modeled as an ideal current source with a magnitude value
of Ig.. In this way, the current source charges the capacitor increasing the
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Fig. 1. Scheme of the capacitance technique to trace the I-V curve. The voltage and current signals are measured by the sensors V and I respectively.
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Fig. 2. I-V curve. Panel (a) corresponds to description of complete and incomplete I-V curve. Panel (b) corresponds to recorded I-V curves in outdoor tests to
illustrate the regions affected by missing data because of the capacitor sizing and weather conditions.

voltage until the open-circuit voltage (V). This charging process is
considered by Eq. (1), indicating the relationship between the capaci-
tance size (C), the DUT characteristics (I and Vo) and the charging
time (ts).

Isc

C=t
lVoc

@

Intended to generalize the fill factor approach modeling, a propor-
tionality factor (k) value of 0.5 was included in Eq. (1) to consider the
maximum sweep speeds (Mahmoud, 2006). Moreover, empirical k
values ranging between 0.5 and 0.9090 were recommended depending
on the application type (module or array of modules) (Sayyad and
Nasikkar, 2020). Another approach for sizing the capacitance was pro-
posed using a two-steps model to consider the transient effects in the
charging process (Spertino et al., 2015). In this approach, the first step is
modeled using a current source of value I to produce a constant current
charge, obtaining the I-V curve behavior close to I value. Then, the
second step is modeled as a voltage source (Vo) in series with an
equivalent resistance for obtaining the I-V curve behavior close to V.
value. In this case, the charging time can be estimated using the S5RC
criterion. Besides, this approach was modified to adjust the sampling
period according to the irradiance changes using additional hardware
(Chen et al., 2020).

It is worth noting that the approaches are only based on the total time
required to charge the capacitor and do not consider specific charac-
teristics of the data-acquisition system as the commutation delay of
switches. Therefore, the transient behavior at the beginning of the I-V
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curve (close to Ig) is not considered. Besides, the capacitance sizing is
conventionally calculated considering only one irradiance condition, i.
e., Standard Test Conditions (STC) or Nominal Operative Cell Temper-
ature (NOCT) commonly reported in the datasheet of PV modules, thus,
the dependence of the DUT parameters with irradiance is not consid-
ered. In this context, incomplete I-V curves and uncertainty in the esti-
mated parameters are expected for evaluating PV modules in outdoor
tests considering only one capacitance value, because the capacitor
charging time also depends on the weather conditions according to Eq.
(1). Therefore, this work proposes an alternative approach by proposing
two performance indexes to verify the I-V curve completeness and es-
timate a capacitance range for the tracer concerning the target irradi-
ance levels, panel characteristics, and acquisition system parameters.

2. Capacitance technique

The capacitance technique traces the I-V curve by measuring and
recording the current (I) and voltage (V) signals when the switch (S1) is
closed to connect the capacitor (C) to the DUT or solar module, Fig. 1. In
this case, it is expected to trace complete I-V curves from voltages values
approaching zero (correlated to the short-circuit point) to the open-
circuit voltage (Vo) during the capacitor charging process, Fig. 2.
Nevertheless, it is possible to obtain incomplete curves close to Vg
depending on the maximum measurement time or tolerance in the
current measurement (uncertainty), or close to Iy, depending mainly on
the switching behavior (transient effects). Therefore, it highlights the
principal role of the switch operation in this technique, which must be
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Fig. 3. Transient Charging Circuital Model. Panel (a) corresponds to the equivalent circuit. Panel (b) corresponds to the voltage comparison between the two-Step
model (blue line) and one-diode model simulation (orange line). Panel (c) corresponds to the current comparison. The Two Step model is divided in two regions to
show the starting capacitance charging process (Step 1) and the exponential current behavior at the end of the capacitance charging process (Step 2). Adapted from
(Spertino et al., 2015) and (Chen et al., 2020). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

programmed and synchronized with the data acquisition systems to
mitigate the transient effects when the switch is closed and properly
record the voltage and current signals during the test.

In a nutshell, a I-V tracer equipment that implements the capacitance
technique includes the capacitor, switch, sensors, data acquisition sys-
tem and control system to perform the tasks. From the hardware point of
view, this technique only involves a few elements (switch and capacitor
at least), demonstrating the simplicity of performing the I-V curve. From
the software point of view, few steps are required to record the data.
Moreover, it is possible to include an external resistance (R) to discharge
the capacitor and reduce the death time between measurements. In this
case, another switch is required and taken into account in the logical
process (switches sequence) to trace the I-V curve (Velilla et al., 2019a;
Velilla Hernandez et al., 2022). Therefore, these advantages allow
observing why this technique is a simplest and low-cost technique to
trace the I-V.

3. Design methodology for capacitance sizing

This section shows the impact of the capacitance value in the I-V
curves to determine the variables and models required for sizing the
capacitive tracer concerning light condition and DUT parameters.

3.1. Impact of light conditions on the I-V curve behavior

Fig. 2a shows in a general way the distinction between a complete
and incomplete I-V curve. This distinction is highlighted considering the
minimum voltage measured (Vpi,) and the minimum current measured
(Imin), in this case, an appropriate I-V curve is recorded as both pa-
rameters tend to zero. Thus, the transient effects due to the switching
dynamic and commutation delay involved in the technique could be
correlated to the missing or dirty data close to the I, region. Hence, Viin
close to zero indicates a quasi-ideal curve and Vi, close to V. indicates
a poor-quality curve. On the other hand, an insufficient time to fully
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charge the capacitor or shorter available time for the measurement
could be correlated to missing data correlated to the V. region. Hence,
Imin close to zero indicates a successful measurement of the V,. while
Imin close to I indicates an incomplete charging process of the
capacitor.

Fig. 2b shows the impact of light conditions (G) on both regions (Is
and V) of the I-V curve recorded in outdoor tests considering a fixed
capacitance value. Here, the behavior close to V,. can be explained
regarding Eq. (1), because the DUT parameters (I;. and V,.) depend on
weather conditions. Thus, the charging time mainly depends on light
conditions (G) producing insufficient time to fully charge the capacitor
as the irradiance levels decrease. Nevertheless, this equation does not
allow explanation of the behavior close to the I, region, which is mainly
a function of the sweep speed and switching dynamic (I-V tracer specific-
parameters), being more evident as G increases (see Supplementary
Information Fig. S1).

3.2. Success rates (SR) indexes

In order to evaluate the performance of the I-V curve concerning the
missing data, the regions affected by this missing data related to I, and
Vo are described in terms of the parameters shown in Fig. 2a. Herein, it
is possible to determine the performance of the recorded I-V curve
considering two normalized indexes. The first index called success rate
of current (Isg) is related to the I region considering the ratio between
Vmin and V. as shown in Eq. (2). The second index called success rate of
voltage (Vgg) is related to the V. region considering the ratio between
Imin and I as shown in Eq. (3). Thus, a proper I-V curve (mitigating
missing data) is expected when both indexes are close to 100 %.

Vmin
Voc
I, min
I,

Isg = 100(1 - @

Veg = 100(1 — 3
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It is worth noting that both indexes depend on the irradiance levels
(G), as is depicted in Fig. 2b. Accordingly, high irradiance levels are
conditions that facilitate the complete capacitor charge, registering the
Vo value and improving Vsg. Nevertheless, these conditions increase the
data loss at the beginning of the capacitor charge (Is. region) because of
the switching behavior. In contrast, low irradiance levels are conditions
that constrain the capacitor charging process (Vo region). Thus, the V.
value could not be registered. However, under these conditions, current
values close to I are registered, improving Igg.

3.3. Capacitor charging model

In order to estimate both indexes (Isg and Vsg) as a function of G
considering the behavior of the DUT and capacitive tracer during the
tracing I-V curve process, the two-Step model proposed in the literature
(Chen et al., 2020; Spertino et al., 2015) was adapted to consider the
dependence of the circuital model with G (Fig. 3a). Therefore, in Step 1,
the PV device is assumed as a constant current source charging the
capacitor up to a voltage equal to the maximum-power point voltage
(Vmpp) at the time typp, Fig. 3b. In Step 2, the PV device is a constant
voltage source in series with a resistor, producing an exponential decay
behavior for the current, Fig. 3c.

The circuital model involves the electrical parameters of the DUT
such as Vo, Isc, Vmpp and Impp, which are functions of weather conditions
(G and temperature). It is possible for design purposes to express I and
Impp as a function of irradiance (Eqgs. (4) and (5)). Where G is the irra-
diance in W/m?, and the subindex STC corresponds to Standard Test
Condition (STC). On the other hand, we neglect the effect of G in the
DUT voltage (Vo and Vipp).

Iscg.
I =
sc(G) 1000 (©)]
I (G) = Imppy,, 5
mpp( ) - W ( )

Notice that in Step 1 the capacitor voltage increases linearly with
time (Fig. 3b). Therefore, I;. at the target irradiance condition (G) is
estimated to calculate the time at which the capacitor rises the Vi,
value in Step 1 (typp), following Eq. (6).

— CV’"I’I’

12(6) ©

tupp(G)

It is possible in Step 2 to calculate the equivalent resistance R(G) by
calculating the inverse of the slope between the maximum power point
(Vinpps Impp) and the open-circuit point (Vo, 0) at the target G, following
Eq. (7).
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Voe = Vi
Ly (G)

Finally, the resulting piecewise expression for the capacitor current
in both steps as a function of time (Eq. (8)) is estimated by solving the
equivalent circuits taking into account the initial and continuity
conditions.

R(G) = )

t < typp(G) ®

(=tmpp(G))
RC

t > typp(G)

3.4. Estimation of Vg and Isg

The Isg can be affected by the time delay (tgelay) to start the mea-
surement process and charge the capacitor, affecting the I;. region of the
I-V curve. Hence, this time must consider the sampling period (tsample)
by the acquisition system and commutation delay of the switch (tswitch)-
Thus, tgelay can be calculated as follows Eq. (9).

)

tde[ay = Max(t.samplm tswnch)

tdelay must be smaller than tmpp (tdelay < tmpp) for guaranteeing a
constant charge current in Step 1 (Eq. (8)). Thus, a linear behavior of the
capacitor voltage as a function of the time is obtained (Eq. (10)),
allowing estimation of the minimum measured voltage (Vpin) as shown
in Eq. (11) (see Fig. 3b), considering the DUT and I-V tracer.

I.(G)
V=- t 10
c 10)
5(G) _ . IscuG
Vm[n - tdelnyT - tdelavloooc (11)

Finally, Isg (Eq. (12)) is estimated by replacing Vpi, in Eq. (2) to
express Igg in terms of G and DUT characteristics related to Step 1,
describing the behavior of the I-V curve in the Iy region.

