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irradiance, PV power, commissioned on the Solar Platform for testing the forecasting models are briefly

forecasting. described. Secondly, a new tool for the online forecasting of the solar energy
production is introduced. Preliminary tests show that the implemented procedure is
a successful trade-off between simplicity and accuracy.

1. Introduction

The power injected into the electricity grid by a photovoltaic (PV) plant depends
essentially on the weather conditions. Since the response time of a PV plant is very small, the
output power of the PV plant closely follows the variation of solar irradiance. Often, the
deterministic variation of the solar irradiance (due to Earth’s movements) is accompanied by
fluctuations having an erratic character (generated by passing clouds) [1]. The sudden
variation of the solar irradiance can generate the so-called solar ramp event, a term that refers
to the grid management when the solar irradiance experiences fast changes, causing equally
jumps in the PV output power (see e.g. [2] for a helpful introduction to solar ramp events). It
is well documented that the accurate forecasting of the output power of a PV plant allows for
an efficient grid management and increases its operational safety [3]. The accuracy of
forecasting the output power of a PV plant is largely determined by the accuracy of

forecasting the solar irradiance. In the last years, a huge effort has been paid around the world
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to increase the forecasts accuracy [4, 5]. Our research group (http://solar.physics.uvt.ro) has
been constantly involved in this general effort since 2010 [6, 7]. This paper reports on our
results in developing a toolkit for forecasting the energy production of a PV plant. The paper
is organized as follows. The experimental setup is briefly described in Sec. 2. The relevant
data used in this study are presented in Sec. 3. The online forecasting procedure is introduced

in Sec. 4.
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Fig. 1. (a) A photo of the M-UNIT as part of the FORPV toolkit (b) General view of the experimental PV plant
PV-L. The equipment is installed on the Solar Platform of the West University of Timisoara.

2. Experimental setup

The toolkit (further identified with the acronym FORPV) was developed within the
frame of the Romanian project PN-I11-P2-2.1-PED-2016-0592. It consists of two distinctive
physical units: (1) The computational unit (C-UNIT) where the forecasting applications are
implemented and (2) The PV plant monitoring unit (M-UNIT) which provides radiometric
and meteorological data measured in-situ, data required for running the forecasting
applications. C-UNIT plays multiple roles, such as real-time control of the forecasting
process, database management, and communication with M-UNIT. Figure (1a) shows M-
UNIT installed on the Solar Platform of the West University of Timisoara. Mainly it consists
of an automatic Delta-T Devices [8] meteorological station equipped with the following
instruments: (1) a SPN1 pyranometer which measures the global and diffuse (without moving
parts) solar irradiances and estimates the sunshine duration (2) standard sensors for air
temperature, relative humidity, wind speed and direction; (3) a Delta-T Devices GP2
datalogger and (4) a GPRS modem for communications with C-UNIT. A second

experimental setup located also on the Solar Platform was commissioned recently, aiming to
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test the forecast models. This is the experimental PV system of 540 Wp (further identified
with the acronym PV-L). A photo of PV-L is presented in Fig. (1b). The PV generator PV-L
is connected directly to a constant resistive load of 3.4 Ohms. All the electrical parameters
are recorded by the GP2 datalogger. The in-plane solar irradiance is also monitored with a

first class pyranometer.

Tablel. Sample of data. The columns’ meaning is: RH — relative humidity, T — air temperature, s — wind speed,
d — wind direction, GHI — global horizontal irradiance, DHI — diffuse horizontal irradiance, SSN — sunshine
number [9], V| —load voltage , I, — load current

Date Hour  RH T s d GHI DHI SSN Vi I

(%] [] [mis] [deg] [W/m]  [W/m] V1 [Al
11.06.2018 11:37:45 56.6 273 09  138.6 308 274 0 173 50
11.06.2018 11:38:00 56.7 273 1.1  190.7 346 277 0 204 59
11.06.2018 11:38:15 56.3 273 25 1935 827 261 1 378 111
11.06.2018 11:38:30 56.5 27.3 3.7 1542 817 248 1 380 111

3. Data and simple models

The experimental facilities M-UNIT and PV-L are monitored continuously 24/7, all the
parameters being measured simultaneously with a sampling rate of 15 seconds. Table 1
illustrates the database structure and the recordings made in a minute, which captures the
transition from SSN = 0 (the Sun is covered) to SSN = 1(the Sun is shining). The dimension of
the database is relatively large; on each channel the number of the records made in a one hour
is 240 while in a one year it is 2 102 400.

