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Abstract

The power output of Photovoltaic (PV) modules is directly affected by the presence of clouds, due to changes
in the irradiance caused by clouds, resulting in rapid fluctuations of the solar electricity generation of PV
Parks. Thus, the computation of the performance of PV parks under cloudy conditions is essential for the
optimal operation of the electricity grid. This paper presents solar irradiance measurements to be used to sim-
ulate the performance of a grid connected PV park, based on the incident global irradiance at the photovoltaic
modules. The 150kWp PV Park is located on an inclined roof of an industrial building in Limassol Cyprus
(latitude 34.7◦N, longitude 32.94◦E). The incident irradiance at the PV modules is computed as the sum of
three components: the beam component from direct irradiation of the tilted surface, the diffuse component,
and the reflected component. The measurements of the diffuse and global horizontal irradiance were recorded
on site using a BF-5 Sunshine Sensor and the tilted irradiance using the Sunny SensorBox. The measurements
from the BF-5 Sunshine Sensor were previously validated against measurements from our meteorological sta-
tion. For the computation of tilted irradiance, three isotropic and seven anisotropic models were used, using
only measurements of global irradiance and calculations of solar position and irradiance incidence angle on
the PV panels. The solar electricity generation of the park was correlated to the irradiance measurements from
the Sunny SensorBox, taking into consideration the interconnection of the Park and the measurements of the
module temperature provided by a monitoring system located on-site. The power output of the PV modules to
the inverters for different incident irradiance was estimated from the current-volt characteristic curves of the
PV modules based on the assumption that the inverters’ maximum power point tracking mechanism adapts
instantly to the fluctuations of solar irradiance, and thus, the PV modules always operate at maximum power
output conditions. The influence of temperature on the power output of the PV modules was also introduced
using the temperature coefficients of the PV modules. Results showed good agreement between measured
and calculated power output.
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1. Introduction

Despite the major progress made in the use of so-
lar energy during the past years, and the large scale
installations built, mainly Photovoltaics (PVs) and to
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a lesser extent of Solar Thermal Power Plants, So-
lar Renewable Energy Systems (RES) have not yet
achieved high penetration in the energy sector com-
pared to the existing fossil fuel power plants. This is
mainly due to their dependency on the variability of
the sun’s irradiance and in most cases, due to the lack
of affordable storage options which leads to the at-
tenuation of the power output of the solar RES. This
dependency is more profound during partial cloudy
conditions, when the fluctuations of solar irradiance
over the solar field of the PV Park, due to the pres-
ence of the clouds in front of the sun disk result in
the attenuation of the power output of the system.

However, since the instanteneous demand for elec-
tricity remains the same, a disparity arises between
electricity production and demand that puts the sta-
bility of the grid at risk preventing the Transmission
System Operator (TSO) from relying on solar RES
for electricity generation. Providentially, base-load
power plants are able to accommodate this instabil-
ity by adjusting the electricity production from fossil
fuel turbines; however, it is impossible to control the
stability of the grid continuously during the day, due
to the slow response of the traditional steam turbines.
The most common solution, especially during day-
light hours, is the production of electricity from the
base-load power plants at levels above what is neces-
sary, in order to regulate the fluctuations in electricity
production from RES.

Aiming to eliminate unnecessary energy loss, an
alternative solution launched recently is the short-
term forecast horizons of the Solar Electricity Gener-
ation (SEG) of the solar RES, ranging from 1/2 hour
to four hours and mid-term forecast horizons rang-
ing from four to 24 hours. In order to achieve this,
transnational electricity markets at first, followed by
national electricity markets, give electricity produc-
ers a variable feed-in tariff option [1, 2]. This op-
tion motivates the operators of power plants to op-
timize the plant’s performance over maximum profit
by predicting the electricity production of their plant
for a specified time horizon. In Italy for example, the
feed-in-law motivates photovoltaic production with
20% extra revenue for accurate hourly prediction of
the expected solar electricity production for the next
day if the mean daily error is less than 10% for
300 days in one year [3].

The SEG of PV parks can be forecasted using
three different methods [4]. The first is based on sta-
tistical or artificial intelligence techniques that are
used to forecast directly the SEG of the PV Park
based on the variation of the performance of the
system over time, usually using supervised tech-
niques [5]. The second method is the physical ap-
proach, which is based on predicting incident so-
lar irradiance at the PV plane and the correspond-
ing power output of the system taking into consid-
eration the characteristics of the PV Park, the inter-
connections of the PV modules to the inverters, the
shading of the modules and the Module Temperature
(Tmod) [6]. In this case the knowledge of incident so-
lar irradiance is essential for the forecasting of SEG.
The third method is a combined or hybrid approach
of the physical models and the artificial intelligence
techniques [1].