; Iscye
M) _ 100<1 _ TdetaySCstc G)
VOC

1000CV,,

On the other hand, the V. region of the I-V curve can be affected by
the charging time. Thus, the total acquisition time (tmeasure) Can be
calculated as the product of the tgmple and the maximum number of
samples (Ngamples) settled by the acquisition system following Eq. (13).

13)

I = 100(1 - 12)

tmeasure = Msamplestsample

Accordingly, considering that tpeasure is greater than typp, Eq. (8)
related to Step 2 is employed for estimating I, at tmeasure, EQ. (14).
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Fig. 5. Switching time (tswitch) estimation. Panel (a) corresponds to voltage signal during the I-V curve tracing in outdoor tests. The inset corresponds to the initial
behavior of voltage related to the switching process. Panel (b) corresponds to estimated tgyitch distribution in a form of boxplot considering one year of out-

door testing.

- (tmeusure - tmpp(G) )

R(G)C 14

Im[n = I.xc(G)e
Then, the Vsg (Eq. (15)) is calculated by replacing I, in Eq. (3) to
express the index in terms of G and corresponding times of Step 2 (see

Fig. 3c), describing the I-V curve behavior in the V. region.
- tmeasure — bmy G
) =100 ( l—e M)

R(G)C
Notice that for typ, greater than tyeasure, @ Negative value for Vg is
estimated. In those cases, the I-V curve tracer is not able to register the
Vinpp value.

Imin (G)

1(6) (15

Vsr(G) = 100(1 -

3.5. Capacitance sizing design

Once Isg and Vggr are described in terms of G and the parameters
related to the I-V curve tracer, DUT and acquisition system (Egs. (12)
and (15) respectively), it is possible to define acceptable or target values
for the success rates to design an appropriate capacitor size. Therefore,
defining the SR targets values as Vggmin (Fig. 4a) and Iggmin (Fig. 4b), the
operative irradiance range (Gpin < G < Gpax) for the tracer is con-
strained (Fig. 4c). In this regard, the capacitances correlated to the I
and V, regions could be estimated from Eqs. (12) and (15) respectively.
Thus, the maximum capacitance (Cpax) value is estimated from Vgg
considering the minimum irradiance (Gpi,) following Eq. (16). The
minimum capacitance (Cp;p) value is estimated from Isg considering the
maximum irradiance (Gpay), following Eq. (17). Therefore, both ca-
pacitances limit the required operative capacitance range (Cpin < C <
Cmax) for the tracer to guarantee the I-V curves quality concerning the
operative irradiance range defined by the target conditions.

It is worth noting that it is also possible to tune-up the design by
selecting different target indexes for current and voltage based on the
required application or define the irradiance range of interest to esti-
mate the SR values (Isg and Vgg) and calculate the capacitor size. Finally,
it is highlighted that the proposed design process for sizing the capaci-
tance was validated by the equations involved in two-Step model and by
simulation using for instance the one-diode model to include the tran-
sient behavior during the capacitance charging process, as is shown in
Supporting Information section S2.

Uneasure

— R(Gmin)In(1 — Vsgmin /100)

Conax = (16)

Vmp/: /I.rc (Gmin )

taetayISCste Grmax

— 17
1000(1 — tnin) Vo a7

min

365

4. Results

This section shows the validation of the proposed design methodol-
ogy for selecting the capacitor values to improve the quality of recording
I-V curve in outdoor tests. Therefore, three modules of different tech-
nologies (Table S1) were monitored in natural sunlight without a tracker
(Table S2) (6°15’ 38"N 75°34' 05"W, facing south at a fixed tilt angle of
13°) by adjusting the corresponding capacitance of the I-V tracers
(Table S3). The I-V curves and environmental variables (irradiance,
device temperature and ambient temperature) were recorded every
minute during light-hours, as was performed in previous work (Padilla
etal., 2022; Velilla et al., 2021, 2019a, 2019b). In this way, the outdoor
data allowed estimating the tgelay of the evaluated Panasonic
VBHN330SJ47 (HIT), Miasolé FLEX-02 120 N (CIGS) and Znshine solar
ZX55(17.8)M (m-Si) modules (Table S1). These values were used as
input in the proposed modeling for estimating the capacitance range of
the tracer considering the target indexes Vsg and Isg and corresponding
irradiance range.

4.1. Time delay estimation

Fig. 5a shows in a general way the voltage signal during the capacitor
charging process for tracing the I-V curve. The time delay (tgelay) cor-
responds to the maximum time between tgyitch and sampling period
(tsample) according to Eq. (9). It corresponds to the time to reach the
minimum voltage (Vp,in) once the switch is closed, changing the voltage
from V¢ to Viin (transitory state), as is shown in the inset. Therefore,
the recorded data during the tgelay are not considered in the I-V curve
(missing data), affecting the I, region as was shown in Fig. 2b.

In this regard, tgelay was estimated as the required time to register the
minimum voltage (Vpin) in outdoor tests for the evaluated PV devices,
considering that tsyitch is greater than tgmple (See Table S2 and S4).
Fig. 5b shows the estimated tgelay in the form of a boxplot, observing that
median values of tgelay approach 11.27 ms for HIT and 1.932 ms for
other modules. Besides, the data distribution suggested that tgelay is
almost constant during the outdoor tests for CIGS and m-Si modules,
indicating that tgelsy mainly depends on the switching process or com-
mutation delay (tswitch) according to Eq. (9). On the contrary, the esti-
mated tgelay distribution for HIT module indicates that tqelay changed
during the tests, which could be explained because this switch can
operate at high voltages (up to 250 V). Nevertheless, results allowed
validation of tgelay because they are in the range reported by the man-
ufacturers, concerning the typical and maximum values for tgelay (see
Supporting Information section S.3.1). Finally, it is worth noting that
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Fig. 6. Impact of irradiance and capacitance on Vgg and Isg. Panels (a-b) correspond to CIGS - Miasolé module, (c-d) to m-Si — Znshine module, and (e-f) to HIT -
Panasonic module. The dashed lines correspond to the results following the proposed capacitor sizing design, Eq. (15) for Vsg and Eq. (12) for Isg. The contour is a
visual guide of the corresponding recorded outdoor data, considering one standard deviation with respect to the median values. The insets show the installed

capacitance in the tracer.

tdelay must be estimated by testing because it is required to mitigate the
missing data in the I region, according to Eq. (12).

4.2. Capacitance size impact on performance indexes

Different capacitance values were installed in the tracers during the
outdoor tests to compare the outdoor performance of I-V curves con-
cerning the proposed capacitance sizing design (proposed modeling).
Thus, Vsg and Isg were estimated for the DUTs considering the outdoor
records corresponding to the I-V curves. In the case of the proposed
modeling, Vgg and Igg were estimated for the DUTs as a function of G
following Egs. (12) and (15), considering the estimated tgelay median
values (Fig. 5b), an acquisition time (tmeasure) Of 322 ms, DUT parame-
ters (see Table S2), and corresponding installed capacitance value in the

tracers.
Fig. 6 shows, in a general way, the agreement between the outdoor
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tests and proposed modeling. Results allowed observing the impact of
irradiance and capacitance on Vgg and Igg, characterized by a sigmoidal
and linear behavior concerning irradiance, respectively. These behav-
iors suggest an irradiance range to guarantee the quality of I-V curves
concerning the capacitance value, as shown in Fig. 4. Vgg indicates a
value of G (Gpjn) for improving the index (100 %). Thus, in order to
reduce the likelihood of missing data in the I region, lower C values
must be considered to improve the index by reducing Gpi,. On the
contrary, to reduce the likelihood of missing data in the V. region,
greater C values must be considered to improve Igg by increasing the
irradiance range (Gmax). Besides, Fig. 6 demonstrates the dependence of
Vsr and Isg on the DUT parameters (Pmax, Voc and I), highlighting the
principal role of the DUT parameters in the capacitance sizing design.

It is worth noting that differences between the outdoor and proposed
modeling can be explained mainly because of the tolerance of the
electrolytic capacitors (+20 % at 120 Hz/+20 °C)1. This tolerance could

6
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Table 1
Capacitance range estimation according to target condition

tracer characteristics.
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4.3. Capacitor sizing design

s, DUT and I-V curve
Egs. (16) and (17) were followed for capacitance sizing estimation of

Estimated indexes

Capacitance values tracers considering the DUTs parameters and estimated tgelay (Fig. 5b).

DUT I-V tracer
Table 1 shows the calculated values to guarantee the quality of I-V curve
tdelay tmeasure vSRmin ISRmin Cmin Cmax . . . 2
(ms) (ms) %) (%) (uF) (uF) in the target irradiance range between 200 and 1000 W/m* (Gpin < G <
CIGS  1.932 322 93 93 3280 5420 Gimax)- , . .
mSi  1.932 4140 7030 Notice that HIT calculations were repeated twice because of the long
HIT  11.27 14,020 4290 tdelay Of the corresponding I-V tracer (the switch was slower because of
75 3930 the high Vi, constraints). Thus, it was impossible to find a valid

affect the estimation of Vsg and Igg, as was shown in Fig. S5 of sup-
porting information, considering the lower (dashed lines) and upper

(dotted lines) capacitance limits.

capacitance range for target values of 93 % for Vsgmin and Isgmin,
therefore Ispmin Was settled to 93 %. It emphasizes the relevance of using
fast commutation switches in the design of capacitive I-V curve tracers in
order to guarantee good performance in the I, region of the curves.
Fig. 7 shows the I-V curve performance regarding Vsg and Isg indexes
in outdoor tests considering the estimated capacitance shown in Table 1.

