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A B S T R A C T

The sizing of the inverter in comparison to the rated capacity of the photovoltaic generator is investigated for
high-concentrator photovoltaic (HCPV) systems. An HCPV module of typical characteristics is modelled and
parameterized, taking into account direct normal irradiance (DNI), ambient temperature, air mass and aerosol
optical depth as atmospheric inputs, while the DC losses of the HCPV generator are allowed to vary in the ranges
reported in the literature. A set of 80 commercial inverters are analysed to obtain the typical efficiency curves of
state-of-the-art low-, medium-, and high-efficiency inverters. Four locations worldwide with high annual DNI
levels and different average values of the weather variables influencing HCPV performance are studied. Results
show that the inverter can be sized between 84% and 112% of the rated capacity of the HCPV generator at
Concentrator Standard Test Conditions depending on the scenario considered for maximizing the final energy
yield of the system. The proposed methodology uses analytical equations, all the model parameters are provided
and justified and atmospheric inputs are obtained from meteorological databases in order to make the appli-
cation easy regarding its use in other locations where the climate data is available.

1. Introduction

The basic concept of the concentrator photovoltaic (CPV) tech-
nology consists in the use of optical devices to concentrate the sunlight
onto photovoltaic (PV) cells. These systems incorporate different ele-
ments such as CPV modules, sun trackers and grid-connected inverters,
with many possible different configurations (Muñoz et al., 2015). The
present work focuses on high-concentrator photovoltaic (HCPV) sys-
tems, characterized by a geometric concentration ratio in the range
between 100 and 2000 suns (Pérez-Higueras et al., 2011; Shanks et al.,
2016). In HCPV systems, the HCPV modules are mounted on two-axis
sun trackers because the optical elements must be always pointing to
the sun in order to concentrate the sunlight on a very small area, where
the solar cells (usually multi-junction III-V solar cells) are placed. In this
way, HCPV systems only exploit the direct component of the solar ra-
diation and are appropriate in locations with high annual levels of di-
rect normal irradiance (DNI). HCPV technology is of big interest
nowadays as an emerging renewable energy technology, which began
the commercialization stage recently and has greater presence in the
market than the rest of CPV technologies (Philipps et al., 2016). These
systems have demonstrated the highest conversion efficiencies of

terrestrial PV applications and the forecast of HCPV installed capacity
for 2020 is above 1 GWp (Global Data, 2015). However, at present, the
cost per generated kWh of electricity is higher for HCPV systems than
for conventional PV systems (Talavera et al., 2016). This implies that a
careful selection of all the system components must be carried out in the
design of HCPV facilities in order to optimise the energetic and eco-
nomic performance of the projects. One of the aspects to be considered
is finding an adequate matching between the inverter nominal power
and the PV array peak power. This allows the average annual inverter
efficiency and, thus, the final energy yield of the system to be max-
imized.

Even when many studies in the literature analyse the sizing of in-
verters for conventional PV systems, as shown in Section 2, and taking
into account that all of these studies could be taken into consideration
as a reference for adequate choosing the size of inverters in HCPV
systems, it is important to highlight that the sizing task in HCPV is
inherently different than the sizing in conventional PV systems. This is
because of two main reasons: first, the main input regarding atmo-
spheric variables in HCPV is the DNI, instead of the plane-of-array
global irradiance considered in conventional PV systems. The annual
distribution of DNI for a particular site is different than the global
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irradiance distribution, and hence, the optimum sizing of the inverters
is not necessarily the same for HCPV than for conventional PV. More-
over, we can find two locations with a similar global irradiance dis-
tribution, but they can differ in the DNI distribution because of different
diffuse irradiance characteristics due to different cloud conditions and/
or amount of aerosols in the atmosphere. This means that these two
locations would verify a similar optimum inverter size for conventional
systems, while they would require different optimal inverter sizes when
considering HCPV systems. Second, the electrical behaviour of HCPV
systems differs from that of conventional systems, due to the use of
optical elements, multi-junction III-V solar cells, heat exchangers, sun
trackers, etc. This implies that the models for the electrical character-
ization of HCPV systems are different than those of conventional sys-
tems (Rodrigo et al., 2013, 2014) and, thus, the procedures to optimise
the inverter size are also different. Taking into account the above, it is
evident that the sizing results obtained with conventional methods are
not directly applicable to the HCPV technology and they should only be
considered as a first approximation to the problem. Therefore, the de-
velopment of new methods adapted to the peculiarities of the HCPV
technology is required for the design of these kinds of installations.

In this paper, we analyse the optimum inverter size that maximizes
the annual energy yield in HCPV systems. The HCPV systems under
analysis use point-focus Fresnel lenses and triple-junction GaInP/
GaInAs/Ge solar cells with a geometric concentration ratio of 550x and
can be considered representative of the most typical HCPV technology
installed nowadays. An extensive analysis of 80 commercial inverter
datasheets was carried out to obtain general valid conclusions for the
state-of-the-art inverter technology. Four locations worldwide with
high levels of DNI and different atmospheric characteristics were con-
sidered in the analysis in order to show the influence of the local cli-
mate on the sizing of HCPV systems. Also, a discussion on the influence
of the DC system losses, which can vary significantly from one HCPV

system to another, in the optimum inverter sizing is presented. It is the
aim of the authors to offer a complete study that covers scenarios as
general as possible with respect to the existing technology of HCPV
generators and inverters and, thus, can be used as a reference for HCPV
system designers.

This study presents several novelties when compared to the litera-
ture review on inverter sizing for HCPV presented in Section 2. For the
first time, the influence of aerosols on the HCPV generator output is
considered in the analysis. Aerosols cause an increase of the diffuse
component of the solar radiation and an appreciable decrease of the
DNI (Fernández et al., 2016a; Rodrigo et al., 2017). In addition, it is
worth mentioning that HCPV generators based on multi-junction solar
cells are strongly affected by changes in the direct sunlight spectrum
because of the internal series connection of different subcells with
different spectral absorption bands (Domínguez et al., 2013; Rodrigo
et al., 2017). Among the atmospheric parameters that influence the
direct sunlight spectrum, the aerosol optical depth (AOD) has a far from
negligible influence on the spectrum and, thus, on the electrical re-
sponse of an HCPV generator, as was shown in different papers
(Eltbaakh et al., 2012; Fernández et al., 2014a, 2016a; Núñez et al.,
2016). However, previous studies neglected this influence in the sizing
of HCPV systems (Chen and Melia, 2011; Martínez et al., 2016). In this
study, this influence is considered and four locations with different
average values of the atmospheric parameters influencing the solar
spectrum, both for air mass (AM) and AOD, are evaluated. Another
improvement with respect to the reviewed works is that, while the
previous research considered specific types of inverters, in this study up
to 80 commercial inverter datasheets have been analysed to obtain
general valid conclusions for the state-of-the-art inverter technology.
This analysis has allowed modelling the behaviour of typical low-,
medium- and high-efficiency inverters present in the market nowadays,
and differentiating the sizing ratio for each one of these inverter

