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ARASTIRMA MAKALESI RESEARCH ARTICLE

Creating a Solar Radiation Measuring System (SRMS) Operated by a Programmable
Logic Controller (PLC)

Programlanabilir Lojik Kontroldr (PLC) Tarafindan Isletilen Bir Solar Radyasyon Olgme
Sisteminin Olusturulmasi (SRMS)

Selcuk USTA!, Cafer GENCOGLAN?, Serpil GENCOGLAN?
Abstract

In this study, it is aimed to create a PLC controlled SRMS to be used in rural areas. Firstly a SRMS hardware was
prepared consisting of power supply, PLC, analogue module and pyranometer units. Then, a SRMS software was
written using CODESY'S programming language to measure and record data and to control the hardware by PLC.
SRMS software firstly collected the solar radiation in cumulatively by measuring every 30 minutes during the one-
day period, and determined the daily total solar radiation. Then it calculated the daily average solar radiation by
dividing the daily total solar radiation by the number of measurements. It recorded the daily total and average solar
radiation amounts on the SD card. SRMS was tested in Kahramanmaras Siit¢ii Imam University (KSU) during the
July-November period of the 2019. The daily average solar radiation data recorded at KSU were compared with
the data measured in the same period at the Eastern Mediterranean Transition Area Agricultural Research Institute
(DAGTEM), located 10 km away. The daily average solar radiation data measured in KSU and DAGTEM varied
between 3.63-33.48 MJ m?2 day! and 3.00-33.00 MJ m™ day™!, respectively. Five-month averages of daily solar
radiation data measured at both regions were determined 20.20 MJ m day™! and 19.64 MJ m™ day!, respectively.
The difference between the mean of KSU and DAGTEM data groups was not found to be statistically significant
(p> 0.05). This result revealed that the daily average solar radiation values measured in both regions can be used
interchangeably. As an expression of the deviation between data groups measured in both regions, the MAPE and
RMSE were determined as 14.57% and 2.68 MJ m day!. The compatibility level of the data groups was obtained
as “good” (MAPE= 10-20%). It was concluded that SRMS could measure the daily average solar radiation with
high accuracy and could be used in sensitive measurements.
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Oz

Bu calismada, kirsal alanlarda kullanilabilecek PLC kontrollii bir SRMS olusturulmasi amaglanmistir. {1k olarak
gii¢ kaynagi, PLC, analog modiil ve piranometre birimlerinden olusan bir SRMS donanimi hazirlanmigtir. Daha
sonra verileri 6lgmek, kaydetmek ve donanimi PLC ile kontrol etmek amaciyla CODESYS programlama dili
kullanilarak bir SRMS yazilimi yazilmistir. SRMS yazilimy, ilk olarak bir giinliik siire boyunca her 30 dakikada
bir dl¢iim yaparak solar radyasyonu kiimiilatif olarak toplamis ve giinliik toplam solar radyasyonu belirlemistir.
Daha sonra giinliik toplam solar radyasyonu Ol¢lim sayisina bdlerek, giinliik ortalama solar radyasyonu
hesaplamistir. Giinliik toplam ve ortalama solar radyasyon miktarlarini SD karta kaydetmistir. SRMS,
Kahramanmaras Siit¢ii imam Universitesi’nde (KSU) 2019 yili Temmuz-Kasim dénemi boyunca test edilmistir.
KSU’de kaydedilen giinliik ortalama solar radyasyon verileri 10 km uzaklikta bulunan Dogu Akdeniz Gegit Kusag
Tarimsal Arastirma Enstitiisiinde (DAGTEM) ayn1 dénemde &lgiilen giinliik veriler ile kargilagtirilmistir. KSU ve
DAGTEM’de 6lgiilen giinliik ortalama solar radyasyon verileri sirastyla 3.63-33.48 MJ m™ giin! ve 3,00-33,00
MJ m? giin! arasinda degismistir. Her iki bolgede 6lgiilen giinliik ortalama solar radyasyon verilerinin bes aylik
ortalamalar1 sirastyla 20.20 MJ m? giin! ve 19.64 MJ m giin! olarak belirlenmistir. KSU ve DAGTEM veri
gruplarinin ortalamalar1 arasindaki fark istatistiksel olarak 6nemli bulunmamistir (p> 0.05). Bu sonug her iki
bolgede Olgiilen giinliikk ortalama solar radyasyon degerlerinin birbirlerinin yerine kullanilabilecegini ortaya
koymustur. Her iki bolgede Olgiilen veri gruplar1 arasindaki sapmanin bir ifadesi olarak MAPE ve RMSE
sirastyla %14.57 ve 2.68 MJ m™ giin! olarak belirlenmistir. Veri gruplarmin uyumluluk diizeyi “iyi” olarak elde
edilmistir (MAPE=% 10-20). SRMS’nin giinliik ortalama solar radyasyonu yiiksek dogrulukla 6l¢cebilecegi ve
hassas 6l¢timlerde kullanilabilecegi sonucuna ulasilmstir.