120 Gmin 100 Gmax Gmin Gmax
800 Not ful
(a)| (b) Wewer sy (C)
100 Am=————————————— 98 700 Total IV
93 p 1 5 curves: 16478
| > 600
801 I/
~ I ~ 96
X 1 | : _gé; 500
= 601 = 3
@ | & M) 3 400
g 40 ll oo % g 0300
w, 93 &
— 200
92
20 {:
4400 pF 4400 pF 100
0 90 0
50 200 400 600 800 1000 1200 50 200 400 600 800 1000 1200 50 200 400 600 800 1000 1200
N w ; W N w
Irradiance (F) Irradiance (F) Irradiance (F)
120 Gmin Gmax Gmin Gmax
N ful
(d) (e)| w0 Nomersise | ()
100 g Total IV
93 ? ] 700 curves: 17467
80 , > 600
g o0 | g ,2 500
g U1 % 2 400
> | = ©
a0{! e £ 300
| S
'l 92 \ﬂ — 200
20
100
4400 pF 4400 pF
0 90 0
50 200 400 600 800 1000 1200 50 200 400 600 800 1000 1200 50 200 400 600 800 1000 1200
. W ; A i w
Irradiance (F) Irradiance (F) Irradiance (F)
Gmin Gmax Gmin Gmax
120 100 700 -
Not successful
(g) . (h) I-V curves: 4399 (1)
100| igp=—pe———————ead £ 951 Mg 600 Total 1V
93 il & & curves: 14154
I >
80 i 90 \\\
2 ol 1 2 B
~ 60 < 85 ~
& I % ~
> 1 — \\
404, I 80 M
i 1) N p
20“ 75 oy
el 5
4700 pF 4700 pF =
’ 70 0
50 200 400 600 800 1000 1200 50 200 400 600 800 1000 1200

0
50 200 400 600 800 1000 1200

Irradiance (W ) w

Irradiance (—2

)

m2

Fig. 7. Capacitor Sizing Verification. Panels (a-c) correspond to CIGS - Miasolé module, (d-f) to m-Si - Znshine and panels (g-i) to HIT - Panasonic module. In panels
(a, b, d, e, g, h) the dashed lines correspond to the proposed equations, Eq. (15) for Vgg and Eq. (12) for Igg using the estimated tgelay corresponding to each DUT
(Fig. 5b), the contour area corresponds to real data standard deviation with respect to median values and the green area represents the success area. The insets show
the installed capacitance in the tracer. The colors of Vgg and Isg plots are correlated with the colors shown in Fig. 6. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

367

w

m2

Irradiance (

)



C.D. Londono et al.

Solar Energy 243 (2022) 361-369

5 4 7
(b) (c)
6
4 3
5
< < <
Z® e Z4
3 52 g
E g g3
= 2 = =
O (8] O
14 2
1
1
5 10 15 20 25 30 35 40 10 15 20 25 10 20 30 40 50 60 70
Voltage (V) Voltage (V) Voltage (V)
5 — 4 7
= (d) (e)
6
4
3 5
< < <
Z° e Z4
= g 9 =
£ £ £
=2 = = 3
O O O
1 2
1
1
\ 0!

10 15 20 25 30 35 40
Voltage (V)

10
Voltage (V)

10 20 30 40 50 60

Voltage (V)

T 0
15 20 25 0 70

Fig. 8. Impact of capacitance sizing in the I-V curves in outdoor conditions. Panels (a-c) correspond to I-V curves of modules using larger capacitor values. Panels (d-
f) correspond to I-V curves of modules using the estimated capacitors. Panels (a and d) correspond to CIGS - Miasolé module, (b and e) to m-Si - Znshine and (c and f)
to HIT - Panasonic module. Panels (a and b) correspond to capacitor value of 14,800 uF, panel (d and e) to 4400 pF, panel (c) 13,600 pF and panel (f) 4700 pF.

Accordingly, capacitors of 4400 uF were installed in the tracer for
monitoring the CIGS and m-Si modules. It is worth noting that for the
HIT module it was necessary to install in the tracer a capacitor of 4700
uF (out of the calculated range) because of the available commercial
capacitors. In this regard, the behavior of Vgg and Isg indexes (Fig. 7a, b,
d, e, g, h) allows validating the agreement between the capacitor sizing
design (Eq. (15) for Vgg and Eq. (12) for Isr) and outdoor tests consid-
ering the target values for G (Guin and Gpay), because the defined
minimum target values for Vsgmin and Isgmin (Table 1) were properly
reached in the target irradiance ranges. This fact can be observed in a
better way considering the indexes distribution regarding the irradiance
in the form of histograms (Fig. 7c, f, i), indicating that most success
measurements are in the target irradiance range. Therefore, the selected
capacitance values effectively guarantee the quality of the I-V curve
according to the indexes for the target values in outdoor conditions.
Fig. 8 shows the impact of the capacitor values in the I-V curves
behavior in outdoor tests by comparing larger capacitor values (Fig. 8a,
b and c) regarding the estimated capacitor values shown in Table 1
(Fig. 8d, e, and f). These results highlight the improvement of the pro-
posed design methodology for capacitor sizing because it allows miti-
gating incomplete I-V curves, observing a noticed improvement in the
Vo regions (without significantly affecting the I, region). This fact in-
dicates that the capacitor charging time was improved concerning the
target irradiance range. In the case of HIT - Panasonic module (Fig. 8c,
f), although is also observed the improving in the V. regions, it is worth
noting that due to the tgelay restriction, the I region was affected.

5. Conclusions
In this paper, a capacitor sizing design for I-V tracing in outdoor

conditions was proposed considering two performance indexes (Vgg and
Isg). The indexes were correlated with the performance and quality of I-

368

V curves measurements in the Iy and V,. regions. The indexes were
estimated from a circuital model to consider the capacitor charging
process dependence with irradiance considering the DUT and I-V curve
tracer characteristics. In this way, by defining the target values for both
indexes, an irradiance range is limited allowing estimation of an
appropriate capacitance range for guaranteeing the constraints
regarding the completeness of the [-V curve in the I and V. regions.

The proposed capacitor sizing design was tested and validated by
simulation and extensive outdoor measurements using three PV devices
of different technologies (CIGS, m-Si and HIT). Results demonstrate that
the design considerations and simplifications from the circuital model
are appropriated, allowing to tune-up the design for different mea-
surement scenarios, mitigating the incomplete I-V curves in outdoor
tests.

Finally, it was shown the relevance of tgejay (due to switch commu-
tation) in the design process, which plays a principal role at the begin-
ning of the capacitor charging process affecting the I, region. Indicating
that fast commutation devices must be considered for I-V tracers’
development. In this regard, it is worth noting that the switching delay
time can be influenced by different factors (temperature, electrical
operation point, parasitic elements, etc.). Thus, for an appropriate I-V
tracer design, it is required to perform an on-site characterization of
tdelay, as was shown in this work. However, the maximum values re-
ported by manufacturers in the datasheet can be used in the design as a
first approximation.
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S.1 Impact of irradiance and capacitance value on I-V curve performance

Figure S1 shows I-V curves recorded at outdoor conditions for three different capacitance value used
by the I-V tracer. It is observed the effects on the 1-V curves performance due to the capacitor value.

For higher capacitance values, the Vsg index (Voc region) increases and the Isg index (lsc region)
decreases and vice versa.
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Figure S1. I-V curve performance in outdoor conditions and different capacitor values. Curves

correspond to HIT module. Panel (a) corresponds to 3200 pF capacitance value, panel (b) to 4700 uF

and panel (c) to 13600 uF.

S.2 Simulations

Figure S2 shows the graphical representation of the simulation model. It presents the solar panel,
capacitive load and the switch. The switch is controlled by the booleanStep block, guaranteeing its
closure at t = 0 seconds. The irradiance block allows to set the constant irradiance for the simulation,

while the ModuleData block allows modifying the main panel characteristics (Voc, lsc, Vinpp, Impp and
temperature coefficients).
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Figure S2. Graphical model for OpenModelica simulation.
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Table S1 shows the main parameters used for the simulations. The irradiance has been varied over a
range from 200 to 1200 W/m?2. Python scripting was used to modify the simulation parameters.

Table S1. Solar panel models and I-V tracer characteristics for simulation.

Parameter Values

Irradiance | 200 - 1200 W/m?

Capacitance | 1.5mF - 14.8mF

CIGS - Miasolé FLEX-02 120N
lse = 4.53A, Voc = 38.1V, Impp = 3.93A, Vi = 30.5V.

m-Si - Znshine solar ZX55(17.8)M

Solar panels || "~ '3 34A Voo = 22.25V, lnyp = 3.09A, Vingo = 17.8V.
HIT - Panasonic VBHN330SJ47
lse = 6.07A, Voo = 69.7V, lnpp = 5.7A, Vimgp = 58V.
Sampling Up to 1000 samples at a sampling rate of 0.322 ms/sample
taetay 1.5ms (except for HIT with 5ms). According to typical values of solid-state relay

in the datasheet.

S.2.1 Simulation results

Equations 12 and 15 allow estimating the Isg and Vsr indexes, respectively, as a function of irradiance,
electrical panel and tracer characteristics. They also are the basis for the capacitor sizing equations
(Equation 16 and 17). In this section, simulations are used to verify if Equations 12 and 15 are valid
approximations to the solar panel behavior.



Simulations were carried out using the OpenModelica integrated modeling and simulation environment
(Fritzson et al., 2020) and the Photovoltaics Library (Brkic et al., 2019). Scripting and data processing
were done in Python using the OMPython package (Kalaiarasi Ganeson et al., 2012). Three different
solar panels were evaluated (Table S1) with different irradiance levels and capacitance values. In each
case the Vsr and Isr indexes were calculated.

Figure S3 shows the results of Isg as a function of the irradiance for the different solar panels.
Simulation results and theoretical calculations from Equation 12 are plotted in the same axes. It can be
seen that the relationship between Isz and irradiance is linear for the evaluated range of irradiance and
capacitance. Also, there is a good approximation between the theoretical and the simulated behavior of
the solar panels.
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Figure S3. Theoretical (solid line) and simulation (dashed line) results for Isr as a function of
irradiance for different solar panels. Panel (a) corresponds to m-Si module, (b) to CIGS module and
(c) to HIT module. The theoretical Isg was generated according to Equation 12.

Figure S4 shows the results for the Vsr index. Notice that the exponential shape predicted on the
Equation 15 is confirmed by the simulation results. There is a good approximation between the
theoretical calculations and simulated data, allowing us to verify the validity of the assumptions. As
stated before, Equation 15 can predict negative values for the Vsg index, this is evident in Figure S3
where the theoretical curve does not decrease to the zero value of Vsr at zero irradiance.
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Figure S4. Theoretical (solid line) and simulation (dashed line) results for Vsr as a function of
irradiance for different solar panels. Panel (a) corresponds to m-Si module, (b) to CIGS module and
(c) to HIT module. The theoretical Vsr was generated according to Equation 15.

It can be concluded that the proposed equations (Equation 12 and 15) allow a good approximation to
the simulated values (which uses the one-diode model for the solar panels) being a practical tool for
easy design of the capacitor values.



S.3 Experimental verification

Solar panels in outdoor conditions were used to verify the design methodology. Solar panels references
are the same listed in Table S1. Solar panels are located at the coordinates (6° 15" 38" N 75° 34’ 05"'W)
corresponding to the terrace of the University Research Center SIU (Sede de Investigaciones
Universitarias - Universidad de Antioquia), facing south, with a fixed tilt angle of 13°. I-V curve tracers,
irradiance sensors, communications, data storage and processing are the same described at (Velilla et
al., 2021, 2019) Table S2 shows the main characteristics of 1-V tracer and monitoring system. For HIT
module has been necessary to use different voltage sensor and switch (with higher commutation delay)
due to its higher Voc and Vi Values.

Table S2. Main characteristics of 1-V tracers and system monitoring.

