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Abstract: This paper presentsthe designand developmentof a 16F877 microcontrolldbased
wireless data acquisition system and a study of the feasibility of different existing
methodologiedinked to field dataacquisitionfrom remotephotovolaic (PV) water pumping
systemsVariousexistingdata transmissiotechniquesvere studied especiallysatellite,radiq,
Global System for Mobile Communication (GSM) and General Packet Radio Service
(GPRS. Thes y s t lmrdWwaseand softwareandan applicaion to testits performanceare
describedThesystemwill beusedfor reading storingandanalyzinginformationfrom several
PV water pumpingtationssituatedn remoteareasn the arid regionof the southof Tunisia.
The remotecommunicationsre bagd on the GSM networkand,in particular,on the Short
text Messag&ervice(SMS). With thisintegratedsystemwe cancompilea completedatabase
of the different parameterselatedto the PV water pumping systemsof Tunisia. This data
couldbemadeavailable to interested partiesay theInternet.

Keywords: data acquisition system; data transmission Global System of Mobile
communication (GSM); Short Message Service (SMS); PV water pumping system;
remoteregiors
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1. Introduction

With its good geograpical locationwith respectto solarirradiance, Tunisiais consideredne of the
better placedountriesfor the utilization of solarenergy.Photovoltaic(PV) water pumpingis one of the
principalsolarapplicationsn Tunisig and hereareseveralPV waterpumpingstationssituatedn remote
areasn thearid regionin thesouthof Tunisia.

Accurateinformation aboutthe photovoltaic water pumping systeparameterst a given locationis
essentiato thedevelopmenof thistypeof project.This information(in particular,waterflow rate,voltage
andcurrentof the photovoltaicfield, in additionto other meteorologicainformationsuchasglobal solar
irradiation on an inclined and horizontal surface and ambienttemperature)s usedin the design,cog
analysisandin calculationson theefficiencyof a project.

For Tunisia, thesedata are not easily available due to the cost and maintenanceand calibration
requirement®f the measuringequipment.Therefore,it is importantto assemblea completedatabaseof
the different parameterselatedto the PV water pumpingsystemsn Tunisia. This datacould be made
availableto interested partiesn thelnternet.

The utilization of electronicsystemdo automateexperimentill thusmakeeasierthe acquisiton of
meteorologicatatain suchregions.Currently, severainstrumentsisingconventionaklectronicor based
on microprocessodataacquisitionsystemareusedto collect, register integrateandrecordmeteorological
dataandmostof themareespeally designedor solarenergyapplicationg1i 7].

More recently, Koutroulis [8,9] proposeda computerbaseddataacquisitionsystemfor monitoring
both meteorologicatlataand operational parameteos a renewableesnergysourcessystem.The paperof
Belmili et al. [10] presentsa computerbasedinstrumentationsystemfor the characterizatiorof the
photovoltaic(PV) conversiorprocessilt is basedn a dataacquisitionsystem(DAQS) designallowing the
acquisitionand plotting of the characterizatioomeasirementsof PV modulesunderreal meteorological
testconditions.In 2008,Rosieketal. [11] alsobuilt a dataacquisitionsystemfor solarandenvironmental
monitoring. The systemis basedon an ATmegal6 microcontroller,which scanseight sensorgogetter at
any programmablenterval. The paperpresentsa study of the mentionedproject, applicatiors and some
maincharacteristicsf the prototypesystemandits prograns.

Benghanenil2] setup anexperimentamicrocontrollerbased systerto acquirethe dat issuedfrom a
PV installationat an isolatedsite. This work presergd the designof a universaldataacquisitionsystem
assembledrom readily available componentsand easily accessibldrom a central server.In 2010, a
Wireless Data Acquisition System (WDAS) using a PIC16F877 microcontroller was developedby
Benghanem13,14]. The proposedWDAS is basedon precision electronic circuits and a graphical
environmenusingthe LabVIEW softwarefor processingdisplayingandstoringthe collecteddata.

A pager by Tsenget al. [15] studied the feasibility of field data acquisition using GSMS
technologyfor efficient field measurementsf environmentalparametersn precisionagriculture The
SMSdataformatwasdesignedo transmitmeasuredield dataanda prototypetestingsystemwassetup
to perform the associatedexperiments.The parametersconsideredincluded measurments of time,
location,temperaturehumidity, wind speedandnumberof capturedests.

In this article a microcontrollerbaseddataacauisition systemwasdevised.This system,describedn
the following sections,was designedaroundthe 10-bit 16F877 microcontrollerand will be appliedto
remotePV water pumpingsystemsT his specific microcontrollerwas selectedn orderto producea fast
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andlow costprototype.Theinformationfrom the sensorgoesto the microcontroller whereit is processed
andlatersentto anexternaEEPROMmemoryandpassean to a personaktomputervia a Global System
of Mobile Communication(GSM) network and, in particular, using the Short text MessageService
(SMS).