Nomenclature

AM air mass
AMu threshold air mass coefficient
AOD550 aerosol optical depth at 550 nm
AOD550,u threshold aerosol optical depth at 550 nm coefficient
DNI direct normal irradiance [Wm−2]
DNIA annual direct normal irradiation [kWhm−2]
DNICSTC direct normal irradiance at concentrator standard test

conditions [Wm-2]
Impp maximum power point current of an HCPV module at

concentrator standard test conditions [A]
Isc short-circuit current of an HCPV module at concentrator

standard test conditions [A]
L0 inverter constant self-consumption loss coefficient
L1 inverter increasing linearly with power loss coefficient
L2 inverter increasing linearly with the square of power loss

coefficient
LAC AC loss coefficient of the HCPV system
LDC DC loss coefficient of the HCPV generator
Pgen,CSTC HCPV generator rated power at concentrator standard test

conditions [W]
pin inverter input DC power normalized to the inverter nom-

inal AC power
Pinv,nom inverter nominal power [W]
Pmax maximum power of an HCPV module at concentrator

standard test conditions [W]
pmod,MPP HCPV module maximum power normalized to 1 kWp of

nominal power rated at concentrator standard test condi-
tions

PR performance ratio of the HCPV system

psys output power of an HCPV system per kWp of installed
power rated at concentrator standard test conditions

PW precipitable water [cm]
R2 correlation coefficient of a linear regression
Rth thermal resistance of an HCPV module [°Cm2W−1]
SMR spectral matching ratio
SR sizing ratio
SRo optimum sizing ratio under the condition that the HCPV

generator DC loss coefficient equals zero
SRopt optimum sizing ratio that maximizes the annual energy

yield
Tair ambient temperature [°C]
Tcell cell operating temperature inside an HCPV module [°C]
Tcell,CSTC cell temperature at concentrator standard test conditions

[°C]
Vmpp maximum power point voltage of an HCPV module at

concentrator standard test conditions [V]
Voc open-circuit voltage of an HCPV module at concentrator

standard test conditions [V]
Yf final annual energy yield of the HCPV system [kWh kWp-

1]
δ coefficient of variation of HCPV module maximum power

with temperature [°C-1]
ΔSR per unit variation of the optimum sizing ratio with the

HCPV generator DC loss coefficient
ε coefficient of variation of HCPV module maximum power

with air mass
ηinv global efficiency of an inverter
ηmax maximum operating efficiency of an inverter
φ coefficient of variation of HCPV module maximum power

with aerosol optical depth at 550 nm
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categories. Thus, the results of the study can be considered more gen-
eral and useful for the HCPV system designers than those presented in
previous work (Chen and Melia, 2011; Martínez et al., 2016). More-
over, the developed methodology consists in analytical equations and
all the model parameters are provided, so that we have facilitated the
application of this methodology to other researchers and PV designers
without the need of specific software or complex algorithms difficult to
implement, with the only requirement being to have available me-
teorological data for the site under analysis.

The paper is structured as follows: in Section 2, the concept of Sizing
Ratio is defined and a background of related works is presented; in
Section 3, the proposed HCPV system modelling is described; in Section
4, the model parameters are justified and a discussion on the analysis of
80 commercial inverter datasheets is presented; in Section 5, the loca-
tions considered for the analysis are defined together with the climatic
characteristics of each one and the source of the atmospheric data;
Section 6 presents the results of the study, including the discussion on
the histograms of DC power obtained in each location, on the optimum
Sizing Ratio and on the sensitivity to the different possible levels of DC
losses; finally, Section 7 details the conclusions of the study. An Ap-
pendix A is included that lists the commercial inverter models con-
sidered in the analysis.

2. Sizing ratio and related works

The instantaneous efficiency of a given inverter depends on the ratio
of the actual inverter output power to its nominal power. This ratio is
determined by the atmospheric conditions, the technological char-
acteristics of the connected PV arrays and the inverter size with respect
to the array size. Thus, designers have the opportunity to optimise the
average annual inverter efficiency for a specific climate and PV tech-
nology just searching for an adequate relation between the inverter
nominal power and the array peak power. In the present study, this
relation is quantified by the Sizing Ratio (SR), which is defined as:

=SR P P/inv nom gen CSTC, , (1)

where Pinv,nom is the inverter nominal power and Pgen,CSTC is the rated
power of the HCPV generator connected to the inverter at Concentrator
Standard Test Conditions (CSTC). These conditions are specified in the
IEC 62670-1 standard and correspond to a DNI of 1000W/m2, a cell
temperature of 25 °C and an AM1.5d standard spectrum (IEC 62670-
1:2013, 2013). High values of SR (oversized inverters) have as a con-
sequence that the inverters operate for prolonged periods of time at low
load condition, which reduces the instantaneous inverter efficiency and
therefore, the annual energy yield. This effect is corrected as the SR
decreases, which implies an increase in the annual energy. However,
this increase has a limit given by the prevalence of the so called
“clipping” of the inverters, i.e. the limitation of the output power to the
inverter nominal power. Low values of SR (undersized inverters) mo-
tivate the inverters to limit the output power to their nominal power in
the periods of high irradiance. Thus, there is a point from which low-
ering the SR implies lowering the final energy yield. As a result, there is
an optimum for SR that maximizes the energy harvesting. In addition to
this, the lower the SR, the lower the inverter investment costs, so that
the SR design parameter has implications both in the energy generated
and in the project profitability.