Type Capacitive load
tsample 0.322ms
Tmeasure 322ms (1000 samples)
I-V tracer
0-5A (Tracer for all panels bar HIT)
Current sensor 0-12.5 A (Tracer for HIT panel)
Hall efect sensor.
0-35 V (Tracer for all panels bar HIT)
Voltage sensor 0-65 V (Tracer for HIT panel)
Isolated amplifier.
Irradiance Spektron 210 (TRITEC international)
Sensors

Ambient Temperature | PT-1000 (TRITEC international)

The monitoring system was formed by a calibrated cells TRITEC International (Spektron 210)
irradiance sensor located coplanar with the DUTSs. Also, a pyranometer MS-60S by Eko instruments
(with an uncertainty of 0.77 % and coverage factor of 1.96) was used to validate the irradiance
measurements. The ambient and device temperature were registered by TRITEC International sensors
(PT-1000 with a tolerance of £ 0.8 °C). Ambient temperature was measured near to the irradiance
sensors, and device temperature was measured at the back part of the devices. A Fronius sensor box
(Fronius International GMBH) was used as a data-logger for irradiance and temperature sensors. The
voltage and current sensors (Table S2) of the I-V curve tracers were calibrated using certified
equipment (Fluke 5522 A-SC) according to procedure CEM-EL-001, obtaining a maximum extended
measurement uncertainty of 4.4 mV for voltage and 7.2 mA for current, considering a coverage factor
and probability of 2 and 95 % respectively.

I-V curve tracer’s capacitance was changed through several values, from March 01 to December 31 of
2021. Table S3 resumes the capacitance values used on each panel.



Table S3. Capacitance values and time used on experimental verification.

panel Technolog Capacitance values and time
y (UF) | Weeks | (UF) | Weeks | (UF) | Weeks
Miasolé FLEX-02 120N CIGS 3300 8 4400 5 8200 20
Znshine solar ZX55(17.8)M m-Si 4400 5 8200 20 14800 8
Panasonic VBHN330SJ47 HIT 4700 5 6800 20 13600 8

During the exposition time, an 1-V curve is captured every minute from 6:00 AM to 6:59 PM. At each
curve, the Imin, Vmin, Vsr, and lsg parameters were calculated, additionally to the traditional Voc, Isc, Vinpp,
and Impp parameters. Also, irradiance and ambient temperature were recorded for each measurement.

S.3.1 Estimated and Datasheet tswitch Values

Table S4 shows a comparison between estimated and reported manufacture tswich Values. The estimated
value was generated from I-V curve records on outdoor conditions.

Table S4. Estimated values for tswitch VS datasheet values

tswitch
PV Switch
Device reference Datasheet Datasheet Estimated
(typical) (maximum) (median)
m-Si
CPC1907 2.7ms 5ms 1.932ms
CIGS
HIT CPC1727 5.5ms 20ms 11.27ms

S.3.2 Capacitance uncertainty

With the aim of showing the capacitance uncertainty influence on Vsg and Isg indexes, Figure S5 was
generated, where a capacitance uncertainty of £20% was considered (similar to commercial values).
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Figure S5. Impact of uncertainty capacitance value on the indexes. Vsg and s for different capacitor
values. Panels (a-b) correspond to the CIGS - Miasolé module, (c-d) to the m-Si - Znshine, and panels
(e-f) to the HIT - Panasonic module. The dotted lines correspond to the proposed design equations with
+20% of capacitance, the dashed lines correspond to the proposed design equations with -20% of
capacitance, Equation 15 for Vsz and Equation 12 for Isg using the estimated tqelay found for each panel

(Table S4). The contour area corresponds to real data standard deviation with respect to median values.

The insets shown the installed capacitance in the tracer.

S.3.3 Heat maps

In order to simultaneously observe how the Vsg and Isr are affected by irradiance and the selected
capacitance, Figure S6 shows a heat map of these values for real and simulated data. In a general way,
it can be observed that there is concordance between both cases. These maps are very useful as they
allow a quick way to size the capacitor for the desired irradiance conditions for a particular photovoltaic

panel.
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Specifications Table

Subject Renewable Energy, Sustainability and the Environment

Specific subject area  Solar energy, characterization of photovoltaic devices in outdoor and simulating conditions
through I-V curves estimated by capacitive technique using different capacitor values
Table

OpenModelica photovoltaic panel model

Python script

Type of data

How the data were

ired + The real data were obtained by measuring the electrical performance (I-V curves) for
acquire!

different PV modules in outdoor conditions and eather conditions. Capacitive I-V
tracers (details on tracer specifications can be found in [1] and [2]) were used to
record the I-V curve of each solar panel. From the curves, the electrical variables
concerning the device performance were estimated: short circuit current (Is), open
circuit voltage (Voc), maximum power (Ppqy) and voltage and current at maximum
power point (Vipp, Impp)-

Ambient and solar panel temperatures were recorded by using PT1000 thermistors (TRITEC
International). Solar irradiance was measured by using calibrated cells (Spektron 210 -
TRITEC International) coplanar with the solar panel array. Also, a pyranometer class B was
used to validate the irradiance values.

All variables were sampled at a rate of 1 sample/minute during the light-hours (6:00AM to
6:00PM).

« The synthetic data were obtained by simulating the solar panels behavior in
OpenModelica software through python scripting.

In both cases (outdoor and synthetic data) different values of capacitance were used for
the [-V tracer.

Data format
Description of data
collection

Raw
Data correspond to the electrical variables of three modules of different technologies,
Panasonic VBHN330SJ47 (HIT), Znshine solar ZX55(17.8)M (m-Si), and Miasolé FLEX-02

120 N (CIGS) in outdoor and simulating conditions. For outdoor data, the panels were
located in natural sunlight without a tracker, facing south at a fixed tilt angle of 13°.
Different capacitance values were used in outdoor tests and simulation process to estimate
the device performance.

Institution: Universidad de Antioquia (UdeA)

City/Town/Region: Medellin

Country: Colombia

Latitude and longitude for collected samples/data: 6°15’ 38”N 75°34’ 05”W

Data is hosted on Mendeley Data [3].

Data identification number: 10.17632/k8y3nxxyp5.2

Direct URL to data: https://data.mendeley.com/datasets/k8y3nxxyp5/2

The source code for generating the simulated data is include in the link above.
Londofio, C. D., Cano, J. B., Velilla, E., Capacitive tracer design to mitigate incomplete IV
curves in outdoor tests. Sol. Energy. 243 (2022), 361-369. 10.1016/j.solener.2022.08.021

Data source location

Data accessibility

Related research
article

Value of the Data

« The dataset contains the electrical performance estimated from the I-V curve for three
different commercial photovoltaic technologies (HIT, m-Si, CIGS) concerning the weather
conditions. Synthetic data were generated in an electrical simulation program (OpenMod-
elica). The data are highly valuable to research, monitor and compare the behavior of
these technologies and devices under the same conditions.

These data can benefit researchers and companies working on the characterization and

validation of photovoltaic technologies in outdoor conditions as well as other applications

related to Deep Learning and solar panel modeling.

» These data can be used to reproduce previous results in order to validate the proposed
design approach for the capacitive I-V tracers [4]. In addition, because the data correspond
to the outdoor performance of PV devices, the data can be used for comparing the PV
devices’ behavior under real operation conditions or selecting proper conditions regarding
the weather conditions.
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Table 1
List of column names, units of measurement and descriptions of data provided in the outdoor dataset
(“BD_DIB_Outdoor_Solar_Panels_Electrical_Parameters.xlsx”).

Column Name Units Description

Panel - Technology / panel device

C uF Capacitance used in the I-V tracer

datetime yyyy-mm-dd HH:MM:SS Measurement date and time

Irradiance W/m? Global irradiance coplanar to tilt angle of the devices

T panel °C Panel temperature

T amb °C Ambient temperature

Voc \Y Open circuit voltage

Isc A Short circuit current

Pmax '\ Maximum power

Vmpp \Y Voltage at the maximum power point

Impp A Current at the maximum power point

Vmin \Y Minimum voltage measured in I-V curve

Imin A Minimum current measured in I-V curve

Voc_Success % Success rate of voltage, defined by 100(1 — ’T—:‘)

Isc_Success % Success rate of current, defined by 100(1 — ‘%)
Objective

Incomplete I-V curves of PV devices were observed in outdoor tests when capacitive trac-
ers were used to trace the I-V curve. This behavior was also observed by simulating the PV
devices considering similar weather conditions and the circuital elements involved in the ca-
pacitive technique. In this regard, the synthetic data allows validating the outdoor behavior and
the proposed methodology for sizing the capacitance of the tracer [4]. Therefore, both datasets
are useful for researchers to understand, compare and model the performance of devices under
real weather conditions. In addition, datasets can be used for validating testing techniques to be
implemented in I-V tracers.

1. Data Description

The file “BD_DIB_Outdoor_Solar_Panels_Electrical_Parameters.xIsx” contained in the Mendeley
Data repository [3], it is related to the outdoor dataset with the electrical parameters of three
different photovoltaic panels (Panasonic VBHN330SJ47 (HIT), Znshine solar ZX55(17.8)M (m-Si),
and Miasolé FLEX-02 120 N (CIGS)) and weather conditions related to the place where these
devices were installed (Fig. 1). In Table 1 are listed the details relating to the data. This table
comprises the column names as they appear in the data CSV file, the unit of measurement, and
a brief description of the data in each column.

The file “BD_DIB_Synthetic_Solar_Panels_Electrical_Parameters.xlsx” contained in the Mendeley
Data repository [3], it is related to the synthetic dataset with the electrical parameters for three
different photovoltaic panels (Panasonic VBHN330S]J47 (HIT), Znshine solar ZX55(17.8)M (m-Si),
and Miasolé FLEX-02 120 N (CIGS)) estimated in OpenModelica [5] software version 1.19.2. In
Table 2 are listed the details relating to the data. This table comprises the column names as
they appear in the data CSV file, the unit of measurement, and a brief description of the data in
each column.

The file “IVTraceCapacitor.mo” contained in the Mendeley Data repository [3], it is the Open-
Modelica [5] photovoltaic panel model that allows to model the behavior of the photovoltaic
modules. The parameters of modules at Standard Test Conditions are show in Table 3.

The file “Generate_Synthetic_Data_OpenModelica.py” contained in the Mendeley Data reposi-
tory [3], it is a python script related to the simulation process carried out to estimate the syn-
thetic dataset data. This script is summarized in the flowchart shown in the Fig. 2.



Fig. 1. Laboratory for performance characterization of photovoltaic devices in outdoor conditions, Sede de Investigacién Universitaria - SIU, Universidad de Antioquia, Medellin, Colombia.
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Fig. 2. Flowchart of simulating process in OpenModelica [5] using the python script “Generate_Synthetic_Data_OpenModelica.py”.
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List of column names, units of measurement and descriptions of data provided in the simulating dataset
(“BD_DIB_Synthetic_Solar_Panels_Electrical_Parameters.xlsx").