There are numerous models for the computation of
solar radiation, ranging from complicated computer
algorithms to very simple empirical relations that do
not require any meteorological parameter as input.
From these parameters, the most profound parameter
for solar irradiance variations is cloudiness, because,
although it can be predicted, the spatial and temporal
resolution of the predictions is very low, resulting to
an uncertainty in solar energy generation prediction.
The other parameters can be computed using exist-
ing numerical forecasting methods [7]. The presence
of clouds over the solar field of a PV park results
in an increase of diffuse irradiance, which, depend-
ing on the obscuring of the sun, leads to a decrease
of Direct Normal Irradiance (DNI) on the PV plane;
incident global irradiance is thus respectively influ-
enced. Consequently, the state of the sky defines the
global, direct and diffuse irradiance on the solar field
of the PV Park. In general, the prediction of solar ir-
radiance is computed either directly, or by estimating
the state of the sky over the PV park by computing
the cloud motion vectors [8, 9] followed by the com-
putation of incident irradiance on the PV plane.

The aim of our research is to compute the incident
irradiance on the tilted PV plane based on irradiance
measurements and simulate the performance of a PV
park under variable irradiance conditions. The only
inputs to the model are the Surface Air Temperature
(Tsur) and irradiance measurements consisting only
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of global and diffuse horizontal irradiance measure-
ments on the horizontal plane. These three parame-
ters were selected since Global Horizontal Irradiance
(GHI) and diffuse irradiance are easily computed if
the state of the sky is known [10–12] while Tsur is
correlated to the Cloud Cover (CC) and solar irradi-
ance [13, 14] and the Tsur can be modelled by defin-
ing the normalized CC-Tsur relationship [15].

2. Equipment and computational Model

The measurements for the computations were ob-
tained on-site from a grid connected PV Park of
150 kWp installed capacity, installed on an in-
clined roof of an industrial building in Limassol
Cyprus (34.73◦N, 32.94◦E). The PV Park consists
of 652 modules type 60E6M+230F(L) manufactured
by Enfoton Solar LTD and 9 inverters type STP
17000TL manufactured by SMA. The efficiency of
the panels is 17.1% while the Max and Euro-ETA
efficiency of the inverters are 98.1% and 97.7% re-
spectively.

Each inverter has 2 MPP trackers where a differ-
ent number of PV modules can be connected in se-
ries. Five of the inverters have 18 modules per string
(4×18) while the other four have 18 modules per
string in the first MPP and 19 in the second (3×18,
1×19).

The plant was installed during July 2012 and cov-
ers approximately 1040 m2. The slope tilt of the roof
is 20◦ and the azimuth is –23◦. The annual yield of
the PV Park for 2013 was 273.39 MWh, which cor-
responds to 1784.8 kWh/kWp.

The PV Park has a meteorological station based
on the SMA Sunny SensorBox that measures global
irradiance at the PV plane (i.e. tilted), ambient and
module temperature and air speed. The maximum,
minimum and average values of the meteorological
data of the PV park are recorded every 15 minutes
while the corresponding measurements of the current
(I), volt (V) and power (P) inputs from each string,
and the SEG of each inverter are recorded every hour.
All the measurements are stored and can be accessed
via an internet connection for further computations
through the SMA WEbBox.

Fig. 1 presents the location of the PV park, demon-
strating the orientation of the PV modules and mea-

suring sensors and control room.
Solar irradiance was measured using the BF-

5 Sunshine Sensor manufactured by Delta-T De-
vices [16] which was installed next to the tilted
global irradiance sensor on the roof of the building.
BF-5 is a remote sensor that measures GHI and dif-
fuse irradiance simultaneously. BF-5 measurements
were recorded every 10 seconds and were stored on
the computer for further computations.
In order to verify the accuracy of the BF-5 Sun-
shine Sensor, the irradiance data from the instrument
were previously validated against the measurements
of GHI and diffuse irradiance from a meteorologi-
cal station positioned on the roof-top of the univer-
sity building in Limassol Cyprus (34.68◦N, 33.05◦E).
The meteorological station is a remote station based
on Geónica’s Meteodata 3000 data transmission sys-
tem that records the one-minute maximum, mini-
mum and average values of GHI, DNI, diffuse irra-
diance, wind speed and direction, humidity and am-
bient temperature. The pyranometers of the station
(for GHI and diffuse irradiance) are ISO 9060 Sec-
ondary Standard pyranometers model MS-802, man-
ufactured by EKO, with a response time of 5 sec-
onds [17].