The SPN1 pyranometer plays a key role in the forecasting process. Although SPN1 is a
semiconductor pyranometer, it has many advantages that recommend it in monitoring solar
irradiance in the field of a PV plant for forecasting reasons: (1) SPN1 has a response time of
the same order as the PV modules. This is a very important characteristic for assessing the
PV system performance [10]; (2) it records simultaneously the global and diffuse solar
irradiance along with sunshine number; (3) the diffuse component is recorded without a
shading ring meaning that it does not require a periodical intervention of a technician. The
performance of the SPN1 pyranometer was assessed by comparing the recorded data with the
ones measured by the Kipp & Zonen SMP 10 reference pyranometer [11] (secondary
standard according to ISO 9060). Figure 2 compares the measured data (GHI and SSN) by the
SPN1 and SMP10 in all days of May 2018. Figure (2a) shows the normalized root mean error
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evaluated in every point in respect to the sunshine stability number (SSSN). SSSN is a
straightforward indicator of the solar radiative regime stability, counting the changes of SSN
in a given period [12]. Figure (2b) shows the matching percentage in evaluating SSN by the
two pyranometers. In the sunny days, a very good concordance between the two
pyranometers is noticed (for example P >95%). The differences between the two

pyranometers increase with increasing the instability of the solar radiative regime.
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Fig. 2. Comparison between the SPN1 and SMP10 pyranometers to the measurement of: (a) global solar
irradiance and (b) sunshine number as function of the daily average of sunshine stability number. nRMSE
represents the root mean square error and P is the percentage of sunshine number measurements in which both
pyranometers estimate the same value for sunshine number. Each point on the graphs corresponds to a day of
May 2018.

An important analysis of the data consists in assessing how the PV-L output power can
be correlated with the relevant predictors. An example is given in Figure 3 where the power
estimated by linear regression models is compared to the power measured between June 7-20,

2018. The linear regression models consider the main predictors, namely global solar

irradiance G, diffuse solar irradiance G, air temperature T and sunshine duration o = SSN in
the given period:
P, =65.5-5.3T +0.631G —0.151G, — 20.4SSN 1)
B, =89.8-6.0T +0.769G —0.323G, — 76.60 (2)

Psm and Pip represent the instantaneous and the hourly mean power delivered to the load
resistor, respectively. Visual inspection of Fig. (3a) shows that Pz, is not linearly correlated
with the predictors (R? = 94.4%). For this reason, the two-state model was adopted for the
online forecasting of the solar irradiance [7]. Figure (3b) shows that Py, is linearly correlated
with the main predictors. In this case, a regression analysis of data has led to a very simple

linear model for online forecasting of hourly power:
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Fig. 3. Measured vs. estimated power delivered by the experimental system PV-L at two intervals of time: (a)
instantaneous and (b) hourly mean. The graphs were built with data recorded during 7-20 June 2018.

| Forecasted [lMeaured |

a
360 ( )
= 240
=
[
z
[=]
a
>
o120
0

(=] wn o (] o wn o ¢l [=] [Le] [=] 2]

) 0 o [=] — — o™ o~ © © =+ =t

<t <t w0 13 uwn wn [e] [Yel L Lo [{p} o

— — — — — — — — - — - —

36

(=)

24

(=)

12

[=)

Hourly mean PV power [W]

Al

(=]

(= [=] o [=} (=] o o o
S S S =] = o =] 2
o2} >» f=] — o~ l] <t uwn
o =] — — — — — —

Fig. 4. llustration of the PV-L system output power forecasting in August 20, 2018, at two time horizons (a) 5
minutes — instantaneous power is forecasted and (b) one hour — hourly average of the output power is forecasted.

4. Online forecasting
The online forecasting procedure is carried out as follows. Using the Microsoft

Windows task manager, a 5-minute recurrence event was created. When an event occurs, the
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following operations are performed (sequentially implemented in a Windows batch file): (1)
The GP2 datalogger is accessed via the GPRS modem and the data are transferred to the C-
UNIT database via a parameterized executable file. (2) A MySQL procedure is called which,
depending on the current time, generates forecasts for solar irradiance and the output power
of the PV-L system at three time horizons: five minutes, one hour and the next day. The web
server used is an Apache server from the XAMPP package. All the applications are installed
on a computer running Windows 10 operating system.

The forecasts values along with the measurements are available online at
http://solar.physics.uvt.ro/forpv/forecasting/ . Figure 4 presents two graphs which compare
the forecasted output power of the PV-L system with the measured one at two time horizons.
The graphs were captured from screen in August 20 at 15:48. For a 5 minutes forecasting
time horizon, the forecast was generated at 15:45, the last vertical bar in Fig. 4a. At 15:50 a
bar corresponding to the recorded values is added, and a new forecast is generated. This
mechanism runs for every time horizon.

Generally, from Fig. 4 it can be seen that the forecasts trace with reasonable accuracy
the measurements. The accuracy decreases with increasing the forecasting time horizon.

5. Conclusions

A fully monitored experimental setup for testing the forecasting models for the output
power of a PV system was installed in 2018 on the Solar Platform of the West University of
Timisoara, Romania (http://solar.physics.uvt.ro/forpv/). The experimental setup includes a
combined radiometric/meteorological station and an experimental PV system. As it is
designed, the experimental setup constitutes a versatile tool for simultaneously testing of
various type of forecasting models at various time horizons. All data are transferred online,
and the forecasting results can be accessed also online. The data analysis presented in the
paper shows that the autoregressive statistical models (as the two-state model) experienced a
reasonable accuracy in nowcasting the solar irradiance. Simple linear regression (with air
temperature and relative sunshine as exogeneous predictors) can be used for forecasting

hourly mean output power.
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