2. Methodology

In this section a dataacquisitionsystem(datalogger) designandthe variousexisting techniquedor
remotedatatransmissiorare described.The datalogger consistsof a setof sensorsfor measuringooth
meteorological(e.g, solarirradiance,temperaturgetc) and photovoltaic parametergwater flow rate,
photovoltaicvoltageandcurrent etc). The collecteddataarefirst conditionedusing precisionelectronic
circuitsandthentransmittedo a personatomputer(PC). Figure 1 belowshowsthe schematidiagramof
anexistingsystendesign.

Figure 1. Datafrom the PV waterpumpingstationto the personatomputer.
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Theinformationfrom the dataloggercanbe transmittedvia direct connections such &$SB, RS232,
RS4850r Ethernetor remote transmission methods such as radio modems, satellitetetimetor GSM
moden¥GPRSto a PC,wheretheyareprocessedsingtheappropriatalataacquisitionsoftware.Suitable
software is then usedto further processdisplay and storethe collecteddataon the PG5 slata storage
system

Figure 2 shows a general schemeof the various possibilities for field data collection and its
transmissionto a personalcomputer.Bearing in mind the above considerationswe first analyzethe
advantageanddisadvantagesf someof thesesystems.
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Figure 2. Field data transmissigoossibilities.
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2.1. Transmissiorby Satellite

The use of the satellite data transmissionoffers a tempting approachfor distarn sitesor sites with
difficult alternateaccesswhereit isimpossibleto install a telephondine or a radio operatometwork.The
communicatioris madepossibleby interfacinga measuremergtationwith a satellitetransmitter,which
transmis the datafrom the site to a receptionstation,as presentedn Figure 3. Transmittersantennas,
interfacecablesand software,as well asthe systemconsiderationgfor example;the width of available
covelge,the transmissiorwindow, the costandany restriction$ vary accordingto the satellite system
used The majority of the communication®ptionscanbeintegratednto our system.Satellites have great
spatialandtemporalcoverageand are very usefulin placeswithout accesdo telephondines butit is a
very  expensive method with its main disadvantage being the high  cost
of its installation.

Figure 3. Schemeof field datatransmissiorthroughsatellite.
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2.2. Transmissiorby GSMModem/GPRS

Thefollowing is a descriptionof informationtransferfrom a dataloggerto a GSM Modem.Nowadays
the useof mobile phonesgspecialylGSM/GPRS|s being successfullyimplementedn the field of data
transmission.Figure 4 presentsthe general scheme of field data transmissionthrough a GSM
Modem/GPRST he informationfrom the sensorgyoesto the datalogger whereit is processeandit is
passedy anRS 232 or USB interfaceto the GSM Modem(SIM card),andlater sentto a connectedC
by anothemmodem In the caseof the datatransmissiorfailure causedy a problemwith the circuit or the
GSM Modem,it remainsstoredin thememory.lts mainadvantagearetheflexibility andunlimitedreach,
althoughthelatteris restrictedsomewhaby the cellular phonepenetratiorrate. Anotheradvantages the

low costperamountof transmitteddata,aswell asthe optionality ofremotecontrol of the equipmentand
simplepowerrequirtemerg

Figure 4. Schemeof field datatransmissiorthroughthe GSM Modem/GPRS.
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2.3. Transmissiorby RadioModem

Radio offers the possibility of serding and receivinga huge amountof information with reduced
transmissioncosts. It is also a good alternativein the caseof the lack of telephonelines. Its main
disadvantagés the difficulty in obtainingpermissionto accesghe transmissiorfrequencyand the high
priceof its installation.

Thedataloggerstoregheinformationretrievedby the sensorsintil the radiomodemrequestshe data.
The Radio Modem Base Stationis connectedto the computeror server.The radio modemis usually
runningin hibernatedstateuntil basestationrequests connectionThedevicesarepresentedh Figureb.

Figure 5. Schemeof field datatransmissiorthroughthe RadioModem.
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3. DevelopedData Acquisition System
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3.1.Descriptionof the Developedata Logger

In this sectionwe presenta descriptionof the field dataacquisitionsystemdevelopedto collect and
transmitthe informationfrom the sensorslown to the PC. The collecteddataarefirst conditionedusing
precisionelectroniccircuits basedon the 16F877microontroller and theninterfacedto a PC using an
RS232connectionFigure6 presents schematiof the systemdesign.

Figure 6. Schemaof systemdesign.
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Thefollowing is a descriptionof the component®f the dataacquisitionsystem.The informationfrom
thesensorgoesto themicrocontroller whereit is processedndpassedo theexternaR4C32AEEPROM
memoryandlaterto PC via the RS 232 interface.The treateddataare convertedinto their real physical
values(current,voltage,irradiation etc) and usedby the personatomputerto analysehe performancef
the consideredphotovoltaicwater pumping systems The numberof sensorsand the signal that these
sensorprovidehavebeentakeninto accountwhendesigninghis circuit.