Anahtar Kelimeler: Otomasyon, Tklim istasyonu, Codesys, Evapotranspirasyon, PLC, Piranometre, Solar radyasyon
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1. Introduction

The total amount of radiation reaching the earth by direct or indirect ways from the sun by propagation and
effects of the horizontal plane is defined as global solar radiation or solar radiation. Solar radiation, expressed as
the sum of direct radiation reaching the earth through the atmosphere without interruption and the diffuse radiation
that reaches the earth by indirect ways due to the factors such as clouds, particles in the atmosphere and the
topography, constitutes the basic data of many engineering and architectural applications (Kokey, 2013). However,
due to the decrease of fossil fuel reserves in the world, and as these fuels cause to damage the environment,
accordingly, solar radiation becomes more important as a renewable clean energy source.

The main data in determining the amount of irrigation water to be applied to crops is evapotranspiration, which
is called crop water consumption. Evapotranspiration, an important component of both the meteorological and
hydrological cycle, is a highly effective parameter in hydrological and ecological fields and uses three-fifths of
solar radiation (Wang and Dickinson, 2012; Wild et al., 2013; Bora et al., 2015). Solar radiation plays an important
role in determining the amount of evapotranspiration. It is the most important parameter that controls the net short
wavelength radiation coming from the sun, the net long wavelength radiation going from the earth, the amount of
net radiation affecting on the plant surface and the heat flux change in the soil (Rosenberg et al., 1983). It is stated
that some parameters that are effective on crop development, such as photosynthesis, water requirement, nutrient
intake and transpiration rate, are closely related to solar radiation (Adams, 1992). In addition, Deveci et al. (2019)
reported that along with moisture conditions in the soil, solar radiation, temperature and precipitation changes are
the most important parameters affecting crop yield. It is stated that there is a strong relationship between the
amount of solar radiation held by the crop canopy and transpiration, and therefore the amount of solar radiation
held by the canopy can be used as a trigger in activating automatic irrigation systems (Casedesus et al., 2011).
Solar radiation can be used as a parameter in the preparation of irrigation programs (Jovicich and Cantliffe, 2007).
Solar radiation is of great importance in agricultural production structures, especially in greenhouses. In order to
be able to be grown crops in greenhouse, soil temperature, carbon dioxide concentration and relative humidity
should be provided in sufficient quantities besides nutrients and water, environmental factors such as radiation
energy, air temperature in the greenhouse (Yagcioglu et al., 2004). The amount of solar radiation incoming into
the greenhouses varies depending on the location, dimensions, drection of the greenhouse, and especially the
covering material. The most important factor in the selection of greenhouse cover materials is the amount of solar
radiation directly affecting crop development (Giacomelli and Ting, 1999). In addition, Koluman et al. (2013)
reported that animals are easily stressed in barns where solar radiation is directly effective, so some structural
precautions should be taken.

Solar radiation is measured by a device called pyranometer, and the accuracy and precision of this measurement
are the most critical parameters in efficiency calculations (Ergiin et al., 2019). Many studies were carried out to
develop devices that can be used to measure solar radiation. Martinez et al. (2009) developed a photodiode-based
pyranometer and compared it with a standard pyranometer. In this study, MAPE was obtained as 1.54% as an
expression of the deviation between the solar radiation values measured by both pyranometers. Badran et al. (2010),
Avallone et al. (2018) and Tohsing et al. (2019) designed pyranometers controlled by a microcontroller. It was
stated that these pyranometers were cheaper than standard pyranometers and could be used in sensitive
measurements. Kimothi et al. (2004) stated that solar radiation can be measured with calibrated pyranometer, but
considering the shortcomings such as the area where the pyranometer is established was not enough to represent a
region, the data measured with the pyranometer should be compared with the data measured by the meteorological
stations at most 50 km away, and the accuracy levels should be evaluated.