Column Name Units Description

Panel - Technology |/ panel device

C uF Capacitance used in the I-V tracer

Irradiance W/m? Global irradiance coplanar to tilt angle of the devices

Voc \Y Open circuit voltage

Isc A Short circuit current

Pmax W Maximum power

Vmpp \ Voltage at the maximum power point

Impp A Current at the maximum power point

Vmin \Y Minimum voltage measured in [-V curve

Imin A Minimum current measured in I-V curve

Voc_Success % Success rate of voltage, defined by 100(1 — I',"—'C")

Isc_Success % Success rate of current, defined by 100(1 — W)

Tmpp ms Time to reach the maximum power point

TVoc ms Time to reach the maximum open circuit point
Table 3

Parameters of photovoltaic modules.

Panel Technology Manufacturer Series

Electrical Parameters at Standard Test Dimensions (mm)

Conditions (STC)

Pmax (W) Vipp (V) Impp (A) Voe (V) Isc (A) Length ~ Width
CIGS Miasolé FLEX-02 120N 120 30.50 3.93 3810 453 2598 370
m-Si Znshine solar ZX55(17.8)M 55 17.80 3.09 2225 334 837 541
HIT Panasonic VBHN330SJ47 330 58.00 570  69.70 6.07 1590 1053
Table 4

Main parameters for simulating processes in OpenModelica.

Parameter

Values

Irradiance Range
Capacitances

Solar Panels Parameters

Sampling
[delay

50-1300 W/m? with steps of 25 W/m?

1500 pF, 3300 pF, 4400 pF, 4700 pF, 6600 pF, 6800 pF, 8200 pF, 13,600 pF,
14,800 pF

CIGS - Miasolé FLEX-02 120 N

sc = 4.53A, Voc = 381V, Iypp = 3.93A, Vippp = 30.5 V, alphaVoc = —0.0028,
alphalsc = 0.00008, ns = 60

m-Si - Znshine solar ZX55(17.8)M

Isc = 3.34A, Voo = 22.25 V, Iypp = 3.09A, Vippp = 17.8 V, alphaVoc = —0.0028,
alphalsc = 0.00008, ns = 24

HIT - Panasonic VBHN330SJ47

Isc = 6.07A, Voc = 69.7 V, Inpp = 5.7A, Vimpp = 58 V, alphaVoc = —0.0028,
alphalsc = 0.00008, ns = 96

Up to 1000 samples at a sampling rate of 0.322 ms/sample

1.5 ms (except for HIT with 5 ms). According to typical values of solid-state
relay in the datasheet.

The experimental setup used to obtain the data is described in the next section. In this re-
gard, Fig. 3 shows the weather condition sensors, Fig. 4 shows the developed I-V curve tracers
and Fig. 5 shows the implemented monitoring system. Concerning the synthetic data, Table 4
shows the main parameters considered in OpenModelica to perform the simulations following
the flowchart shown in Fig. 2 and the circuit diagram of Fig. 6.



Fig. 3. Sensors for measuring weather conditions. Panel (a) corresponds to irradiance sensor, panel (b) to panel temperature sensor and panel (c) to ambient temperature sensor.
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Fig. 4. Capacitive I-V tracer. Panel (a) corresponds to the designed electronic circuit to trace the I-V curve considering the capacitive technique. Panel (b) shows the developed prototype
to record the [-V curves in outdoor conditions using an embedded computer to automate the process.
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Fig. 5. Schematic diagram of the experimental setup for measuring real I-V curves in outdoor conditions and weather variables.
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Fig. 6. Circuit diagram used in OpenModelica by python scripting.

2. Experimental Design, Materials and Methods

This section presents the methodologies, methods and elements used for the information
acquisition process of the real data in outdoor conditions and the data obtained through simu-
lation.

2.1. Outdoor Data

The outdoor data has been obtained using the facilities of the Universidad de Antioquia for
photovoltaic outdoor device characterization, located in Medellin, Colombia (6°15’ 38”N 75°34/
05”"W). Fig. 1 shows the entire experimental set-up for monitoring the PV devices, where it
can be observed photovoltaic devices under test, sensors for measuring weather variables and
electronic power devices for connecting panels to the grid.

Fig. 3 shows the sensor used for measuring temperature and irradiance. Panel and ambient
temperature were measured by PT1000 thermistors (TRITEC International). In the panel tem-
perature case, the thermistor was located in the back side of the panel. Global irradiance was
measured by using a calibrated cell (Spektron 210 - TRITEC International) located parallel to the
tilt angle of the panels. The three sensors of Fig. 3 were connected to a Fronius SensorCard (Fro-
nius International GmbH). These variables were measured every minute and were synchronized
regarding the I-V tracers records.

2.2. Photovoltaic Modules

Table 3 shows the characteristics of the three photovoltaic modules used in the development
of this work.

2.3. I-V Tracers

Fig. 4 shows the equipment used to measure the I-V curves of the solar panels that were
evaluated. The I-V tracers (Fig. 4a) use the capacitive technique that consists in tracing the [-V
curve by measuring the charge of the capacitor connected to the device under test. For more
details about the characteristics of these device consult [1,2]
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The capacitance values installed in the I-V tracers during the exposure time for each eval-
uated solar panel were as follows: for Miasolé FLEX-02 120 N (CIGS) panel 3300, 4400, 8200
and 14,800 pF, for Znshine solar ZX55(17.8)M (m-Si) panel 1000, 4400, 8200 and 14,800 pF and
for Panasonic VBHN330SJ47 (HIT) panel 3200, 4700, 6800 and 13,600 pF. The capacitance values
were changed with the aim of validating the capacitance design methodology proposed in [4].

2.4. Experimental Setup

Fig. 5 shows a schematic diagram of the experimental setup used in the development of
this work. Each panel is connected to an I-V tracer (with its corresponding capacitor) whit the
corresponding raspberry pi to record the I-V curve data and send the data to the main com-
puter (linux server). Ambient and panel temperature and irradiance sensors were connected to
a Fronius SensorCard to record the weather data. Each I-V curve and weather variables were
measured simultaneously every minute during daylight hours (6:00AM to 6:00PM).

2.5. Synthetic Data

The synthetic data were generated by using OpenModelica simulation software. Fig. 6 shows
the circuit diagram representation of the simulation model. The solar panel, capacitive load and
the switch are present in the process. The simulation model contains different blocks that allow
modification and set parameters by python scripting (using the OMPython package [6]). The
booleanStep block controls the switch, guaranteeing its closure at t = 0 s. The irradiance block
allows to set a constant irradiance for the simulation, while the ModuleData block allows to
modify the main panel characteristics (Voc, Isc, Vmpp, Impp and temperature coefficients). Solar
panel models were taken from the Photovoltaics library described at [7] and parameterized using
the datasheet information for each panel.

.The simulation process in OpenModelica was automatized by using a Python script according
to the flowchart shown in Fig. 2. By the end of the simulation a dataset with the parameters was
generated as shown in the Table 2. The source code and the OpenModelica model file “.om” can
be download from the repository listed in the Specifications table/ data accessibility section [3].

Table 4 shows the parameters used for the simulation by python scripting using the Open-
Modelica library.
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ARTICLE INFO ABSTRACT

Keywords:
Outdoor tests
Photovoltaic performance

The photovoltaic performance is conventionally defined at Standard Test Conditions (STC), considering mainly
an irradiance of 1000 W/m? and device temperature of 25 °C. Nevertheless, outdoor conditions involve addi-
tional variables, including their transient behavior, affecting the performance. Therefore, measuring the per-

IS-F}/Ccurves formance at STC in outdoor tests is not always possible. In order to estimate the performance at STC or other
NOCT power rating conditions such as the Nominal Operating Cell Temperature (NOCT), this work translated the

outdoor performance at the target conditions by combining three different I-V curves and corresponding weather
data for three photovoltaic technologies. Hence, a random process was proposed to generate the dataset to be
translated, ensuring reliability in the estimation due to the significant number of considered weather conditions
combinations, covering a wide range of the outdoor performance behavior as a function of irradiance and
temperature. Besides, the dataset was filtered using an irradiance and extrapolation range, improving the esti-
mation by calculating relative error of less than 8% at STC and NOCT concerning the datasheet values. Finally,
the procedure was extended to estimate the temperature coefficients allowing a complete performance validation

Temperature coefficients

concerning the datasheet.

1. Introduction

The outdoor performance of photovoltaic devices is a function of
variables such as irradiance, temperature, relative humidity, wind
speed, etc. (Quansah and Adaramola, 2019), including the transient
behavior of these variables during the exposure. Therefore, these con-
ditions change during the operation, affecting the device performance
and could result in various degradation mechanisms such as discolor-
ation, delamination, hot spot, among others (Ndiaye et al., 2013), finally
affecting the lifetime. Related to outdoor tests, five power rating con-
ditions (PRC), including STC and NOCT, are suggested to evaluate the
impact of weather variables on performance and complete the charac-
terization of the devices (IEC 61853-1, 2011). However, despite STC
being conventionally included in the datasheet and used to define the
device performance, these conditions rarely occur outdoors; therefore, it
is not easy to measure the performance under these conditions in tests
with natural sunlight (Velilla et al., 2019a). In this regard, it is essential
to develop numerical tools to estimate the performance, verify the
module status concerning the datasheet, compare photovoltaic modules
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under specific conditions (Velilla et al., 2019b), investigate the perfor-
mance evolution, and estimate, for instance, the lifetime (Jordan et al.,
2018; Phinikarides et al., 2014).

The standard IEC 60891 provides three procedures for correcting the
performance measured at specific temperature and irradiance condi-
tions to the target conditions. Procedure 1 corresponds to the voltage
and current temperature coefficients. Procedure 2 is based on the one-
diode model, including the temperature coefficients and an additional
coefficient related to the series resistance. Procedure 3 is based on the
interpolation or extrapolation of the I-V curves to estimate the target
performance at specific irradiance and temperature conditions.
Although these procedures are generally suitable for indoor measure-
ments because the variables can be controlled (temperature and irra-
diance), these coefficients have been estimated in outdoor tests. For
instance, the three procedures were compared for predicting photovol-
taic energy production for an m-Si module (Duck et al., 2013), showing
that the estimated performance depends on the most frequent irradiance
and temperature conditions during the tests. Moreover, even though the
three procedures were also used for evaluating thin-film technologies at

Received 26 July 2021; Received in revised form 22 March 2022; Accepted 27 March 2022

Available online 2 April 2022

0038-092X/© 2022 The Authors. Published by Elsevier Ltd on behalf of International Solar Energy Society. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:bernardo.cano@udea.edu.co
www.sciencedirect.com/science/journal/0038092X
https://www.elsevier.com/locate/solener
https://doi.org/10.1016/j.solener.2022.03.064
https://doi.org/10.1016/j.solener.2022.03.064
https://doi.org/10.1016/j.solener.2022.03.064
http://crossmark.crossref.org/dialog/?doi=10.1016/j.solener.2022.03.064&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

A. Padilla et al.

N\
(Gin> Tw) \

\.(Ga, T)

Temperature (°C)

Solar Energy 237 (2022) 11-18

1 e (G, T)

[
<
>
3
§ (Gp, T)
$
2
S
~
.‘(Gm , T

. w
Irradiance (—2)
m

v

w
Irradiance (—2)
m

Fig. 1. Schematic diagram for the correction process. Panel (a) corresponds to the interpolation case and (b) corresponds to the extrapolation case. Points a, b and ¢
correspond to the irradiance and temperature conditions of the three I-V curves. Subindex n corresponds to the target conditions, and subindex m corresponds to the

auxiliary point in the translation.