The inverter sizing has been widely analysed in the literature for
conventional flat-plate PV systems. One of the first studies goes back to
1992 covering the European geography and 35 inverter models
(Jantsch et al., 1992). Authors found that the optimum SR to maximize
energy harvesting varied between 0.85 and 1.00 for South-Europe,
between 0.75 and 0.90 for Central-Europe and between 0.65 and 0.80
for North-Europe. From this study, many authors have gone deeper into
the subject by analysing conventional PV technologies. Basically, the
studies can be grouped in two categories: those that go after max-
imizing the annual energy yield of the system (energetic analysis)

(Macagnan and Lorenzo, 1992; van der Borg and Burgers, 2003; Burger
and Rüther, 2006; Macedo and Zilles, 2007; Notton et al., 2010;
Demoulias, 2010; Velasco et al., 2010; Hussin et al., 2012; Luoma et al.,
2012; Camps et al., 2015; Rodrigo et al., 2016a) and those that go after
optimising economic parameters, such as the levelised cost of electricity
or the internal rate of return (economic analysis) (Peippo and Lund,
1994a, 1994b; Keller and Affolter, 1995; Nofuentes and Almonacid,
1999; Islam et al., 2002; Mondol et al., 2006; Chen et al., 2013;
Kratzenberg et al., 2014; Paravalos et al., 2014; Perez-Gallardo et al.,
2014; Ramli et al., 2015; Nofuentes and Almonacid, 1998). As a result
of these studies, SR values between 0.5 and 2.0 have been re-
commended depending on the chosen optimisation criterion, the cli-
matic characteristics of the site, the inverter technology, the PV module
technology, the orientation and tilt of the PV generator or the sun
tracking type.

However, due to the novelty and complexity of the HCPV tech-
nology, the existing literature addressing these problems for HCPV
systems is very scarce. We can find several research papers regarding
inverters for HCPV which propose inverter models (Bowman et al.,
2010; Carpanelli et al., 2015), analyse different inverter configurations
(Kim and Winston, 2014; Rodrigo et al., 2016b) or design test proce-
dures for the inverters (Domínguez and Voarino, 2014; Voarino et al.,
2015), but these studies do not deal with the inverter sizing analysis.
There are only two studies which analyse the inverter sizing in HCPV.
Chen and Melia (2011) calculated the optimum inverter sizing which
optimizes the financial return in 5 locations with high annual DNI levels
in the southwest of USA, considering the Solfocus HCPV technology.
These authors used the model proposed in (Dittmer and McDonald,
2009) to predict the DC power injected to the inverter, which accounts
for the DNI, temperature and air mass as atmospheric inputs. Results
recommended SR values around 0.8 for the case study. Martínez et al.
(2016) analysed three configurations of HCPV power plants (micro-,
tracker-, and central-inverters) in order to maximize the annual energy
yield in Jaén, southern Spain. They predicted the DC power based on
the model proposed in (Fernández et al., 2013b, 2013c), which con-
siders the DNI, temperature and air mass. The recommendation in this
case was to size the inverters with SR values around 0.9 independently
of the chosen configuration, although the different configurations pre-
sented different levels of DC losses. As can be established, the existing
papers do not consider the AOD as a relevant atmospheric variable, and
are limited to particular types of HCPV generators and inverters.

3. HCPV system modelling

The output power of the HCPV system per kWp of installed power
(rated at CSTC), psys, is expressed in this study as:

= − −p p L η L·(1 )· ·(1 )sys mod MPP DC inv AC, (2)

where pmod,MPP is the maximum power of an HCPV module per kWp of
nominal power (rated at CSTC), ηinv is the inverter efficiency and LDC,
LAC are per unit coefficients representing the DC losses and AC losses of
the HCPV system respectively.

pmod,MPP is influenced by DNI, cell temperature (Tcell) and direct
sunlight spectrum (Fernández et al., 2014a; 2012; 2014c, 2013b,
2013c; Chan et al., 2013, 2014; Peharz et al., 2011; Fernández et al.,
2013a). According to the model experimentally validated in (Fernández
et al., 2015d, 2016b), it can be expressed as:

= − − − −

− −

p DNI
DNI

δ T T ε AM AM

ϕ AOD AOD

·[1 ( )]·[1 ( )]·

[1 ( )]

mod MPP
CSTC

cell cell CSTC u

u

, ,

550 550, (3)

where the subscript “CSTC” represents the Concentrator Standard Test
Conditions and the subscript “u” indicates the threshold values of air
mass (AM) and aerosol optical depth at 550 nm (AOD550). δ is the
temperature coefficient of maximum power, similar to that commonly
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employed in conventional PV systems (Evans, 1981; Osterwald, 1986),
ε is the coefficient for calculating spectral losses due to AM and φ is the
coefficient for calculating spectral losses due to AOD550. According to
(Fernández et al., 2014a), the spectral impact of precipitable water
(PW) in the power output of an HCPV module is in the range from -4%
to 2%; this small influence will cause negligible integrated annual en-
ergy spectral losses and, at the end, will not affect the optimum inverter
size. Because of this, the spectral influence of PW was not included in
the spectral correction factor in Eq. (3).

In order for this expression to be used, the Tcell of the HCPV module
must be known. Among the available models for the characterization of
Tcell (Rodrigo et al., 2014; Fernández et al., 2013b, 2013c; Almonacid
et al., 2012), in this study, the model developed in (Fernández et al.,
2014b; Fernández and Almonacid, 2015) is used, which analytically
relates Tcell to the DNI, the ambient temperature (Tair) and the portion of
the incident DNI which is transformed to heat, making use of the
thermal resistance of the HCPV module (Rth).

LDC quantifies the following losses that take place in the HCPV
generator:

– Soiling losses: due to the deposition of dirt and dust on the lens
surfaces.

– Mismatch losses: due to effects such as different misalignment an-
gles of the HCPV modules, imperfect alignment of the different re-
ceivers in each module, sun tracking inaccuracies, temperature
differences across the receivers of the generator or dispersion of the
electrical/optical properties of the different solar cells/concentrator
optical assemblies.

– Ohmic losses: due to the voltage drop across the wires that inter-
connect the modules and across the wires that connect the generator
to the inverter.

It is assumed that the generator is free of shadows, so that no
shading losses are considered.

The global efficiency of the inverter (ηinv) is the quotient between
the output AC power and the input DC power. HCPV systems use the
same types of inverters as conventional PV systems. Although the input
of the system is the direct irradiance instead of the global irradiance,
and this component has faster variations in the field, no special max-
imum power point (MPP) trackers have been developed for HCPV.
There is a type of inverter called “tracking inverter” (Stalter and Burger,
2009), which incorporates the control of the engines of the sun tracker,
but it uses the same MPP trackers as conventional inverters. Thus, the
existing efficiency models for conventional inverters can be used in this
study. ηinv is expressed by (Bletterie et al., 2011; Peippo and Lund,
1994a, 1994b):

= − + +η L L p L p p1 ( )inv in in in0 1 2
2 (4)

where L0, L1, L2 are the inverter loss coefficients (constant self-con-
sumption loss, loss increasing linearly with power and a loss increasing
proportionally with the square of power respectively) and pin is the
inverter input DC power normalized to the inverter nominal AC power.
pin can be calculated from the maximum power of the HCPV generator
and the sizing ratio by:

= −p p L SR[ ·(1 )]/in mod MPP DC, (5)

Finally, LAC is the per unit coefficient representing the system AC
power losses, which include AC wiring ohmic losses and transformer
losses.