The agriculture sector with a rate of 70% is the sector with the highest water consumption. It is estimated that
this sector will have the highest rate in the next decades (Aksoy et al., 2014). In order to increase water savings by
ensuring the sustainable use of water resources in the agricultural sector, it is necessary to determine when and
how much water should be given to the crop by preparing sensitive irrigation programs. In the preparation of
sensitive irrigation programs, daily evapotranspiration quantities calculated with the daily meteorological data
measured in the local conditions are needed (Jensen et al., 1990). In this study, it is aimed to develop a PLC
controlled solar radiation measurement system (SRMS) that can be used to measure the daily amounts of solar
radiation needed in daily evapotranspiration calculations in the local conditions.
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2. Materials and Methods

2.1. Study area

This study was carried out in the research field on Campus of KSU, in Kahramanmarasg, Turkey. The altitude of
the research field is 508 m. It is geographically located between 37° 35' 36" North latitude and 36° 49' 20" East longitude.
Firstly, SRMS’s hardware was created, which was operated by the PLC-based automation system. Later, code of
software was written in the CODESY'S language and loaded into PLC, and then tested with the SRMS hardware during
the July-November period of the 2019. The solar radiation data measured by SRMS was compared with the data
measured in DAGTEM. The location of the research field and the DAGTEM are shown in Figure 1.

S DAGTEM (Altitude: 464 m)

N U e
7 —— ',.».—k‘ X

Figure 1. Google Earth Map of SRMS research field and DAGTEM

2.2. Creation of SRMS hardware

SRMS hardware (panel) consists of power supply, PLC, analogue module and a solar radiation sensor. PM 590
ETH PLC was used as central processing unit (CPU) in the SRMS (Anonim, 2018a). An analog output
pyranometer was used as a solar radiation sensor (Anonim, 2018b). The pyranometer was mounted on the climate
station established in the research field (Figure 2). The climate station consisted of wind speed (1), pyranometer
(2), temperature and humidity (3), wind direction (4), precipitation (5) sensors and platform (6).

Outer glass dome
Body

Sensor

Cable and connector

T

Drying cartridge
(Silica gel)
. N
Spirit level U | Ue—— Leveling screw
Solar radiation sensor (Pyranometer) PLC controlled climate station

Figure 2. Pyranometer and climate station

AX 522 analog module was added to the PLC in order to provide communication between the pyranometer and
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the PLC (Anonim, 2018a). A panel project was prepared for the SRMS and, a panel was created in accordance with this
project. Within the scope of this project, panel energy input was shown in Figure 3, and the connection of PLC (CPU.1)
and pyranometer (AI-0) to the analogue module (IOM.1) was shown in Figure 4.

-1F0 -1F1 L
20A 10A
232 1 5 2% 1 9
4 T
3| |4 4 é} 10A
X0: 1 X0: 2 PSS &
L N N L PE- — -1U1
SUPPLY VOLTAGE
220V, 50Hz , 100A 24VDC - 20A
Figure 3. The connection of panel energy input and power supply
L+ 9 9 L+
— — S
L- -CPU.1 8 -IOM.1 8 L-
ABB PM590 ABB AX522 9
ETH
sYs 7BP 1.0 10-[0 [2.0 10+0] [2.0 oofn [r.0 coun X1t 1
BATT com1 1100 [21 1+0| [31 on [T oD '
1Q8us ; comz 12 120 [2.2 12+0] [3.2 02]0 4.2 02/0
pER RE" EIR]R 13 13-[0 (2,3 13-0] [3.3 030 [43 0340 "
N 14 1[0 [24 @4+0| [39 oo [s2 02D 0-2000 Watt m
gl lo = @ @ gl lo 15 1[0 [25 15+p [35 osfo [45 o5+ 0-10 V
D .' 16 16-]0 [2.6 16+0| [3.6 06J0 [+.6 064D
WARNINGH @ 17 1[0 [27 v=0| [37 o7 |57 o740 ‘L
useot 18 up 0][28 wef0 [38 wvelo [ssupp I
by oy @ @ pr— 1o zpfo [28 2 ]p [39 zp 0 fsa zp ? X1 2
m::i:j:: ® c02 u;ll cHeerrd CHeERR4