STC, lower error deviations concerning the datasheet values were
calculated following procedure 3 (Priya et al., 2015). Nevertheless, the
precision of this procedure depends on the quality and quantity of the I-
V curves involved in the estimation (Vemula et al., 2013). In this regard,
the importance of the extensive I-V curve measurements to cover a wide
range of irradiance and temperature conditions in the translation pro-
cess was highlighted (Lad et al., 2010), due that under outdoor condi-
tions, it is not easy to measure curves that can be used as references in
the translation process (Tsuno et al., 2006). Therefore, longer testing
times are required to record appropriate reference curves (Hishikawa
et al., 2019).

It is worth noting that Procedure 1 and 2 require the temperature
coefficients, which may generate uncertainty because their values
depend on the incident spectrum and considered irradiance levels in the
estimation (IEC 60891, 2009). This dependency could restrict the
applicability of these procedures to some photovoltaic technologies
(Marion et al., 2004). On the contrary, Procedure 3 is a general method
applicable to all technologies. Therefore, in this work, to mitigate these
drawbacks in the translation method, I-V curves of devices and weather
conditions of three commercial modules (m-Si, HIT, and CIGS) exposed
in natural sunlight without a tracker were recorded every minute during
the light-hours. The data were processed using the linear determination
method to moderate the atypical data. Moreover, a random process was
proposed to generate the dataset and cover a wide range of irradiance
and temperature conditions in the estimation by combining three I-V
curves and corresponding weather data. This methodology ensures the
estimation reliability at the target conditions (for instance, at STC or
NOCT) by calculating less than 8% relative errors regarding the data-
sheet values.

2. Performance estimation

This section describes the procedures to estimate the performance
and temperature coefficients of PV devices, which are conventionally
reported in the datasheet by manufacturers.

2.1. Temperature coefficients

Linear regression between the electrical parameters and the device
temperature is performed to estimate these coefficients, corresponding
the slope of the fitted equation to the temperature coefficient, o for the
short circuit current (I,) and f for the open-circuit voltage (V). It is
worth noting that these coefficients are valid for the irradiance levels
considered in the estimation (IEC 60891, 2009). Therefore, current (I)
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and voltage (V) are corrected at the target conditions following Equation
(1) and (2), respectively.

G
Izzll‘Flsc'(az*l)+a'(T27T1) (1)

1

Vo =Vi—Rse(L—1) =KoLy (T, = Ty) + (T, — T) 2
Where G is the irradiance and T is the device temperature. Subindex 1 is
related to the measured conditions and subindex 2 is related to the target
conditions. Ry is the internal resistance of the device and K is a curve
correction factor.

2.2. I-V curves corrections

The I-V curves corrections allow estimating the performance at the
target conditions defined by the irradiance and temperature conditions.
In the event that irradiance and temperature change simultaneously
during the test, as is expected in outdoor tests, at least three I-V curves
are required to perform the correction. In this context, the temperature
and irradiance conditions of the three curves correspond to the vertices
of the triangle shown in Fig. 1a: (G, Ta), (Gp, Tp) and (G, T¢). The point
(Gp, Tp) corresponds to the irradiance and temperature for the target
conditions. Therefore, the process is performed in two steps to correct
the data to the target conditions. The first step translates the electrical
parameters to condition (Gp,, Try); hence the conditions (G,, T,) and (G,
Tp) are considered to calculate the line equation connecting both points.
Similarly, the second step translates the parameters to the target con-
ditions (Gy, Ty) considering the line equation defined by the points (G,
To) and (Gp, Tm). The related line in each step is shown in green and
orange, respectively, in Fig. 1.

It is noted that the point (G, Tr,) is the intersection point between
the line defined by the points (G,, T,) and (Gp, Tp), and the line defined
by the points (Gy, Ty) and (G, T¢). Therefore, based on the relationship
between the irradiances values in both steps (Equation (3) and Equation
(4)), when a; takes a value between 0 and 1 indicates that the point (Gp,
Tm) is between (G,, To) and (Gyp, Tp), involving an interpolation process
in the correction. On the contrary, other values indicate that the point is
not between them, as shown in Fig. 1b, indicating an extrapolation
process. Similarly happens to the constant ay.

G, -G,

ay = ————

G, - G, @
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Fig. 2. Effect of the I-V curves selection in the performance estimation. Panels (a-c) correspond to STC, and (d-f) to NOCT. (a and d) correspond to 30 combinations,
(b and e) to 300 combinations, and (c and f) to 1000 combinations. Results for HIT are shown in blue, for m-Si in orange, and for CIGS in green.
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Finally, using the estimated a; and ay, the electrical parameters are
corrected at the target conditions (Gy, Ty) following Equations (5)-(8).

Lo =ai(ly— 1) +1, (5)
Vi=a1(Vs = Vo) + Vs O]
L=al.—1,)+1, 7
Vi=a(V. = V) + Vy 8)

3. Results and discussion

The estimation reliability of both procedures was assessed by testing
three modules of different technologies in natural sunlight without a
tracker facing south at a fixed tilt angle of 13° (6°15’ 38"N 75°34/
05"W). The evaluated modules were a Panasonic VBHN330SJ47 (HIT),
Sharp NU-RC290 (m-Si), and Miasolé FLEX-02 120N (CIGS).

The I-V curves of the modules, irradiance, ambient temperature and
device temperature were recorded every minute during the light-hours
using the monitoring system for photovoltaic devices described in
(Velilla et al., 2019a). The monitoring system included calibrated cells
by TRITEC International (Spektron 210), located coplanar with the
modules. Besides, a pyranometer MS-60S by Eko instruments (with an
uncertainty of 0.77 % and coverage factor of 1.96) was used to validate

13

the irradiance measurements. Temperature sensors by TRITEC Interna-
tional (PT-1000 with a tolerance of + 0.8 °C) were used for measuring
the ambient and panel temperatures. In the case of ambient tempera-
ture, the sensors were located close to the irradiance sensors, in the case
of the device temperature, the surface sensors were located on the back
part of the devices. Fronius sensor box (Fronius International GMBH)
was used as a data-logger for irradiance and temperature sensors. Solar
panel analyzers (SPA) were used for the I-V curve tracing. SPA were
designed for a fast I-V curve tracing considering a capacitive load
technique, a sampling period of 0.3 ms for each curve point, and a
maximum of 1000 points for each curve. The voltage and current sensors
of the SPA were calibrated using certified equipment (Fluke 5522 A-SC)
according to procedure CEM-EL-001 (see Supplementary data relate to
the calibration results, Fig S1 and Table S1), obtaining a maximum
extended measurement uncertainty of 4.4 mV for voltage and 7.2 mA for
current, considering a coverage factor and probability of 2 and 95 %
respectively.

The outdoor data were processed following the methodology pro-
posed in previous works (Velilla et al., 2021, 2019a, 2019b). Briefly,
from the I-V curves, the main parameters such as the maximum power
(Pmax), Isc and V, were extracted and correlated with the corresponding
weather conditions (G, T). The data were filtered using the linear rela-
tionship between the irradiance and P;,q (linear determination method)
to mitigate atypical data and transient effects of irradiance changes
during the measurements. Then, the data that approach this behavior
(within a error of + 5 %) are chosen to obtain the impact of weather
variables on the performance, estimate the temperature coefficients and
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Fig. 3. Interpolation and extrapolation cases in the translation process. Panels (a-c) correspond to corrected results for I, and V,. at STC, and (d-f) at NOCT. (a and c)
correspond to HIT, (b and d) to m-Si, and (c and e) to CIGS. Blue dots correspond to results considering |a| < 5, and red points to |a| > 5. The red cross indicates the

datasheet value and black triangle the estimated performance.

translate the performance to the target conditions (see Supplementary
data Fig S2).

3.1. Performance estimation using the I-V curves correction

Procedure 3 of IEC 60891 is helpful to estimate the performance
because this procedure could be applied to most photovoltaic technol-
ogies and it does not require correction parameters as input, such as the
k factor required in the case of procedure 2 to estimate the temperature
coefficients (Equation (2)), reducing the uncertainties in the estimation.
Nevertheless, an interpolation or extrapolation process is involved in the
procedure depending on the choice of the measured irradiance and
temperature conditions (G, T), as is shown in Fig. 1. Then, the maximum
power could be estimated as the product between the corrected voltage
and current at the maximum power point (Pmax = Vinpp Impp) following
Equation (5)-(8). Besides, the maximum power value at the target
conditions could be estimated using a similar approach to translate the
voltage and current, as suggested by the following standard (Equation
(9)-(10)). Therefore, Supplementary data shows the estimated perfor-
mance at the power rating conditions suggested by IEC 61853, calcu-
lating similar values using both approaches (Tables S2-S4). In this
regard, the linear interpolation in terms of power reduced one trans-
lation process because only one parameter is translated (Ppqy) instead of
the two parameters Vyy,p and Inyp. Therefore, this approach reduces the
error from the numerical point of view because fewer calculation pro-
cesses are required, as evidenced by the standard deviation reduction
(Tables S2-S4). Thus, the following results related to power are esti-

mated according to Equation (9)-(10).
P, =a\(Py—Pa) + P, 9
Pn:a2(P07Pm)+Pm (10)

Accordingly, a random process is proposed to generate the dataset to
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correct the performance at the target conditions in outdoor tests. This
dataset is constructed using the outdoor performance obtained following
the methodology mentioned in previous works and correlated with the
most frequent impact of weather variables on the performance during
the exposure (Velilla et al., 2021, 2019b). Thus, each case considered in
the dataset consists of the three (G, T) chosen conditions and corre-
sponding I-V curves data (Pmax I, and V,c), see Supplementary data
Fig. S2. This process generates a significant number of triangles covering
a wide range of the performance behavior measured during the outdoor
tests as a function of the weather variables. Moreover, this process was
constrained to ensure different (G, T) combinations in the estimation
process. Thus, the average performance at the target condition is defined
as the median value of the corrected performance in order to mitigate
outliers. Fig. 2 shows in the form of a boxplot the effect of 30, 300, and
1000 random combinations for correcting the Py, at STC and NOCT for
the three modules using the data recorded for one month of exposure.
Besides, the random process to generate the dataset considering the I-V
curves and (G, T) conditions was performed several times (runs number,
n) to explore different combinations and validate the estimation
stability.