With the above expressions, psys is calculated each 10min. The
system final energy yield in kWh/kWp (Yf) is then obtained by in-
tegrating power values over one year. In addition, the annual
Performance Ratio (PR) can be computed as the ratio of the energy
yield to the annual direct normal irradiation in kWh/m2 (DNIA) for the
site.

The criterion of maximizing the final energy yield is equivalent to
the criterion of maximizing the annual PR. Thus, the inverter size can
be optimized by finding the SR that maximizes the annual PR. This is
the approach followed in the present study and has the advantage that
PR values are easier to compare between different locations than energy
yield values, given that PR does not depend on the DNIA of each loca-
tion.

4. Model parameters

As was mentioned, an HCPV system basically consists of a set of
HCPV modules feeding DC power to an inverter, which performs the
DC/AC conversion. This study focuses on one type of HCPV module and
three types of inverters (low-, medium-, and high-efficiency).

Currently, the most industrialized HCPV module is made up of
triple-junction GaInP/GaInAs/Ge solar cells. One point-focus optical
system per cell is used and the cells are interconnected in series. The
primary optical elements are Fresnel lenses, which concentrate the
sunlight on the secondary optical elements. The optical properties of
the secondary optical elements allow the light to be homogenized be-
fore reaching the solar cells, as well as improving the system angular
acceptance. The most commonly used materials for the Fresnel lenses
are polymethylmethacrylate (PMMA) or silicone-on-glass (SOG). In this
study, the parameters that characterise the HCPV module were ex-
perimentally obtained from the outdoor measurements of an HCPV
generator installed at the Centro de Estudios Avanzados en Energía y
Medio Ambiente (CEAEMA) of University of Jaén (southern Spain).
This generator consists of 9 HCPV modules of typical characteristics and
started operation in 2011. Since then, the main atmospheric and elec-
trical parameters were recorded every minute. The generator is
mounted on a two-axis sun tracker settled in open loop to the irradiance
and close loop to the position, which allows a high level of tracking
accuracy (an error lower than 0.1°). Further details about the experi-
mental set-up can be found in a previous paper (Fernández and
Almonacid, 2015).

On the other hand, the parameters that characterise the three types
of inverters are based on the analysis of 80 commercial datasheets,
covering 5 manufacturers with great presence in the market. The fol-
lowing two subsections explain the parameterization of the HCPV
module and inverters considered.

4.1. Parameters of the HCPV module

The HCPV module taken as reference for the parameterization of the
model consists of 25 triple-junction lattice-matched GaInP/GaInAs/Ge
solar cells interconnected in series, PMMA Fresnel lenses as primary
optical elements and refractive truncated pyramids as secondary optical
elements. The geometric concentration ratio is 550× and the optical
efficiency is 85%. The module uses passive cooling based on an alu-
minium plate to maintain the temperature of the solar cells within their
optimum operating range (50–80 °C). The scheme of a solar receiver for
the HCPV module considered is shown in Fig. 1. The external quantum
efficiency of the triple-junction solar cells and the transmittance func-
tion of the PMMA Fresnel lenses as a function of the wavelength are
represented in Fig. 2 (Fernández and Almonacid, 2015; Fernández
et al., 2015c). The rated values of the main electrical parameters of the
concentrator module under CSTC tested with the Helios 3198 solar si-
mulator, see Fig. 3, at CEAEMA following the procedure described in
(Fernández et al., 2017) are shown in Table 1.

The parameter values obtained from outdoor characterisation pro-
cedures for the HCPV module and generator considered are indicated in
Table 2. It is remarkable that these values fall within the typical ranges
found in the literature for the type of HCPV module under study. The
temperature coefficient of power, δ, typically takes values between
0.001 and 0.002 °C−1; the AM coefficient, ε, typically takes values be-
tween 0.04 and 0.05; and, the AOD coefficient, φ, typically takes values
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around 0.32. Regarding the threshold values of AM and AOD, AMu ty-
pically takes values range between 1.5 and 2.5, while AOD550,u typically
takes values range between 0.05 and 0.25 (Fernández et al., 2014a;
Fernández and Almonacid, 2015; Fernández et al., 2015a). For the
thermal resistance of the HCPV module, Rth, a value of 0.059 °C/Wm−2

was obtained. This value is similar to that reported in (Almonacid et al.,
2012), and falls within the range obtained in (Jaus et al., 2009) for an
HCPV module similar to the analysed in this study, although it is not
exactly equal. As can be observed, all the HCPV module model para-
meters fall within the typical ranges established in the literature, which
implies that the parameters are representative of the HCPV modules

currently available in the market.
The value per unit of the generator DC loss coefficient, LDC, for the

HCPV generator monitored at CEAEMA as was previously described is
also shown in Table 2. A coefficient of 0.044 was obtained for this
specific generator. The typical values of the DC loss coefficient can be
quantified in values ranging between 0.030 and 0.100 according to
various studies (Martínez et al., 2016; Rus-Casas et al., 2014; Sidrach-
de-Cardona and Mora Lopez, 1999; Okello et al., 2015; Sharma and
Chandel, 2013; Liu et al., 2012; Muñoz et al., 2011). It can be seen that
the coefficient obtained in our generator falls within the typical range.
However, it is remarkable that this range is wide, so that these DC losses
can vary substantially from one generator to another. Because of this, a
sensitivity analysis on the influence of the DC loss coefficient in the
optimum SR will be developed in Section 6.

4.2. Parameters of the inverters

An analysis of 80 commercial inverter datasheets was carried out to
identify the L0, L1 and L2 inverter loss coefficients for three state-of-the-
art types of inverters (low-, medium-, and high-efficiency). The list of
analysed inverters is given in the Appendix A of this document. The
nominal powers of the analysed inverters were in the range from
0.23 kW to 900 kW while the operating voltages were in the range from
23 V to 1000 V. From the collected data, it was concluded that L0 ranges
from 0.0009 to 0.0121, L1 ranges from 0.0006 to 0.0570, and L2 ranges
from 0.0001 to 0.0514 for these state-of-the-art inverters. Making a
deep data analysis showed that the three loss parameters follow a
normal distribution. The mean values are respectively 0.0048, 0.0159
and, 0.0144 for L0, L1 and L2, while the standard deviations are 0.0027,
0.0098 and, 0.0095 respectively (Fig. 4).