UP 24vDC 10W U UP 24VDC 5W BAI BAD 10
Analog Input
Analog Cutput

oWl o | O |
Ao B - Z(E 010 0210|010 (| 0«0
&,j 8:1 B|E O120|| ©2200|| ©z220|| © 420
FEP ok BED ~ N O3 || O30l C330 || O«z0 A0
omz . ® O] O240 | O340 O 44O _
oms - OwsO|| 0250 ©3sO|| ©4sO S
® ||20::lgls Ois0|| 0260 O350 || 0450 2.
oms +| S[8 owd||c2z0ll o720l 0470 2=
8: I 9 Ll ensnol||o2e0l| 060 0480 £
S y, omo - @ ) 3 S| OO0 Oz2e0|| O« &

Figure 4. The connection of PLC and the pyranometer to the analogue module

2.3. PLC - hardware configuration

In order to ensure compatibility between SRMS hardware and software, the PLC - hardware was configured
using the Automation Panel Builder program (Anonim, 2018c). The configuration process started with the
selection of the PLC. PM 590 ETH was chosen as the PLC (Figure 5). Then, the AX 522 analogue module was
added to the PLC (Figure 6). Within the software, the pyrm variable was assigned to the pyranometer and added
to the analogue module. Communication between pyranometer and PLC was provided through the IW0 channel
of analogue module (Figure 7).
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g"""" New project
) Selak Usta
Obyect path
Cllsers\selcukb1\Documents'Selcuk_Usta project
Obyect name: PLC_ACS00_V2
Categodes v N
T e acsovs || o e feren et Roncten Y
e () AC500 PM573.ETH AC500 CPU 5128, Ethemat 2800 1SAPX30300R0271
[TJ AC500 PM522 AC500 CPU 5148 2800 1SAPX40200R0201
Q) AC500 PM5S3.ETH AC500 CPU 1MB, Ethemet 2800 1SAPx40300R0271
(I AC500 PM585-ETH AC500 CPU 1MB, Ethemet 2800 1SAP140500R0271
(I AC500 PM5SO-ARC AC500CPU 2MB, ARCNET 2800 1SAP150000R0261
i AC500 PM530-ETH AC500 CPU 2MB, Ethemet 2800 1SAP150000R0271
QACS00PMES12ETH  ACS00CPU 4MB. XEthemet 2800 1SAP150100R0277
(T AC500 PMSS1-ETH AC500 CPU 4MB. Ethemet 2800 1SAPXS0100R0271
Figure 5. Selecting the PM 590 ETH PLC
Devices Add object below : 10_Bus | > |
= ) Selak Usta
=0 PLC_AC500_V2 (PMS90-ETH - TBS21-ETH) Object path:
= B Appiication PLC_AC500_V2\0_Bus
& App
@ 10_8us Objectname:  |AX522
+ o Interfaces
+ m Extension_Bus Categones v S
| & gg"%" /0 modules |[ Name Short Description A
t SSOO:detynl/dou" , f@AX521  4A/4AO. U/I/RTD. 12bkesign
Seripting SAI/8AD. U/I/RTD. 12bt+sign
f AXS61  4A/240. U/, 12bt+sign

Figure 6. Selecting the AX 522 analogue module

) PLC_AC500_v2 '@ 10_Bus AXS522 X
AXS22 Parameters Find Filter Show all
AXS22 1/O Mapping Variable Mapping Channel Address Type
+ § pyrm - Analog input 10+ %IWO INT
1/O mapping list + Analog input 11+ %IW1 INT
+ Hp Analog input 12+ YIW2 INT

Figure 7. Connecting pyranometer to the analogue module and selecting channel configuration

2.4. Creation of SRMS software

SRMS software was written in the CODESY'S programming language and loaded into the PLC. PLC controlled
SRMS collected the solar radiation (solar_rad) in cumulatively by measuring every 30 minutes during the one-day
period between 08.59.30 on the previous day and 08.59.30 on the following day. The analog output pyranometer
produced signals ranging from 0-10 V for solar rad values. The PLC produced digital values (pyrm) ranging from
1-27648 as a response to these signals. In order to convert the pyrm values to solar_rad values, a calibration was
done using the calibration certified digital pyranometer. The solar rad values measured by the digital pyranometer
and the pyrm values produced by the PLC were recorded at the same time in 30 minutes intervals. The calibration
equation given in Equation (1) was obtained by performing first order linear regression analysis between these
values. The daily total and average solar radiation amounts were determined using Equation (2) and Equation (3),

respectively.

solar_rad:=a*(pyrm) + b

Total Rs:=Total Rs + solar rad

Average Rs=[0.0864 (Total Rs)]*48"

(Eq. 1)
(Eq. 2)

(Eq. 3)
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Where; solar_rad: solar radiation measured every 30 minutes (Watt m2), a and b: calibration coefficients, pyrm:
digital value produced by PLC, Total_Rs: daily total solar radiation (Watt m?), Average Rs: daily average solar
radiation (MJ m day™).

