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Abstract

Real-time simulation and rapid prototyping of power electronics, critical loads, and control systems have prompted recent interest in
accurate electrical terminal models of photovoltaic (PV) panels and array systems. Advancement in computing technologies, such as par-
allel computing and digital signal processing techniques for real-time simulations have allowed the prototyping of novel apparatus to be
investigated in a virtual system under a wide range of realistic conditions repeatedly, safely, and economically. This paper accesses
numerical iteration methods, selects appropriate techniques, and combines them with model construction methods well suited for boost-
ing the computational speed of an electro-thermal dynamic model of a PV panel. The target computational engine is a parallel processor
based real-time simulator to be used in a power hardware-in-the-loop (PHIL) application. Significant improvements resulting from the
proposed modeling approach in computation time and numerical convergence speed are verified using experimental results for the target

PV panel using Opal-RT’s RT-Lab Matlab/Simulink based real-time engineering simulator.

© 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

Photovoltaic (PV) systems do not emit any pollutants
during electricity generation, and can therefore be installed
in densely populated residential or commercial areas with
no health risks (Toledo et al., 2010). In addition, single
crystalline silicon cells are the most common in the PV
industry (Willeke, 2008). A single crystalline silicon cell
has a uniform molecular structure. Compared to noncrys-
talline materials, its high uniformity results in higher
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energy conversion efficiency. The higher the energy conver-
sion efficiency of the PV panel, the more electricity it gen-
erates for a given area of exposure to sunlight. The
conversion efficiency for single-silicon cell commercial
modules ranges from 15% to 20%. Moreover, not only
are they energy efficient, but single-silicon cell modules
are highly reliable in outdoor environments typical of PV
system installations.

Significant research effort has been put into the develop-
ment of elaborate terminal voltage models of PV systems.
PV arrays, controllers, battery storage, inverters, and load
models have been proposed to predict the performance of
a PV system under various load current profiles
(Sukamongkol et al., 2002; Joshi et al., 2009; Eltawil and
Zhao, 2010). Several PV models were reviewed to select a
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Nomenclature

Oy absorbability of cell surface (0.77 for silicon)

Oge temperature coefficient for short circuit current
(AK™)

Pix density of layer x (kg m™?)

o Stefan—Boltzmann constant
(5.67 x 107 Wm > K™%

a; coefficient for air mass modifier

ref ideality factor parameter at STC (eV)

A area of layer x (m?)

b; coefficient for incidence angle modifier

C total heat capacity of layer x (JK 1)

C,ix  specific heat capacity of layer x (Jkg 'K
d, depth of layer x (m)

E, energy bandgap (eV)

E,r, energy bandgap at reference temperature (1.121
for silicon) (eV)

G total irradiance on horizontal surface (Wm™?)

G, beam component of total irradiance on horizon-
tal surface (Wm™?)

G, diffuse component of total irradiance on hori-

zontal surface (Wm™?)
Grr  irradiance at STC (1000) (Wm2)

1, diode forward current (A)

I photo light current (A)

1, output current of a PV panel (A)

1, diode reverse saturation current (A)
I; of photo light current at STC (A)

Lyprer  current of maximum power point at STC (A)
L, current at maximum power point (A)
L ver diode reverse saturation current at STC (A)

I.rer  Short circuit current at STC (A)
k Boltzmann’s constant (1.381 x 1073 JK ")
ki thermal conductivity of layer x (Wm™! K*I)

M air mass modifier

M.  air mass modifier at STC
ny ideality factor

N, number of cells in series
nrrer  ideality factor at STC

Py, generated electrical power from PV panel (W)
q electron charge (1.602 x 107" C)

QOconv  heat flow generated by convection (W)

Oele heat generated by electric loss (W)

Ol heat flow from layer x (W)

O heat flow generated by short wave
radiation (W)

R, lumped series resistance (Q)

R, s lumped shunt resistance at STC (Q)

R, Iumped shunt resistance (Q)

R, er  lumped series resistance at STC ()

S total incident irradiance (Wm?)

Saprer  total absorbed irradiance at STC (Wm_z)

S total absorbed irradiance (Wmfz)

T. cell temperature (K)

T.mp ambient temperature of PV panel (K)

T.rer  cell temperature at STC (K)

T, borderline Temperature of layer x (K)

Uy overall heat transfer coefficient for layer x

v, output voltage of a PV cell (V)
Vipree  voltage of maximum power point at STC (V)
Vinp voltage at maximum power point (V)

Voerer Open circuit voltage at STC (V)
Vrrer thermal voltage at STC (V)
STC  standard test condition: irradiance 1000 Wm 2,

AM1.5 spectrum, module temperature 25 °C

suitable model for PV devices by considering adjustment
errors at specific data points (de Blas et al., 2002). The
reverse bias model was adopted to explain the breakdown
effect of a PV cell with temperature (Alonso-Garcia and
Ruiz, 2006). A detailed terminal voltage model of a PV cell
was proposed using the five-parameter model (Soto et al.,
2006; Chenni et al., 2007). Experimental verification was
achieved using mono-crystalline PV modules to evaluate
four- and five-parameter models (Celik and Acikgoz, 2007).

The strong correlation between module temperature and
electrical terminal characteristics has also prompted signif-
icant research into thermal modeling of PV panels. Tem-
perature dependant models of a PV panel were suggested
in Sukamongkol et al. (2002), Jones and Underwood
(2001), considering heat radiation, heat convection, and
power generation. Two dimensional thermal flows for PV
panel plates were considered in PV panel models (Ali,
2005; Dehra, 2009). Experimental verification depicting
the dependence of panel output power and efficiency on

temperature was achieved using commercial PV modules
(Tina and Abate, 2008; Gil-Arias and Ortiz-Rivera, 2008;
Skoplaki and Palyvos, 2009).

Advancements in computing technology have allowed
the prototyping of novel apparatus to be investigated in a
virtual system under a wide range of realistic conditions
repeatedly, safely, and economically. A five-parameter PV
panel is widely used in literature for PV system energy pre-
diction (Soto et al., 2006). However, the model’s solution is
transcendental in nature; hence it is not possible to solve it
for voltage in terms of current explicitly and vice versa
(Hornbeck, 1975). To solve the four- or five-parameter
model of a PV panel, numerical methods are required
because the terminal voltage or current equation has no
exact analytical solution. Using a Lambert W-function,
the solution of the PV model can be expressed as an exact
solution (Jain et al., 2004; Jain et al., 2006). In addition,
parameter mismatch and model error were investigated
(Petrone et al., 2007) and optimum load conditions of PV
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