The range of values for the L0, L1 and L2 inverter loss coefficients
obtained in the present study are compared to the values found by other
authors in previous studies in Table 3. This table together with Table 4
and Fig. 5 describe the state-of-the-art of the current inverter tech-
nology, and thus they can be considered an important contribution for
the analysis of both conventional PV and HCPV systems. Jantsch et al.
analysed 35 commercial inverters in 1992 (Jantsch et al., 1992); Muñoz

Fig. 1. Schematic diagram of an HCPV solar converter unit: (1) Primary optics,
(2) Secondary optics, (3) Multi-junction cell and, (4) Module chassis.
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Fig. 2. External quantum efficiency of the triple-junction solar cells and
transmittance of the PMMA Fresnel lenses for the HCPV module considered.

Fig. 3. Photo of the Helios 3198 CPV solar simulator installed at the Centro de
Estudios Avanzados en Energía y Medio Ambiente (CEAEMA) of the University
of Jaen.

Table 1
Rated values of the main electrical para-
meters of the reference CPV module used in
this study obtained with the Helios 3198
CPV solar simulator at the CEAEMA in the
University of Jaen at 1000W/m2, spectral
irradiance similar to AM1.5D reference
spectrum, SMR (top/mid)= 1 ± 0.05 and
room temperature of 25 °C ± 0.5 °C.

Parameter Value

Isc (A) 2.47
Impp (A) 2.08
Voc (V) 77.2
Vmpp (V) 71.5
Pmax (W) 149.2

Table 2
Values of the coefficients obtained from outdoor monitored data for the HCPV
module and generator considered.

Coefficient Value Unit

δ 0.0012 oC−1

ε 0.041 dimensionless
AMU 2.06 dimensionless
φ 0.32 dimensionless
AOD550,U 0.25 dimensionless
Rth 0.059 °C/Wm−2

LDC 0.044 dimensionless
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et al. analysed 13 inverters with nominal power between 3.3 and
350 kW in 2010 (Muñoz et al., 2011); and, Demoulias conducted a
study of 7 inverters (Solar Konzept 2 kW, Sunways 3.6 kW, SMA 5 kW,
SMA 11 kW, Satcon 50 kW, Satcon 100 kW and Siemens 1000 kW) also
in 2010 (Demoulias, 2010). From the values in Table 3, it is remarkable
that the ranges obtained in the present study are similar to that ob-
tained in 2010 by Demoulias and Muñoz et al., but they differ from
those obtained in 1992 by Jantsch et al., which correspond to an older
and less efficient technology.

From the analysis in Fig. 4, three typical inverters can be defined
and will be used for the purposes of the current work: high-efficiency
inverter, medium-efficiency inverter and low-efficiency inverter. The
high-efficiency inverter is defined so that its loss coefficients (L0, L1 and
L2) have a cumulative distribution function of 10%, which corresponds
to low inverter losses and therefore, to high inverter efficiency. The
medium-efficiency inverter is defined so that its loss coefficients have a
cumulative distribution function of 50%. Finally, the low-efficiency
inverter is defined for a cumulative distribution function of 90% (high
inverter losses and consequently, low inverter efficiency).

The values of the inverter loss coefficients for the three inverters
considered are shown in Table 4, while the inverter efficiency curves as
a function of the inverter input DC power normalized to the inverter
nominal AC power (pin) are shown in Fig. 5. From this efficiency data, it
can be highlighted that the high-efficiency inverter reaches a maximum
efficiency of 98.83% for pin approximately equal to 0.60, and keeps this
value in the range of pin between 0.35 and 1.00 (with a deviation of less
than 0.1%); the medium-efficiency inverter reaches a maximum effi-
ciency of 96.75% for pin approximately equal to 0.60, and keeps this
efficiency value in the range of pin between 0.45 and 0.80; and, the low-
efficiency inverter reaches a maximum efficiency of 93.47% for pin
approximately equal to 0.55, and keeps this value in the range of pin
between 0.45 and 0.65. As a conclusion, as the inverter DC/AC con-
version quality decreases, not only the maximum efficiency decreases,
but the range of pin in which this maximum efficiency is achieved also
narrows.

Finally, it must be mentioned that the system AC power loss coef-
ficient (LAC) was set in this study to 0.021, according to the value
measured in the HCPV generator of CEAEMA. This value also falls
within the typical range found for these kinds of systems (Fernández
and Almonacid, 2015).

5. Locations under study and climatic characteristics

As discussed earlier, the climatic characteristics of the site influence
the optimum SR that maximizes the system PR, i.e. the optimum SR is
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Fig. 4. Cumulative distribution functions of the L0, L1 and L2 inverter loss
coefficients for a set of 80 analysed commercial datasheets.

Table 3
Range of values obtained for the L0, L1 and L2 inverter loss coefficients by
different authors.

Author Year L0 L1 L2

This study 2017 0.0009–0.0121 0.0006–0.0570 0.0001–0.0514 (*)
Demoulias

(2010)
2010 0.0011–0.0089 0.0020–0.0300 0.0158–0.0298 (**)

Muñoz et al.
(2011)

2010 0.0047–0.0214 0.0030–0.0410 0.0020–0.0557 (**)

Jantsch et al.
(1992)

1992 0.0035–0.0510 0.0050–0.0900 0.0100–0.3000 (**)

(*) Values obtained in the present study from a set of 80 commercial inverter
datasheets.
(**) Values calculated from the data published by the authors.

Table 4
Values of the inverter loss coefficients (L0, L1 and L2), maximum operating ef-
ficiency (ηmax) and range of the inverter input DC power normalized to the
inverter nominal AC power in which the maximum efficiency is achieved (range
pin) for the three types of inverters considered.

Type L0 L1 L2 ηmax (%) Range pin

High-efficiency 0.0018 0.0057 0.0050 98.83 0.35–1.00
Medium-efficiency 0.0048 0.0159 0.0144 96.75 0.45–0.80
Low-efficiency 0.0088 0.0321 0.0312 93.47 0.45–0.65

Fig. 5. Operating efficiency of the three inverters considered (high-, medium-, and low-efficiency) as a function of the inverter input DC power normalized to the
inverter nominal AC power (pin).
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strongly related to the location under analysis. Because of this, it is
desirable to apply the proposed methodology to several locations with
different climates in order to analyse the influence of the local climate
on the optimum SR.