2.5. Comparison of solar radiation data measured by SRMS and DAGTEM

MAE, MAPE and RMSE were taken into account as an expression of deviation amounts between SRMS and
DAGTEM data. These values were calculated using Equation (4-6). Lewis’s (1982) interpretation of MAPE results
is a means to judge the level of compatibility between SRMS and DAGTEM data — less than 10% is an “excellent”
compatibility, 10% to 20% is a “good” compatibility, 20% to 50% is a “reasonable” compatibility, and 50% or
more is an “inaccurate” compatibility. In order to determine whether the difference between the averages of the
SRMS and DAGTEM data groups is statistically significant or not, an unpaired T test was performed using the
Microsoft Excel program.

MAE=—32, (]Y:-Yi) (Eq. 4)

MAPE=-37, ('Y";” 100) (Eq. 5)

Y

RMSE= /L (YY) (Eq. 6)

Where; MAE: mean absolute error (MJ m day™'), MAPE: mean absolute percentage error (%), RMSE: root
mean square error (MJ m? day™), Yi and Y;: the data measured by SRMS and DAGTEM, respectively (MJ m™
day™!), n: number of observations.

3. Results and Discussion

SRMS software consisted of the PLC PRG [PRG] main program, solar radiation_measurement [PRG],
solar_radiation_record [PRG], sd_card data write [PRG] subprograms and write sd card [FB] function block.
These programs were run together via the CODESYS interface given in Figure 8.

L) CoDeSys - Application. AC500PRO* - [PLC_PRG (PRG-ST)]
® File Edit Project Insert Extras Online Window Help

B 0|@|eel B2 (2GR %15 % 5] ]|
0001| PROGRAM PLC_PRG

= POUs 0002| VAR
1] PLC_PRG (PRG) 0003 END_VAR

solar_radiation_measurement (PRG) 000
solar_radiation_record (PRG) 000
;g] write_sd_card (FB) <
B-15] sd_card_data_wiite (PRG) 0001| solar_radiation_measurement();
“|E] date_convert 0002 solar_radiation_record();
0003{sd_card_data_write();

Figure 8. SRMS programs and CODESYS interface

An action named date convert was defined under the program sd card data write [PRG]. Some variables
were defined in WORD, BYTE and REAL variable types in solar radiation measurement [PRG] and
solar radiation _record [PRG], which form the basis of the SRMS software, and were converted to STRING
variables in this action. Within the scope of the preparation of the SRMS software, local (VAR) and global
variables used primarily in the programs were defined (Figure 9). Later, the codings of the programs were written
using the programming language CODESY'S. A struct named Radiation _data was defined in order to facilitate the
follow-up of daily measurement processes. In this structure, the day was assigned to the day variable, and Rs_Total

681



Usta & Gencoglan & Gencoglan
Creating a Solar Radiation Measuring System (SRMS) Operated by a Programmable Logic Controller (PLC)

to the daily total solar radiation (Total Rs), and Rs_Average to the daily average solar radiation (Average Rs)
(Figure 9).

LY CoDeSys - Application.ACS00PRO* - [Global_Variables]
@ File Edit Project Insert Extras Online Window Help

8| D|@ledTSIEAR| (0] *[0@|5%|H

t’a Resources VAR_GLOBAL RETAIN PERSISTENT

B-3 Global Variables Data: ARRAY [1..30] OF RADIATION_Data; (*Radiation data array structure variables*)
- 10_Bus BYTE:=1; ("Day variable*)
‘. Total_Rs: REAL, (*Daily total solar radiation variable*)

L . Variable_Configuration (VAR_CONFIG) Average_Rs: REAL; (*Daily average solar radiation variable*)

8- library CAA_AsyncMan 1°22.7.19 13:31:08: global variables
8- library CAA_Calback 16722.7.19 13:31:08: global variables
B[] library CAA_File.1522.7.13 13:31:08: global variables

B library CAA_Tick 16°22.7.1913:31:08: global variables DATE:CLOCK_DT; (*Date variable*)

B~ lbrary CAA_TickUNiLib"22.7.19 13:31:08: global variables data_record: BOOL; (*Data recording variable*)
8- library CAA_Types.i5722.7.19 13:31:08: global variables 0013END_VAR