Table 1 presents the monitor parameters of the sen-
sors that were used for this research, the units of each
parameter and the time period for each measurement.
All recorded values composed of the average, mini-
mum and maximum value for the specific time pe-
riod.

The measurements for the validation were
recorded in the period December 2012 to February
2013. At first, the one-minute maximum and aver-
age values of the measurements from the BF-5 sen-
sor were computed and then they were compared to
the measurements of the meteorological station.

Fig. 2 presents the comparison of the measured
GHI (Fig 2a) and diffuse irradiance (Fig 2b) as ac-
quired by the BF-5 sensor and corresponding mea-
surements from the meteorological station for the
two months period. As can be seen on the Fig. from
R2 and the slope of the best-fit line, the measure-
ments of both global and diffuse irradiance of the
BF5 approximate the measurements from the meteo-
rological station.

The RMSE and MBE for GHI were 80.65 W/m2
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Figure 2: Comparison of (a) GHI and (b) diffuse irradiance
measurements from the BF-5 towards the measurements from
the EKO MS-802 pyranometers

and 0.64 W/m2 respectively whereas for the diffuse
were 37.59 W/m2 and 10.49 W/m2 respectively.

From the validation of the data it was observed that
most discrepancies were recorded during the early
morning and late afternoon hours, where the sun is at
low elevation angles and diffuse irradiance is higher.
Thus, the comparison was computed again only for
the measurements recorded from 09:00 to 15:00 (lo-
cal time) and is presented in Fig. 3.

Fig. 3 presents the comparison of the measured
GHI (Fig 3a) and diffuse irradiance (Fig 3b) as
acquired by the BF-5 sensor and the correspond-
ing measurements from the meteorological station
for the selected daylight hours (09:00...15:00 local
hour). As can be seen from R2 and slope of the best-
fit line in the Figs, the results of the comparison have
improved, especially for the diffuse irradiance. It is
now evident that any "errors" in the measurements
are in the early morning and late afternoon time, thus,
not significant for the forecasting of the power out-

Figure 3: Comparison of (a) GHI and (b) diffuse irradiance
measurements from the BF-5 towards the measurements from
the EKO MS-802 pyranometers for hours 09:00...15:00

put of PV parks. The RMSE and MBE for GHI were
81.3 W/m2 and –3.2 W/m2 respectively whereas for
the diffuse were 35.5 W/m2 and 4.3 W/m2 respec-
tively.

3. Computation of Global Tilted Irradiance

Although the necessity of using global tilted irra-
diance is acknowledged for the computations of the
performance of PV Parks, most meteorological sta-
tions only have measurements of GHI and in most
cases, diffuse irradiance. Thus, various models were
proposed for the computations of global tilted irra-
diance at any tilt angle and azimuth [18–20]. These
models are primarily to accommodate the peculiar-
ities in solar irradiance requirements for each solar
energy application, depending on the angle of the
solar collector, the azimuth and the tracking possi-
bilities of each application. Thus, irradiance values
at the horizontal are recorded by the meteorological
stations and then, depending on the characteristics of
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the solar application, the incident irradiance is com-
puted. In the case of fixed angle PV Parks, the in-
cident irradiance is represented by the global tilted
irradiance.

Fig. 4 presents the measurement of GHI (blue line)
and diffuse irradiance (red line) for six different days
from February to June 2013 during cloudy and clear
sky conditions using the BF-5 sensor. As was ex-
pected, during cloudy conditions, the profile of the
fluctuations of the diffuse irradiance corresponds to
the profile of the fluctuations of the GHI, while dur-
ing cloudy free conditions the profile is roughly con-
stant, thus, indicating the proper functioning of the
sensor.
In general, global tilted irradiance is computed as the
sum of three components: beam component of di-
rect irradiation on the tilted surface, diffuse tilted and
reflected irradiance. Beam tilted is computed from
GHI, diffuse irradiance and incident angle of the ir-
radiance on the tilted surface. Diffuse tilted is com-
puted by multiplying the diffuse irradiance with the
diffuse transposition factor (Rd) which represents the
ratio of diffuse radiation on a tilted surface to that
of a horizontal surface, using simple or more com-
plex models. Simpler models assume that the dif-
fuse irradiance is isotropic and exhibits a uniform
distribution over the sky dome, while Circumsolar
and horizon brightening parts are assumed to be zero.
In these models, the only input parameter is the sur-
face tilt angle with respect to the horizontal plane.
More complex models take into consideration the
anisotropic behavior of diffuse irradiance introduc-
ing inherent anisotropic factors such as circumsolar
radiation, sky conditions and horizon brightening.
Finally, the reflected component of irradiance can
be assumed as isotropic and is dependent on GHI,
albedo and tilt angle [18–20].