Based on the behavior shown in Fig. 2, it is noted that using few
combinations, the median values vary significantly for each execution
(run). Nevertheless, as the number of combinations increases, the me-
dian values tend to be the same value independently of the runs. Similar
behavior was observed for correcting other electrical parameters (I;. and
V,c) at STC and NOCT (see Supplementary data Fig. 3—-4). In addition,
the data dispersion showed in the boxplot allowed observing that NOCT
estimation (Fig. 2. d-f) is less sensitive to the number of combinations
and runs number than the STC estimation (Fig. 2. a-c). Therefore, 1000
combinations in the estimation process are sufficient in order to cover a
wide range of the performance behavior measured during the outdoor
tests and ensure the estimation at the target conditions.

On the other hand, it is expected that the accuracy of the correction



A. Padilla et al.

Solar Energy 237 (2022) 11-18

8 8
(a) (b)
7] 74
>
'
s 6 6
51 51
= [
54_ a--n z‘/’ 47 \‘\

=9 m” T --m--g--E--nm “o--8
03] "oom’ d 3{ m__ Te--e--0--0--0--4
2 N s =--| ---o °
B2 % e-e--e-¥ 2] eTONETT e
] N g _g--g---E--a
-4 ..

11 TS o«-° Ly

~ ’_._—-.--
0 . \"“"".. . . 0 . . . . .
0 100 200 300 400 500 0 100 200 300 400 500
Irradiance Delta (%) Irradiance Delta (Ez)
m m
---- HIT m-Si ---- CIGS

Fig. 4. Relative error for the estimated P, using different irradiance deltas. Panel (a) corresponds to device temperature, and (b) to ambient temperature. The circle
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depends on the interpolation or extrapolation process involved in the
procedure as a result of the generated (G, T) conditions. These condi-
tions define if the target conditions are inside of the triangle delimited
by the three (G, T) conditions, indicating an interpolation process
(Fig. 1a), other cases indicating an extrapolation process (Fig. 1b). In
this sense, Fig. 3 shows the corrected performance at STC and NOCT for
I and V,, considering the data corresponding to irradiance levels
higher than 500 W/m?2. Therefore, an extrapolation range between —5
and 5 (Ja] < 5) for a; and ap was proposed in order to minimize the
extrapolation cases (red dots) and reduce the dispersion in the estimated
values (blue dots). Consequently, the performance (black triangle) was
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calculated as the median value of the data in the selected range (blue
dots). Hence, using this extrapolation range improved the performance
estimation concerning the datasheet values (red cross).

In this regard, Fig. 3 allows observation of the estimation dispersion
mainly affected by the extrapolation processes. The data were processed
by irradiance ranges to mitigate the extrapolation cases using an irra-
diance delta (dG) to select the data close to the target irradiance (G +
dG). For instance, if the target condition is STC (1000 W/mz), and a dG
of 100 W/m? is considered, the data measured between 900 and 1100
W/m? are used to generate the (G,T) combinations and select the cor-
responding I-V curves. Fig. 4 shows the effect of varying dG between 50
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Fig. 5. Estimated PRCs over the exposure time. The electrical parameters were estimated using the ambient temperature and an irradiance delta of 200 W/m?. Panel
(a) corresponds to STC and (b) to NOCT. The dot points corresponded to the estimated data and lines corresponded to the fit (blue color to HIT and orange color to
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and 500 on the P4, estimation at STC and NOCT regarding the data-
sheet values. In a general way, the results indicated that a dG of 200 W/
m? is adequate to minimize the relative error in the estimation for both
power rating conditions, even using the device temperature (Fig. 4a)
and ambient temperature (Fig. 4b). It is also noted that using the device
temperature, the correction at STC is improved (circle markers). On the
other hand, using the ambient temperature the corrections at NOCT are
improved, highlighting the role of both temperatures in the estimation
of PRCs.

Moreover, when Pp,qy, I;, and V. are estimated considering a dG of
200 W/m? (see Supplementary data Fig. 5-6), the dispersion on the
estimated values is reduced regardless of the number of runs (n). These
results indicated the principal role of the irradiance range in the esti-
mation, which constrains the search region in order to generate (G, T)
combinations close to the target. Therefore, the complete procedure
(including the random process, the extrapolation range, and the
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irradiance delta) improved the performance estimation by calculating
relative error percentages of less than 8% for the PRCs in outdoor tests
for the considered photovoltaic technologies (m-Si, HIT, and CIGS).

To analyze the effect of weather conditions on the performance
estimation during the considered exposure time, the outdoor data were
processed by batches using 200 h of exposure and corresponding mea-
surements, ambient temperature, |a| < 5, and a dG of 200 W/m> Fig. 5
depicts estimation for Py, I, and V,. at STC and NOCT, which were
normalized regarding the datasheet values (see Table S5). The results
highlighted three main facts related to the implemented procedure. The
first is related to the almost constant behavior trend of the variables,
suggesting that a proper estimation can be performed regardless of the
season or the weather conditions involved during the test. The second is
related to the behavior change of this trend, which can be correlated to
soiling effects to define the cleaning maintenance of the modules.
Moreover, this trend can be used to perform other analyses such as
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lifetime considering long-term data. The third is related to the PRC, in
this case, STC and NOCT allow the validation of the performance con-
cerning the datasheet and comparison of different technologies evalu-
ated under outdoor conditions.

3.2. Temperature coefficients estimation

Fig. 6 shows the behavior of the principal electrical variables
extracted from the I-V curves as a function of the device temperature
(dots points) in order to estimate the temperature coefficients, as the
slope of the linear regressions (solid lines). The fitted equations were
calculated by considering the measurements for 200 h of exposure and
selecting the data close to three irradiance levels with a deviation of 10%
concerning each irradiance level (1000, 800 and 500 W/m?). It was
observed the almost constant behavior of the temperature coefficient of
Vo with irradiance levels, calculating similar coefficients values
regarding the datasheet using the device and ambient temperature
(Fig. 2, Fig S7 and Table S6 of Supplementary data). On the contrary,
the temperature coefficients values for power and short circuit current
showed differences concerning the considered temperature and irradi-
ance levels. These differences in the estimated coefficient could be
associated with the device temperature control, equipment used for
measuring weather and electrical data, fitting process, etc (Mihaylov
et al., 2016). Nevertheless, the estimated values and behaviors depicted
in Fig. 6 represent the actual temperature coefficients for the operative
conditions because the device temperature was not controlled during
the outdoor tests.

On the other hand, the reversal of the sign in the temperature co-
efficients for power depicted in Fig. 6 and Fig S7, was observed in the
literature for different photovoltaic technologies in outdoor tests and
correlated with the spectral effect, incidence angle, and dews (Whitaker
et al., 1992), suggesting that additional corrections are required to es-
timate the parameters in uncontrolled tests (Paudyal and Imenes, 2021).
Thus, to estimate the temperature coefficients in a broad range of con-
ditions, including conditions not recorded during the tests, the outdoor
data were translated to the irradiance levels shown in Fig. 6 considering
the device temperatures ranging between 15 and 85 °C and dG of 200
W/m?2. Fig. 7 shows the estimated temperature coefficient for power,
Fig. S8 and Fig. S9 show the results for I, and V., respectively. It is
noted that the estimation accuracy is guaranteed because the calculated
r-values approach —1 (values shown on the top of the figures and in
Table S7). Besides, considering the translated data, the estimated slopes
by the linear regressions allowed calculating temperature coefficients
that approach the datasheet values. These results highlight the central
role of the translation process in outdoor tests to validate the data re-
ported by manufacturers in the datasheet or to track the performance,

17

diagnose faults or establish maintenance guidelines.

4. Conclusions

This paper estimated the performance of three PV modules (m-Si,
HIT, and CIGS) at STC and NOCT in outdoor tests by correcting the I-V
curves data. Therefore, a random process was proposed to generate the
dataset and estimate the performance at the target conditions by
combining three different weather data (G, T) and the corresponding
parameters extracted from the I-V curves. Furthermore, the dataset was
filtered using an irradiance range (dG) and extrapolation range (a) to
constrain the search region and mitigate the extrapolation cases. These
factors allowed the dispersion reduction in the estimated values,
calculating a relative error of less than 8% at STC and NOCT concerning
the datasheet.

Accordingly, the random process was carried out several times (runs)
in order to explore different (G, T) combinations measured during the
outdoor tests. It ensured in each execution a significant number of (G, T)
combinations covering a wide range of the performance behavior as a
function of the weather variables. Then, the performance was calculated
as the median value of the translated data to avoid the effect of the
outliers. Therefore, a robust numerical tool was obtained to estimate a
reliable performance by combining these factors with the proposed
extrapolation range (a) and irradiance delta (dG).

On the other hand, despite the correction of the I-V curves allowing
estimating the outdoor performance at both power rating conditions
conventionally included in the datasheet of commercial modules, the
results showed less dispersion on the estimation at NOCT than at STC, as
was shown in Fig. 2. These facts highlighted the role of NOCT in outdoor
tests because under outdoor conditions is more likely to measure
weather conditions approaching NOCT, reducing the extrapolation cases
in the estimation. Besides, based on the irradiance delta analysis shown
in Fig. 4, it is observed that a dG of 200 W/m? is adequate to reduce the
error between the estimated performance and datasheet values.

Finally, the implemented procedure to translate the outdoor per-
formance to the target conditions was successfully extended to calculate
the temperature coefficients. Thus, the procedure allows the complete
performance characterization of the devices regarding the datasheet and
could be used to track the performance evolution, implement a real-time
diagnosis, or estimate the lifetime.
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Fig S1 and Table S1 are related to the calibration results of the SPA using a Fluke 5522 A-SC as
reference equipment.
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Fig S1. Uncertainty in the SPA Measurements. a) for voltage and b) for current. Results taken from
the calibrated certificate No. MT-26651-0410 performed by Laboratorio EPM-Area Metrologia,
comparing the SPA measurements with the Fluke 5522 A-SC measurements, according to procedure

CEM-EL-001.
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Table S1. Numerical uncertainty in the SPA Measurements. a) for voltage and b) for current. Results
taken from the calibrated certificate No. MT-26651-0410 performed by Laboratorio EPM-Area
Metrologia, comparing the SPA measurements with the Fluke 5522 A-SC measurements, according to

procedure CEM-EL-001.
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Table S2. Power rating conditions (PRC) estimation for the HIT module.