B library Ethemet_ACS00_V10.ib"227.13 13:31:08: global variables

hour.CLOCK; (*Hour variable*)

% CoDeSys - Application. AC500PRO* - [Radiation_data]
Q File Edit Project Insert Extras Online Window Help

B DlednEi (e *|mnmnE
0001[TYPE Radiation_data :

‘3 Data types 0002/STRUCT

ja -1 P adiation_data (STRUCT) 0003 dayBYTE; (*Day*)

0004 Rs_TotallREAL; (*Daily total solar radiation®)
0005 Rs_Average:REAL; (*Daily average solar radiation®)
0006/END_STRUCT

0007|[END_TYPE

000

Figure 9. Global variables and Radiation_data [STRUCT] variables

The results of the calibration process were given in Figure 10. The relationship between solar rad and pyrm
variables was revealed by the equation “solar_rad= 0.268 * (pyrm) +84.04”. The ratio in which the change in
solar_rad values could be explained by pyrm values was determined as 99.25% (R*= 0.9925).

1000 ‘ ‘
solar_rad = 0.268*(pyrm) + 84.04

~ 900 R2=0.9925 /*‘.'
g

800 *
.
Z 700 /
B
= 600 —
k= /
o
@ 500 L

400

1000 1500 2000 2500 3000 3500

pyrm

Figure 10. Relationship between solar_rad and pyrm values

Daily solar radiation measurement operations were carried out by solar_radiation measurement [PRG]. The
flow chart of this program was given in Figure 11. Firstly, local variables (VAR) were defined and then, daily
measurement operations were carried out using these local variables. pyrm values produced by PLC were
converted to solar_rad values using the calibration equation every 30 minutes, and solar_rad values were collected
cumulatively. These operations were performed sensitively by trigger variable named trgl. Total Rs and
Average Rs values were calculated sensitively by trigger variable named trg 2 at 08.59.30 at the end of day.
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Golarﬁradiationimeasurement |PRG ])

VAR
scler_1e¢ WCRD
ngl g2 R_TRICG
END_VAR

Pyrm>=0 AND

pyrm<27645 solar_rad:=LREAL_TO_WORD(pyrm*0.268+84.04)

< U

11g (CLK =((hows MIN_ACT=(0 ANT hour SEC_ACT=(C; CR

(hows MIN_ACT=3C ANT howr SEC_ACT=(C, © G=>" Total_Rs:=Total_Rs+solar_rad

trg2(CLK:=(hour HOUR_ACT=08 AND hour. MIN_ACT=59

. s:=Totz o*
AND hour. SEC_ACT=30 ), Q=> ) Average_Rs:=Total_Rs*0.0864/48

Figure 11. solar_radiation_measurement [PRG] flow chart

The daily Total Rs and Average Rs values were recorded in the array structure variables by
solar radiation record [PRG] at the end of day. The flow chart of this program was given in Figure 12.

Csolar_radiation_rccorc |PRG] )

VAF

trgl, trg2: R_TRIG;
step:BYTE:=0
END_VAR

I

trg1 (CLK:=(hour HOUR_ACT=08 AND hour.MIN_ACT=59 AND hour.SEC_ACT=30), Q=>);
trg2(CLK:=( step=20) , Q=>)

datz[i].day:=hour.DAY_ACT

date[i].Rs_Total:=Total_Rs step:=20
date[i].Rs_Average:=Average Rs p:

data_record:=TRUE;:

Total_Rs:=0
Average Rs:=0.

i=i+1

Figure 12. solar_radiation_record [PRG] flow chart

The process of recording daily solar radiation data was started with the step “0”. When the trg] trigger is active
every day at 08.59.30, the step variable was directed to step “10”. In this step, firstly hour of the day
(hour.DAY_ ACT) was assigned to the “data[i].day” array structure variable on which the measurement operations
are performed. Then, the daily Total Rs and Average Rs values were assigned to the “data[i].Rs Total” and
“data[i].Rs_Average” array structure variables. Finally, the data recording process was activated, and the step
variable was directed to step “20”. In this step, when the trg2 trigger is active, Total Rs and Average Rs values
were reset, day variable (i) was increased by one and, the step variable was directed to step “0” to perform the next
day’s measurements.
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Daily Total Rs and Average Rs values assigned to the array structure variables every day at 08.59.30 were
taken by the sd card data write [PRG] at the same hour, and written on the SD card. The flow chart of this
program was given in Figure 13. A rising edge function named R_TRIG record was defined within the program.
When the rising edge function is active every day at 08.59.30, the step variable was directed to step “10”. In this
step, act_day, act month and act_year variables were combined with a semicolon (;), and the step variable was
directed to step “20”. In this step, Rs_Total and Rs_Average values were added to the variables that combined in
step “10”. After this process, the step variable was directed to step “30”. In this step, the data was written to file
of the solar radiation data.csv on the SD card via the write sd card [FB]. A part of this data file for July is given

in Figure 14. Date, Rs Total and Rs_Average values were written in columns A, B and C in this data file.