In this study, four locations with high DNI levels were selected to
analyse the optimum sizing of the inverter in HCPV systems. These
locations are:

– Solar Village (Saudi Arabia): lat. N 24°54́25́́, long. E 46°23́49́́
– Alta Floresta (Brazil): lat. S 09°52́15́́, long. W 56°06́14́́
– Frenchman Flat (USA): lat. N 36°48́32́́, long. W 115°56́06́́
– Granada (Spain): lat. N 37́09́50′′, long. W 03°36́18́́

Although all of these worldwide sites are characterized by a high
DNI level (and thus, all of them are appropriate for the deployment of
HCPV facilities), they exhibit dissimilar average values of other relevant
atmospheric variables such as Tair, AM and AOD550, so that they can be
used as a framework to investigate the inverter sizing of HCPV systems
under a wide range of operating conditions (Fernández et al., 2014a;
2016a). These cities were selected in a previous study on the impact of
spectrum and temperature in the HCPV system output (Fernández et al.,
2016b). The average values of the relevant weather parameters, which
characterise the selected locations, are given in Table 5.

The analytical model presented in Section 3 incorporates the most
relevant atmospheric parameters influencing HCPV system perfor-
mance. These atmospheric parameters (DNI, Tair, AM and AOD550) can
be obtained or calculated from atmospheric stations or databases,
making the proposed methodology applicable for long-term analysis at
any site with available meteorological data. In this study, input data has
been obtained by the procedure previously described and validated by
the authors (Fernández et al., 2015c). The DNI was simulated by means
of the Simple Model of the Atmospheric Radiative Transfer of Sunshine
(SMARTS) (Gueymard, 2001) as discussed in (Fernández et al., 2016a,
2015b; Chan et al., 2014). The AM was estimated from the suńs position
(Kasten and Young, 1989) while the daily time-series of AOD550 and PW
were gathered from the Aerosol Robotic Network (AERONET) database
(Holben et al., 1998; National Aeronautics and Space Administration
(NASA), 2017). Finally, the time-series of Tair was modelled from the
maximum, minimum and average values obtained from National
Aeronautics and Space Administration (NASA) datasets (Atmospheric
Science Data Center, 2016) by using the Erbs’ model (Erbs et al., 1983;
Almonacid et al., 2013).

6. Results

6.1. Histograms of DC power

The described procedure was used to calculate the values of the
instantaneous DC power injected to the inverter for a 1 kWp HCPV
system (rated at CSTC) and for the four selected locations in 10min
intervals over a whole year. Aggregate results are shown in Figs. 6 and
7.

The histograms of DC power injected to the inverter for the 1 kWp
HCPV system and for the four selected locations are represented in
Fig. 6. The histograms were built by considering 100W wide classes
and calculating the percentages of occurrences of each power class over
a whole year. It can be seen that every location reaches values of DC
power greater than 500W for more than 50% of the samples; these
percentages are 50%, 62%, 63% and 72% for Alta Floresta, Granada,
Solar Village and Frenchman Flat respectively. In addition, every lo-
cation presents the highest percentage of occurrences for a high value of
DC power (between 500 and 700W); the most prominent peak is
reached in Frenchman Flat in the 600–700W class, followed by
Granada in the 500–600W class; Alta Floresta and Solar Village also
present a peak in the 500–600W class, although this peak is not as
prominent as in the other two cities. The histograms reveal that the

behaviour of the DC power injected to the inverter follows a different
distribution in each site due to the different atmospheric conditions.
This confirms that the selection of sites is appropriate for analysing a
wide range of operating conditions when compared to the optimum
sizing of the inverters.

The duration curves of DC power injected to the inverter for the 1
kWp HCPV system and for the four selected locations are shown in
Fig. 7. These curves were conceived to represent the number of hours in
a year that the inverter input power is greater than or equal to a given
value. The power resolution of the curves is 10W. It can be seen that
the maximum calculated values of DC power are 891W (Solar Village),
734W (Frenchman Flat), 686W (Alta Floresta) and 680W (Granada).
However, the average values of DC power depend on the shape of the
duration curves; these average values are 547W (Frenchman Flat),
518W (Solar Village), 475W (Granada) and 451W (Alta Floresta).
Therefore, the maximum DC power is obtained in Solar Village while
the maximum average DC power is obtained in Frenchman Flat. From
these graphs, it can be concluded that the distribution of percentages of
occurrence of DC power are different in each location, so that the
average annual efficiency of the inverter will also be different for each
location, and thus, every location should verify a different value for the
optimum SR.

It is worth mentioning that most of the reviewed authors use specific
software or complex algorithms to calculate the optimum SR for a given
location, while the methodology proposed in this paper is entirely
analytical and all the model parameters are provided. This highlights
the usefulness of the proposed procedure. Only Demoulias (2010) de-
veloped an analytical easy-to-use procedure, but it is based on the as-
sumption (experimentally verified for several locations worldwide) that
the duration curves of DC power are linear. This assumption was shown
to be good when dealing with the global irradiance as input. However,
as can be seen in Fig. 7, the duration curves based on the DNI as input
cannot be considered linear functions, so that the procedure developed
by Demoulias does not seem to be applicable for the sizing of HCPV
systems.

6.2. Performance Ratio vs. Sizing Ratio

The PR of the HCPV system is plotted versus the SR for the four
selected locations considering the three types of state-of-the-art in-
verters (high-, medium-, and low-efficiency) in Fig. 8. As can be ob-
served, the behaviour of the curves is similar in all cases: from high to
low values of SR, the PR first has a smooth increase until reaching a
maximum and, afterwards, it has a fast decrease. The smooth increase is
because the inverter is less oversized as the SR decreases and, thus, it
operates less time at low load, condition which reduces the inverter
efficiency. The fast decrease is because the inverter begins to be ex-
cessively undersized and, thus, it limits the output power to the nominal
power in increasingly large periods of time, reducing also the overall
inverter efficiency. The benefits can also be appreciated of choosing a
high-efficiency inverter, which allows around 5% more PR than the
low-efficiency inverter for a wide range of SR conditions.

The numerical values of the optimum SR that maximizes the final Yf

of the HCPV system, together with the obtained maximum value of the
PR and Yf, for the four analysed sites and the three types of state-of-the-

Table 5
Annual average values of the main atmospheric parameters for the four sites
analysed (only records taken above 10W/m2 of DNI were used to calculate the
mean values) (Fernández et al., 2016b).