Overall, ten models were used to compute global
tilted irradiance and were evaluated towards future
on-site measurements. Three models are isotropic
models, viz. Liu Jordan model, Korokanis model,
and Badescu model, while seven are anisotropic, viz.
Willmot model, Bugler model, Ma-Iqbal model, Hay
model, Skartveit-Olseth model, Reindel model and
Temps-Coulson model. a detailed description of the
equations of the models is presented by Demain et
al. [18].

The measurements used for the computations were
recorded during February and March 2013. The in-
put data to the computations were the GHI and dif-
fuse irradiance recorded from the BF-5 and the mea-
surements of the tilted global irradiance recorded by
the Sunny SensorBox. Since the measurements from
the BF-5 were recorded every 10 seconds, the 15-
minute minimum values of the tilted irradiance for
each model were computed and used for the compar-
ison.

Table 2: Statistical analysis of the performance of the ten
models from the comparison of computed and measured min-
imum values of Global Tilted Irradiance for the period Febru-
ary...March 2013

Model RMSE,
W/m2

MBE,
W/m2

1 Liu Jordan 148.0 44.6
2 Korokanis 147.4 44.0
3 Badescu 149.5 46.3
4 Willmot 214.0 48.6
5 Bugler 6468.0 296.2
6 Ma-Iqbal 146.0 41.0
7 Hay 147.6 43.2
8 Skartveit-

Olseth
148.0 43.6

9 Reindel 147.6 43.1
10 Temps-

Coulson
137.0 19.9

Figure 5: Comparison of computed and measured mini-
mum values of Global Tilted Irradiance for the period Febru-
ary...March 2013

The statistical results of the comparison of the
computed and measured minimum values of global
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tilted irradiance for the ten models are presented
in Table 2. As can be seen, the results from the
Temps-Coulson model showed the highest accuracy;
RMSE and MBE were 137.0 W/m2 and 29.9 W/m2

respectively. Fig. 5 presents the comparison of
the measured global tilted irradiance as acquired by
the Sunny SensorBox and the corresponding com-
putations of the Temps-Coulson model using the
measurements from the BF-5 for the period Febru-
ary...March 2013.

4. Simulation of Performance of PV modules

The simulation of the performance of the PV Park
was developed based on a supervised algorithm that
computes the P, I and V output of the PV modules
for varying incident irradiance and Tmod conditions
and then the corresponding power output from the
PV inverters. At first, the values of I, V and P of
the PV module are computed for incremental values
of incident irradiance and Tmod based on the tem-
perature coefficients provided by the manufacturer
and the components database of PVSYST [21]. The
values of incident irradiance and Tmod ranged from
10 W/m2 to 1,300 W/m2 and 10◦C to 75◦C respec-
tively. Then, based on the computed values, the cor-
relation for each parameter (I, V and P) is modelled
using cubic splines interpolation and each parameter
is computed for different pairs of incident irradiance
and Tmod.

Thus, the only inputs to the models are the incident
irradiance and Tmod. Incident irradiance can be com-
puted from the values of GHI and diffuse irradiance
from the BF-5 sensor, using the methodology pre-
sented in Section 3. On the other hand, Tmod varies
for different weather conditions and has to be mod-
elled first. Skoplaki et al. [22] proposed simplified
correlations for the computation of Tmod depending
to the ambient temperature, the solar irradiance and
Nominal Operating Cell Temperature (NOCT); the
value of NOCT is specified by the manufacturer of
the PV module. Correspondingly, Tofighi [23] pre-
sented a dynamic thermal model of the PV module
where the module operating temperature was mod-
elled using three parameters as input: solar irradi-
ance, ambient temperature and wind speed.

Additionally, the free stream wind speed (as a re-
lation of the local wind speed) may be integrated to
the correlations to improve the accuracy of the com-
putations. Hence, the Tmod can be modelled for the
specific PV module in relation to the incident irradi-
ance and ambient temperature.