sd_card_data_write [PRG]

VAR
R_TRIG_iccai¢ R_TRIG
WiieBete wiie_sd_cerc
DeteTcSerc STRING(TC
cci_yeer: STRING(4)
ca_merit STRING(Z
il cey g STRING(Z
Re_Tciel_s STRING(T1

Rs_Avazge_s STRINC(E] <
sep BYTE =C

eNeme_wiite: STRING(EC
ENC_VAR

VAR CCNSTANT

CRLF STRING = $RSN (* New lire *)
SEMIKCLCN ; STRING(I) =
ENC_VAR

\

J

R_TRIG_record(CLK:=(data_record) , Q=>)

Yes DataToSend:="
R_TRIG_record.C step:=10 —{
data_record:=FALSE

date_convert:
DataToSend:= CONCAT(act_day_g, '-').
DataToSend:= CONCAT(DataToSend, act_month)
DataToSend:= CONCAT(DataToSend, '-');
DataToSend:= CONCAT(DataToSend, act_year),
DataToSend:= CONCAT(DataToSend, SEMIKOLON),
step:= 20.

Yes

9

date_convert
DataToSend:= CONCAT(DataToSend, Rs_Total_s)
DataToSend:= CONCAT(DataToSend, SEMIKOLON),

Ye |l DataToSend:= CONCAT(DataToSend, Rs_ Average s): W}

DataToSend:= CONCAT(DataToSend, CRLF).
fileName_write:='sdcard/solar_radiation_data.csv"
step:=30

(WieCete(eret ¢ = FALSE
DeteTcSerc =
sepi=(

Yes ‘WriteData.done AND

NOT WriteData.erro1

WriteData(enable:=TRUE, sFileName:=fileName_write, strData:= DataToSend):

&1 Q

Figure 13. sd_card_data_write [PRG] flow chart

> Microsoft Excel - solar_radiation_data.csv.xlsx
A B C
1 Date Rs_Total Rs_Average
2 1.7.2019 15483.33 27.87
3 2.7.2019 16988.89 30.58
a4 3.7.2019 18600.00 33.48
5 4.7.2019 15638.89 28.15
6 5.7.2019 16466.67 29.64
7 6.7.2019 15961.11 28.73
38 7.7.2019 16144 44 29.06
9 8.7.2019 14244 44 25.64
10 9.7.2019 16122.22 29.02

Figure 14. The part of the data file solar_radiaition_data.csv for July
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Rs_Average data measured by SRMS at KSU in July-November period of the 2019 was compared with
Rs_Average data measured at DAGTEM in the same period. Rs_Average data measured in both regions were
given in Figure 15. Daily data measured in KSU and DAGTEM varied between 3.63-33.48 MJ m day™! and 3.00-
33.00 MJ m day!, respectively. Five-month averages of daily solar radiation data measured in both regions were
determined as 20.20 MJ m? day! and 19.64 MJ m? day!, respectively. According to the analysis made by taking
into account all the daily data measured in both regions; as an expression of the deviation amounts between the
SRMS and DAGTEM data, MAE was obtained as 2.06 MJ m? day !, MAPE 14.57%, and RMSE 2.68 MJ m? day
!, The level of compatibility between SRMS and DAGTEM data groups was obtained as “good” (MAPE= 10-
20%). The difference between the mean of SRMS and DAGTEM daily data groups was not found to be statistically
significant (p> 0.05).
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Figure 15. Daily average solar radiation data measured by DAGTEM and SRMS

The statistical relationships between the daily data groups for each month was determined separately and, given
in Table 1. It is seen in Table 1 that the differences between the averages of the data groups were not found to be
statistically significant in July, August, September and October (p> 0.05), when evapotranspiration and the amount
of irrigation water determined accordingly are of great importance for the crops. In these months, the Rs Average
data measured by SRMS and DAGTEM can be considered the same. The level of compatibility between SRMS
and DAGTEM data groups was determined as “excellent” (MAPE<10%) in July, August, September, and
“reasonable” (MAPE= 20-50%) in October and November. The difference between the averages of data groups
was found to be statistically significant in November (p< 0.05).