Location DNI (kWh/m2 year) DNI (W/m2) Tair (°C) AM AOD550

Alta Floresta 2246 608 27.7 2.8 0.28
Granada 2340 623 19.1 3.3 0.15
Solar Village 2582 694 28.8 3.0 0.35
Frenchman Flat 2776 704 18.4 3.3 0.07
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art inverters, are shown in Table 6. It can be seen that the optimum SR
ranges from 0.84 (Alta Floresta with high-efficiency inverter) to 1.12
(Frenchman Flat with low-efficiency inverter). This range of optimum
SR is in a certain agreement with the values previously published and
reviewed in Section 2 (SR≈0.8 in Chen and Melia, 2011); SR≈ 0.9 in
Martínez et al., 2016). In every location, the optimum SR increases as
the inverter efficiency level decreases; this is because a low-efficiency
inverter needs to be more oversized than a high-efficiency inverter in
order to operate more time in the range of its maximum efficiency (see
the curves in Fig. 3 and the ranges of DC input power in Table 3: the
high-efficiency inverter can be fed with more DC input power without
lowering its efficiency, while the low-efficiency inverter has a narrower
range for achieving maximum efficiency). On the other hand, as ex-
pected, the optimum SR increases as the annual DNI of the site in-
creases, with the result that Frenchman Flat exhibited the greatest va-
lues of optimum SR while Alta Floresta exhibited the lowest values; this
can be explained because a location with high annual DNI level will
make the inverter operate more time in the region of high load (with
lower efficiency than a location with moderate annual DNI level), un-
less the system is designed with an oversized inverter (increasing the
SR), in which case this drop in efficiency can be avoided. The increase

of the optimum SR with the annual DNI is plotted in Fig. 9 for the four
sites and three types of inverters considered.

From Fig. 8, it is interesting to observe that the PR remains almost in
its maximum value for a wide range of SR values. In Alta Floresta and
Granada, the PR varies less than 1% for SR values between 0.64 and
1.50; in Solar Village, for SR values between 0.78 and 1.50; and, in
Frenchman Flat, for SR values between 0.70 and 1.50. This highlights
that, from the point of view of harvested energy, the designers can
choose a wide range of SR values for the sizing of HCPV systems
without compromising the annual energy yield. Moreover, this offers an
opportunity for improving the economic profitability of their projects
by lowering the SR (reducing the cost of inverters) while preserving a
high energy yield level. Although it is not the aim of this paper to show
the economic analysis of the inverter sizing, a straightforward pre-
liminary analysis can be done based on the data obtained. For this
purpose, we have defined a threshold SR as the SR located to the left of
the optimum SR, which provides 1% lower PR than the maximum PR.
This threshold SR represents a design condition which reduces the in-
verter investment cost while preserving a high value of the annual
energy yield. The values of the threshold SR are shown in Table 7 for
the set of analysed sites and types of inverters.

It can be seen that the threshold SR shows an appreciable de-
pendency on the analysed site and a lesser dependence on the inverter
efficiency type. The dependency on the analysed site is related to the
registered periods of maximum DC power. The higher the maximum DC
power levels and the higher the number of hours a year these high DC
power levels take place, the higher the threshold SR needed to avoid an
excessive loss in energy due to the “clipping” of the inverter. Because of
this, the threshold SR is related to the leftmost value of the duration
curves shown in Fig. 7. The maximum leftmost value of the duration
curve is registered in Solar Village corresponding to the maximum va-
lues of threshold SR, followed by Frenchman Flat. Alta Floresta and
Granada show a similar threshold SR because of similar levels of the
maximum leftmost value of the duration curves. On the other hand, the
threshold SR tends to increase as the inverter efficiency increases. This
is because the “clipping” of the inverter takes place for more prolonged
periods of time as the inverter efficiency increases, and thus it is ne-
cessary to slightly oversize the high-efficiency inverters to avoid an
excessive loss of energy.

It is also worth mentioning that the values of PR obtained in Table 6
(ranging from 0.81 for Solar Village and low-efficiency inverter to 0.90
for Granada and high-efficiency inverter) fall within typical values
found for HCPV systems (Pérez-Higueras et al., 2015). Also, the highest
values of PR correspond to high-efficiency inverters and the highest
values of Yf correspond to the locations with highest annual DNI levels,
as expected.

6.3. Sensitivity of the optimum SR to the generator DC losses

The optimum SR shows a small variation when changing the model
parameters within the ranges determined in Section 4: differences lower
than 3% were obtained for the range of values of the HCPV generator
parameters, keeping the DC loss coefficient (LDC) and the AC loss
coefficient (LAC) as constants.

The range of variation of LAC influences the final Yf of the system.
However, if this coefficient is considered as constant and independent
of the system power (which can be considered true for an HCPV system
that operates correctly, without failures, grid problems, etc.), this value
does not affect the optimum SR because these AC losses take place after
the inverter output.

On the other hand, as was mentioned in Section 4.1, the LDC coef-
ficient can fall within a wide range of values for the state-of-the-art
HCPV generator technologies (where values between 3% and 10% have
been reported) and this coefficient does influence the optimum SR be-
cause it represents losses that take place before the inverter input. The
results shown above were obtained for LDC=4.4%, i.e. the DC loss

Fig. 6. Histograms of DC power injected to the inverter (PDC) for a 1 kWp HCPV
system (rated at CSTC) for the four selected locations. The x-axis is divided into
100W wide classes and the y-axis shows the percentages of occurrences of each
class with respect to the total number of records in a year (taken at 10min
intervals).

Fig. 7. Duration curves of DC power injected to the inverter (PDC) for a 1 kWp
HCPV system (rated at CSTC) for the four selected locations. The curves express
the number of hours in a year that the inverter input power is greater than or
equal to a given value.
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value measured in the generator monitored at CEAEMA. However, the
wide range of variation of this parameter suggests performing a sepa-
rate sensitivity analysis on the influence of the generator DC losses in
the optimum SR, as the LDC can be considered the HCPV generator
parameter with greater influence in this optimum.

The results of calculating the optimum SR for different values of the
LDC coefficient (ranging from 3% to 10%), considering the four analysed

locations and the three types of inverter efficiencies, are shown in
Table 8. The main conclusion which can be extracted is that the op-
timum SR decreases as LDC increases. This is an expected result because
increasing LDC is equivalent to decreasing the HCPV generator size and
thus, a smaller inverter size is required to achieve maximum PR. The
numerical results also show that the range of variation of LDC can in-
fluence the value of the optimum SR up to around 10%.