Pmax
Pmax (W) (Vmpp*Impp) Impp (A) Vmpp (V) Isc (A) Voc (V)
Power rating
conditions median| std median std median | std |median| std |[median| std |median| std

STC (25,1000) | 331,71 | 57,23 | 332,09 | 64,92 5,61 111 59,09 1,48 6,11 1,62 70,94 14

NOCT (20*,800)| 257,95 | 41,76 | 255,96 | 43,69 4,66 0,87 54,63 | 4,46 5,03 1,26 | 66,08 4,07

LIC (25,200) | 46,53 3,8 4555 | 17,49 1,14 0,18 38,98 8,24 1,19 0,3 50,59 | 12,66

HTC (75,1000) | 309,69 | 30,91 | 308,37 | 28,89 6,28 0,6 49,1 0,79 6,77 0,98 | 61,76 0,79

LTC (15,500) | 152,72 | 37,67 | 147,66 | 42,63 2,44 0,72 60,31 3,16 2,63 1,05 71,42 8,71

Table S3. Power rating conditions (PRC) estimation for the m-Si module.

Pmax
Pmax (W) (Vmpp*Impp) Impp (A) Vmpp (V) Isc (A) Voc (V)
Power rating
conditions median std median std median std median std median std median std

STC (25,1000) | 297,91 | 30,29 | 299,38 | 34,47 9,76 1,18 30,89 1,88 10,39 1,27 39,21 1,47




NOCT (20*,800)| 229,87 | 28,29 | 228,48 | 31,28 7,75 1,18 29,92 3,33 8,36 1,68 37,74 2,49
LIC (25,200) 58,83 3,75 58,85 4,27 1,89 0,16 31,17 0,87 1,97 0,18 36,8 0,41
HTC (75,1000) | 250,99 | 19,17 | 248,89 | 17,66 | 9,92 0,75 25,01 1,26 10,83 08 3383 | 097
LTC (15,500) 143,83 | 21,15 | 14355 | 34,84 4,43 1,11 32,55 3,11 4,89 143 39,05 1,29
Table S4. Power rating conditions (PRC) estimation for the CIGS module.
Pmax
Pmax (W) (Vmpp*Impp) Impp (A) Vmpp (V) Isc (A) Voc (V)
Power rating
conditions median| std |median| std |median| std |median| std |median| std |median| std
STC (25,1000) | 120,97 | 19,71 | 120,49 | 20,65 36 0,61 3339 | 285 4,12 0,81 | 40,57 | 2,69
NOCT (20*,800)| 95,35 | 15,01 | 95,12 | 1526 | 3,21 0,55 29,46 | 2,78 37 0,71 36,65 | 2,75
LIC (25,200) | 25,65 | 5,06 2549 | 518 0,86 0,17 29,77 1 1,02 0,2 3691 | 221
HTC (75,1000) | 113,54 | 14,94 | 113,01 | 14,87 4,02 0,54 28,21 2,24 4.6 0,73 35,65 2,18
LTC (15,500) | 55,59 14,11 55,62 15,17 1,73 0,47 32,3 1,28 2,01 0,54 38,81 1,37
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Table S5. Power rating conditions (PRC) of evaluated modules.

STC NOCT
Module | Pmax | Isc Voo | Prmax Isc Voc
w A& (M W AW
HIT 330 6.07 | 69.7 | 2472 | 491 | 65.1
m-Si 290 9.8 39.3 | 212 7.93 | 36.2
CIGS 120 453 | 38.1

Table S6. Calculated temperature coefficients using 200 hours of exposure for Pmax (), Isc (a), and Voc

(B)-



Device Temperature

Ambient Temperature

PV
Module

Irradiance
level (W/m?2)
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B
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5
(W/°C)

a
(AI°C)

B
(VI°C)
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Datasheet
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m-Si
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1.124 0.055 -0.094

1.185
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-0.063
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1.018
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0.0049

-0.112

CIGS
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1.142 0.05 -0.052
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1.124 0.056 -0.078

1.162

0.058

-0.076

1000
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in the inset. At the top are shown the r-values of the fits.
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the irradiance levels used in the estimation (green to 1000, blue to 800, and gray to 500 W/m?2). The
fitted equations are shown in the inset.

Table S7. Parameters of the fitting processes using translation procedure for the estimation of Pmax

().
PV Module G Slope | Intercept

(W/m?) (W/°C) (W) r-value
HIT 1000 -0.786 374.024 -0.995
800 -0.399 279.256 -0.996
. 1000 -1.049 327.766 -0.999

m-Si
800 -0.633 252.745 -0.997
cIGS 1000 -0.322 131.880 -0.999
800 -0.248 107.927 -0.998
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1. Indroduction

Insert Introduction.

2. Methodology
2.1. Suns Voc Method

The Suns Voc Methodology consists into genarate a free-resistance IV
curve ()

2.2. Real Time Series Resistance - RTSR

Method for determinate the series resistances of photovoltaic devices that
applies the Suns Voc methodology for obtain the series resistance value at
every operating point (Deceglie et al., 2015). To apply this method it is
necessary to record the panel temperature (7p), irradiance (Ejp), voltage at
specific operating point (V4), current at specific operating point (Iy), open
circuit voltage at specific operating point (Vocg) and short circuit current
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at specific operating point (Iscy). Likewise, it is essential to mesure recents
open circuit voltages at lows irradiances.

The I-V curve measured at (Ey,Tp) is translated into a suitable lower
irradiance (Ejarget) with the same temperature and where the produced
current (I3) is expected to be zero. This translation is carry out with the
correction equation for current given in the IEC 60891 procedure 1 (ref IEC
60891 2020):

/

Eta’r’get
I2:[U+Isc E —1 +CY(T2—TO) (1)
1

Since the translation is made over the same temperature (75 = Tj), the
temperature coefficient for current («) is not involved, and by setting I
equals to zero, the previous equation is re arranged to:

I
zgarget = EO (1 - = ) (2)

Isc,O

The open circuit voltage of the new [-V curve translated at this suit-
able irradiance (V/c) corresponds to the voltage measured at E, curve but
assuming free series resistance (Rs = 0) (Suns Voc methodology). The differ-
ence between this ideal voltage assuming no series resistance (V/c) and the
measured voltage (V) is used to find the (R,) with the ohm law:

!
R, = Voe = Vo (3)
Io

To enable the algorithm to adapt to any change of performance in the
module and obtain the time series, only the recent recorded points are used to
calculate the R;. In this sense, after Ejarget is found for a given operational
point (step 3), the database is filtered with only the measurements within a
maximum of 10% deviation from the Ejarget value, and also, only with the
ones recorded in the previous 7 days of the operational point measurement
date (step 4). After the filtering, some measurements with different temper-
atures than Ty will be presented. Since the method requires to translate the
[-V curve at same temperature Ty, a linear regression between V,c and the
temperatures of the filtered database is done (step 5). Using the regression
equation, the Ve at Ty is calculated (step 6). Finally, the predicted Ve is
used to find the R, of the operational point (step 7). Fig x illustrates an ex-
ample of the regression process used to calculate the predicted V¢ (indicated



i Raw data /

A\ 4
Step 1:

Filter data

Step 2:
Select the operational point
(I, Vo » Isc,0. Voc,0 Eq and To)

Step 6:
Calculate the predicted V',
at the operational
temperature Ty

A

Step 5:

Find the regression line
between the U, and the
temperatures of the
filtered database

Step 7:
Calculate the series resitance for
each operational point
V’ac 7 VD

Rs = T

Figure 1: Flow chart for the calculation of the series resistance using the RTSR method

by the red cross) for a given operational point, where the blue points were
measurements at the target irradiance but with different temperatures, thus,
the regression line is used to predict the V) c at the measured temperature 7

of the selected operational point.

2.3. Correcting I-V Curves

In order to be able to calculate and compare the value of series resistance
troguth time, the corrective proposed method based on IEC was used. the
behavior have a static operating point in wich the device series resistance

2.4. Proposed Methodology

The proposal ....

3. Results

In this section...

\ 4

Step 3:
Calculate the suitable lower
irradiance

lo
E’mrget = Ep (1 - )

Isco

Step 4:

Filter the database with values
recorded in the previous 7 days of the
operational point measurement date

and within a maximum of 10%

deviation from the E'mrge,_. value




3.1. Data Measurement and Device Parameters

The IV curves were recorded by electronic devices based on capacitor
technique to trace the curve (ref capacitor y monitoring). This devices were
installed in the Solar Outdoor Laboratory (Figure 2). The IV curves and me-
teorological variables were measured every minute in time interval from 06:00
to 19:00 and store in a internal server data base which was later consulted.

Figure 2: Solar Outdoor Laboratory for characterization of photvoltaic devices in real
operating conditions, Sede de Investigacién Universitaria — SIU, Universidad de Antioquia,
Medellin, Colombia

Table 1 shows the electrical parameters of the photovoltaic modules used
in this work.



Technology Reference STC parameters

m-Si Znshine solar ZX55(17.8)M | I, = 3.34A, V,.
2225V, Iy = 3.09,
Vipp = 17.8V

CIGS Miasolé FLEX-02 120N | I,, = 4.53A, V,, =
381V, L, = 3.934,
Vinpp = 30.05V

m-Si Sharp NU-RC290 I,, =9.8A, V,. = 39.3V,
Ly = 9.25A, V5 =
31.3V

Table 1: Solar devices under outdoor evaluation.

3.2. Series Resistance Calculation in Outdoor Conditions

Apply method to photovoltaic panels...
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Figure 3: Panel (a) corresponds to Series resistance of CIGS 1 module at NOCT and STC
conditions using the proposed methodology and panel (b) corresponds to Pmax estimated
by the correcting I-V methodology
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Figure 4: Panel (a) corresponds to Series resistance of CIGS 2 module at NOCT and STC
conditions using the proposed methodology and panel (b) corresponds to Pmax estimated
by the correcting I-V methodology
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Figure 5: Panel (a) corresponds to Series resistance of Sharp module at NOCT and STC
conditions using the proposed methodology and panel (b) corresponds to Pmax estimated
by the correcting I-V methodology
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Figure 6: Panel (a) corresponds to Series resistance of Sharp module at NOCT and STC
conditions using the proposed methodology and panel (b) corresponds to Pmax estimated
by the correcting I-V methodology
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Figure 7: Panel (a) corresponds to Series resistance of Znshine m-Si module at NOCT
and STC conditions using the proposed methodology and panel (b) corresponds to Pmax
estimated by the correcting I-V methodology

4. Conclusions

Insert conclusions ...