Table 1. Statistical relationships between SRMS and DAGTEM daily data for each month

Month MAE MAPE RMSE Compatibility p
(MJ m? day!) (%) (MJ m? day™) level
July 2.76 9.67 344 Excellent 0.104
August 1.35 5.58 1.86 Excellent 0.700
September 1.00 4.81 1.44 Excellent 0.517
October 2.68 20.39 3.18 Reasonable 0.087
November 2.50 23.72 2.90 Reasonable 0.012

Brown and Russel (2001) stated that the surface characteristics and topography of the land around the climate
station could affect the climate data at rates approaching 20%. Due to the fact that the land surface around the
climate station in KSU is covered with heavy vegetation and is more rugged than DAGTEM, there were deviations
ranging from 4.81-23.72% between the Rs_Average data measured in both regions. Pinto et al. (2006) compared
climate parameters measured in three different regions of the city in a study they conducted in Sdo Paulo, Brazil.
As a result of this study, they revealed that there were found to be statistically significant differences between the
relative humidity and wind speed data (p <0.05), and the differences between air temperature and solar radiation
data were not found to be statistically significant (p> 0.05). Similarly, it is clearly seen in Table I that the
differences between the daily average solar radiation data measured in two regions at 10 km distance in
Kahramanmarag province are not found to be statistically significant (p> 0.05).
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Monthly average values of Rs_Average data measured in both regions were given in Table 2. In this table, it
is clearly seen that the SRMS data is lower than the DAGTEM data in July and August, and higher in September,
October and November. This situation is thought to be due to the different wind speeds and altitude difference in
both regions. Anjos et al. (2015), Bett and Thornton (2016) stated that although there was a weak statistical
relationship between wind speed and solar radiation, solar radiation generally tended to increase during periods
when wind speed tended to decrease. During the July-August period, the daily average wind speed was measured
as 3.08 m s in the DAGTEM, and 3.20 m s! in the research field. The mean Rs_Average in this period was
determined as 27.60 MJ m? day™! in the DAGTEM and, 26.90 MJ m? day! in the research field. As the daily
average wind speeds in DAGTEM were lower in these months compared to the research area, it has been observed
that the measured Rs_Average data in this region were higher. During the September-November period, the daily
average wind speed was measured as 1.76 m s! in the DAGTEM, and 1.45 m s™! in the research field. The means
of Rs_Average in this period were determined as 14.25 MJ m? day™! in the DAGTEM and, 15.65 MJ m? day!in
the research field. As the daily average wind speeds in DAGTEM were higher in these months compared to the
research area, it has been observed that the measured Rs_Average data in this region were lower. Blumthaler et al.
(1997) stated that solar radiation increased by 15-20% every 1000 meters depending on altitude. The altitudes of
the research field and the DAGTEM are 508 m and 464 m, respectively. It is considered that the Rs_Average
values in the research field are 1.00% higher than the values in DAGTEM due to the altitude difference.

Table 2. Monthly average values of Rs_Average data measured by SRMS and DAGTEM

Rs_Average (MJ m? day™)

Month
SRMS DAGTEM
July 28.32 29.40
August 25.50 25.73
September 21.46 21.11
October 14.61 13.21
November 10.88 8.44

4. Conclusions

In this study, a SRMS controlled by the PLC-based automation system was created. The SRMS measured the solar
radiation every 30 minutes for one-day periods, and collected cumulatively, and determined the Rs_Total at the end of
the day. It calculated the Rs Average by dividing the Rs Total by the number of measurements. Rs Average data
measured by SRMS at KSU in July-November period of 2019 was compared with data measured at DAGTEM in the
same period. Five-month averages of Rs_Average data measured in both regions were determined as 20.20 MJ m
day! and 19.64 MJ m? day. There was a deviation of 14.57% between Rs_Average values measured in both regions
due to wind speed and altitude difference. The level of compatibility between SRMS and DAGTEM data groups was
determined as “good” (MAPE= 10-20%). The difference between the mean of both daily data groups was not found
to be statistically significant (p> 0.05). It is concluded that SRMS can measure the Rs Average with high accuracy
and can be used in sensitive solar radiation measurements. It has been observed that SRMS saves labour and time used
for solar radiation measurement and minimizes human-induced measurement errors.
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