In order to analyse the decrease of the optimum SR when increasing
LDC, the following relation can be defined:

⎜ ⎟= + = ⎛
⎝

+ ∂
∂

⎞
⎠

SR SR SR SR SR
L

L(1 Δ ) 1 ·o o
DC

DC
(6)

where SRo represents the optimum SR under the condition that LDC=0.
Based on this relation, the ΔSR can be plotted versus LDC for the four
analysed locations and the three types of inverters considered. This is
done in Fig. 10, where it can be observed that the behaviour of the data
can be approximated by a regression line with a correlation coefficient

Fig. 8. Performance Ratio (PR) of the HCPV system versus Sizing Ratio (SR) for the four selected locations considering the three types of inverters (high-, medium-,
and low-efficiency).

Table 6
Numerical values of the optimum Sizing Ratio (SR) that maximizes the final energy yield (YF) of the HCPV system for the four selected locations and the three types of
inverter efficiencies. The maximum Performance Ratio (PR) and the maximum YF are also shown (YF in kWh/(kWp year), the kWp being rated at CSTC).

Alta Floresta Granada Solar Village Frenchman Flat

SR PR YF SR PR YF SR PR YF SR PR YF

High-efficiency 0.84 0.87 1958 0.88 0.90 2102 0.92 0.86 2218 0.92 0.89 2461
Medium-efficiency 0.84 0.85 1915 0.90 0.88 2056 1.00 0.84 2169 1.02 0.87 2407
Low-efficiency 0.94 0.82 1847 0.98 0.85 1984 1.10 0.81 2092 1.12 0.84 2323

Fig. 9. Optimum Sizing Ratio (SR) versus annual Direct Normal Irradiation
(DNIA) for the four sites and the three types of inverters studied.

Table 7
Threshold Sizing Ratio for the four analysed sites and the three types of inverter
efficiencies. This design parameter represents the Sizing Ratio which provides
1% lower Performance Ratio than the maximum Performance Ratio.

Alta floresta Granada Solar village Frenchman flat

High-efficiency 0.64 0.64 0.78 0.70
Medium-efficiency 0.64 0.62 0.78 0.68
Low-efficiency 0.60 0.60 0.74 0.66
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R2 of 0.9195. This regression analysis shows that the optimum SR de-
creases approximately 0.97% each 1% of increase of the HCPV gen-
erator DC losses.

7. Conclusions

The optimum SR that maximizes the final Yf has been studied for the
state-of-the-art technology of HCPV generators and grid-connected in-
verters. Specifically, a typical HCPV module, three representative types
of inverters (low-, medium- and high-efficiency), four locations with
high annual DNI levels but different average values of the atmospheric
parameters influencing HCPV system performance and variable DC
losses of the HCPV generator have been considered in the analysis. The
main results of the study can be summarized as follows:

– The optimum SR varies between 0.84 and 1.12.
– The optimum SR increases as the annual direct normal irradiation of
the site increases.

– The optimum SR increases as the inverter efficiency decreases.
– The system PR remains almost in its maximum value for a wide
range of SR values.

Therefore, from a practical point of view and considering locations
with a high annual DNI level, designers can choose SR values between
80% and 150% without compromising the final energy yield of the

system.

– The threshold SR that provides 1% less PR than the maximum PR
varies between 0.60 and 0.78.

– The optimum SR decreases approximately 0.97% each 1% of in-
crease of the HCPV generator DC losses.

Designers of HCPV systems do not have guidelines for the sizing of
inverters in their projects. The literature addressing this question is very
scarce and the recommendations taken from conventional PV systems
are not valid for this novel technology. The main finding of this work is
that they can design their systems with SR values between 0.60 and
0.78 according to the threshold SR criterion. This criterion allows re-
ducing the cost of inverters while preserving a high system energy
yield. Although the threshold SR depends on the climatic characteristics
of the site, designers have the opportunity of implementing the meth-
odology proposed in this paper, which consists in analytical equations,
by using the parameters provided and justified in the study and feeding
the algorithm with on-site atmospheric data. Furthermore, this paper
presents an updated state-of-the-art for the modelling of PV grid-con-
nected inverters, which will be useful for researchers and developers of
both conventional PV systems and HCPV systems.

The results anticipate that there is a wide area of opportunity for
optimising economic parameters by sizing optimization of HCPV sys-
tems. This economic analysis will be the object of future research. In
addition, it is remarkable that the analysis in this paper corresponds to
HCPV generators free of shadows. However, multi-tracker HCPV sys-
tems are always affected by self-shading and this effect could impact the
optimum SR in these systems. Thus, further research is required to
analyse this kind of influencing factor.
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Appendix A

The commercial inverters analysed to obtain the coefficients that characterise the high-efficiency, medium-efficiency and low-efficiency state-of-
the-art inverters are listed in Table A.1.

Table 8
Optimum SR as a function of the DC loss coefficient (LDC) of the HCPV generator, for the four analysed locations and the three types of inverter efficiencies (low,
medium and high).

LDC (%) Alta floresta Granada Solar village Frenchman flat

Low Med. High Low Med. High Low Med. High Low Med. High

3 0.96 0.86 0.84 1.00 0.92 0.88 1.10 1.02 0.92 1.14 1.04 0.92
4 0.94 0.86 0.84 0.98 0.90 0.88 1.10 1.00 0.92 1.12 1.02 0.92
5 0.94 0.84 0.82 0.98 0.90 0.86 1.08 1.00 0.90 1.10 1.02 0.90
6 0.92 0.84 0.82 0.96 0.88 0.86 1.08 0.98 0.90 1.10 1.00 0.88
7 0.92 0.82 0.80 0.96 0.88 0.84 1.06 0.98 0.88 1.08 1.00 0.88
8 0.90 0.82 0.80 0.94 0.86 0.84 1.06 0.96 0.88 1.08 0.98 0.86
9 0.90 0.80 0.78 0.94 0.86 0.82 1.04 0.96 0.86 1.06 0.98 0.84
10 0.88 0.80 0.78 0.92 0.86 0.82 1.02 0.94 0.86 1.04 0.96 0.84

Fig. 10. Increase in the optimum SR (ΔSR) versus the per unit DC loss coeffi-
cient (LDC) for the four analysed locations and the three types of inverters
considered, and results of the linear regression of the data.
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