Figure 6: Comparison of hourly values of (a) Power and (b)
Current computations at the DC site of the inverter towards the
corresponding measurements as recorded from the inverter for
the period January...June 2013

The hourly values of Power and Current at the
DC side of the inverter were computed based on
the Incident Irradiance and Tmod measurements from
the Sunny SensorBox using the developed simu-
lation model. Consequently, the computed values
were compared to the corresponding hourly values
of Power and Current, recorded by one of the invert-
ers of the PV Park. Fig. 6 presents the comparison
of the computed towards the measured values of the
Power (Fig 6a) and Current (Fig 6b) at the DC side of
the inverter for the period January to June 2013. The
RMSE and MBE for the Power were 0.79 kW and
–0.13 kW respectively, whereas for the Current were
1.08 A and 0.05 A respectively. The best fit correla-
tion curve for each parameter and the corresponding
equations are also presented in the Fig..
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Subsequently, the power output of the inverters
can be computed in relation to the input P from the
PV modules and the efficiency of the inverter. Since
the efficiency of the inverter is variable, it has to be
first modelled. Inverter’s efficiency is specified by
the manufacturer by the efficiency curves, dependent
to the DC Voltage input and the rated power from the
PV modules. Thus, the number of PV modules per
string defines both the V and P inputs to the inverter.
Therefore, based on the characteristic curve of the
inverters and the number of PV modules per string
for the different interconnections of modules to the
inverters, the power output of each inverter can be
modelled.

5. Conclusions

This paper presents the methodology for the devel-
opment of a computational model of the performance
of a PV Park under variable irradiance conditions.
The proposed methodology can be used for forecast-
ing the SEG of the PV Parks under cloudy condi-
tions given the state of the sky. The computational
algorithms for the individual parts of the proposed
methodology and the validation of the BF5 instru-
ment against a high precision meteorological station
are presented.

Incident irradiance was computed in relation to the
GHI and diffuse irradiance based using ten compu-
tational models. Additionally, the performance of
a 150 kWp PV Park installed at a rooftop of an in-
dustrial building in Cyprus was simulated based on
the incident irradiance on the PV modules and the
module temperature.

Good agreement was shown from the comparison
of the computed towards the measured values. The
measurements of global and diffuse irradiance of the
BF5 approximated the measurements from the mete-
orological station; the RMSE and MBE for GHI were
81.3 W/m2 and –3.2 W/m2 respectively whereas for
the diffuse were 35.5 W/m2 and 4.3 W/m2 respec-
tively. The best fit model for the computation of
incident irradiance was the Temps-Coulson model;
RMSE and MBE were 137.0 W/m2 and 29.9 W/m2

respectively. Finally, very accurate correlation was
achieved for the simulation of the PV system be-
tween the measured parameters and the computa-

tional results. The RMSE and MBE for the Power
at the DC side were 0.79 kW and –0.13 kW re-
spectively, whereas for the Current were 1.08 A and
0.05 A respectively.

In future work, better temporal resolution data will
be used as inputs to the calculations in order to ex-
tract more accurate results and data from an all-sky
camera will be incorporated to the model in order
to develop an integrated simulation model that will
compute the SEG of the PV Park based only on the
state of the sky over the solar field of the PV Park.
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Figure 1: A schematic diagram of the PV park demonstrating the location of the PV park, the orientation of the PV modules, the
location of the roof mounting equipment (irradiance, temperature and wind sensors) and the control room where the inverters, router
and computer server are located

Table 1: Monitor parameters of the sensors that were used for this research

Instrument Measuring Parameters Time Period Accuracy Range

BF5 GFI, W/m2 10 sec ±5 W/m2 0...1250
Diffuse, W/m2 10 sec ±20 W/m2 0...1250

SMA Sensor Incident Irradiance, W/m2 15 min ±8% 0...1500
Box (via Tmod, ◦C 15 min ±0.5◦C –20...110
WebBox) Ambient Temp, ◦C 15 min ±0.5◦C –30...80

Wind Speed, m/s 15 min ±0.5 m/s 0.8...40

Inverter I, A 1 hour ±2% –
(via WebBox) V, V 1 hour ±2% –

P, W 1 hour ±2% –
SEG, kWh 1 hour ±2% –

EKO MS-802 GHI, W/m2 1 min < 0.2 W/m2 0...2000
Diffuse, W/m2 1 min < 0.2 W/m2 0...2000
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Figure 4: GHI (blue line) and diffuse irradiance (red line) measurements from BF-5 on site at the PV Park for six different days
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