Figure 7 presentghe schemeof the electroniccircuits of the dataloggeron the ISIS program.The
block diagram of the interface circuit consists of two-sutuits: the data acquisition section and the
serial communication part. The interface is based ontlatIficrocoriroller (the 16F877 operatingat 20
MHz, which handles all the different processes through the corresponding softaklee.1presents the
components dhe electronic circuits dhedatalogger
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Figure 7. Schemeof theelectroniccircuitsof thedataloggeron the programiSIS.

Table 1. Theelectroniccircuitscomponents ahe datalogget

Quantity References Value
Resistors
10 R1i R10 10kq
1 RV1 1kq
Capacitors
2 C1,C2 22pF
2 C3,C4 10nF
4 C5i C8 47 pF
IntegratedCircuits
1 Ul PIC16F877
2 u2,uU3 LF398
1 U4 MAX232
1 U5 24C32A
Miscellaneous
8 +15 115V, Powersupply,Ambienttemperature, Bornier2
PV moduletemperaturelrradiation,Flow rate,
Voltage,Current
1 Chi Sensolhall effect
1 J2 DB9HF
1 LCD LMO16L
5 Resetstart,+,7 mode Button
2 Red,green Led
1 X1 20mHz

74
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Figure 8 shows each of the componentsof the constructed circuit, which consists of the
following elements:

(1) 16F877Microcontroller

(2) External24C32AEEPROMmMemory
(3) LF398IntegratedCircuit

(4) MAX 232drivers/receivers

(5) DB 9F connector

(6) Powersupply

(7) LMO16L LCD

(8) Hall-Effect Sensor

(9) SensoPutputs

Figure 8. Thecompmentsof thedat-acquisitionsystem.

The16F877microcontrollerwasspecifially selectedor this projectin orderto producea fastandlow
costprototype;it has the right mix of programand datamemory. The microcontrollerincludes8 Kb of
internal flash program memory, together with a large RAM area and an internal EEPROM
and three timers (one 16-bit timer with two 8-bit timerg. An 8-channel 10-bit A/D converter
is also included within the microcontroller, making it ideal for reaktime systems,and monitoring
applications. All port connectors are brought out to standard headers for easy connedbn
anddisconneabn.

Theexternal24C32AEEPROMmemoryisa4 K x 8 (32K bit) SerialElectrically ErasablePROM. It
has been developedfor advancedJlow power applicatons such as personalcommunicationsor data
acquisition.The 24C32Aalsohasa pagewrite capabilityof up to 32 bytesof data.lIt is capableof both
randomandsequentiateadsup to the 32 K boundary Functionaladdressdinesallow up to eight24C32A
devicesonthesamebus,for upto 256K bitsaddresspace.



Energies2011, 4 76

The LF398 integratedcircuit is ideally suited for a wide variety of sampleandhold applications,
including data acquisition, analogto-digital conversion, synchronousdemodulation,and automatic
testsetup.

The PIC16F877is programmedusing C language.The visualizationof the dataacquisitionsystem
resuls on the computer(PC) requiresthe implementatiorof a graphicinterface.The desktopapplication
was developedusingWinDev1(. It hasa communicationcontrol that providesaccesdo the serial port
for communicationpurposes.The desktopapplicationis usedto further processdisplay and storethe
collecteddataon the PCH disk. Figure9 showsthedata acquisition softwaiaterface.

Figure 9. Interfaceof the dataacquisitionsoftware.
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Thepowersupplyshownin Figure 10is anessentiaklementof our dataacquisitionsystem;it provides
thenecessaryoltageto supplythecircuit.
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Figure 10. Powersupplyfor our datalogger.
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It mustensuregood performance in terms of stability and regulation. It comprises\hd %V power
supply and the:15V power supply from a ¥ battery. It must provide +18 andi 15V controlled and
stabilized voltage for the current sensor using an NE 555 and 1N4148. It provides a stabilized power
supply of 5 V for the microcontroller and the integrated circuits using a 78L05 voltage regulator. It should
stay stable and regulat the time of the conversion. It provides a stabilized 12 V power suppllgedi
20 mA loop of a flow metensing a 78L12 voltage regulator.

3.3. TheSensorandthelnterface Circuits

The sensorsprovide the measuremeninterface betweenthe sensorsydems, using the variations in
physicalphenomendo measureanalogparametersAll analogsignalsare sampledsequentiallyand the
inputvoltagedataarecalibratedio correspondo actualphysicalunits. The calibrationequationavethe
generaform:

Y, =ax +b 1)

wherey; is theiy, sensoloutputin physicalunits, x; is theiy, sampleanda;, b, arecalibrationconstantsThe
proposedsystemconsistsof a setof sensorgit canrecordup to six different sensorsfor measuringooth
meteadological (e.g, solar irradiance,temperaturgetc) and photovoltaicparametergwater flow rate,
photovoltaicvoltageandcurrent etc).

The global solar radiationon an inclined and horizontal surface(H;, H) are the principal measued
parameterwhile pumpedwaterflow rate, the ambienttemperatureyoltageand currentof photovoltaic
field (V, I) arealsomeasuredn orderto constructa completedatabaseof the site and the system.The
following transducerfiavebeenusedfor the variousmeasuremas a turbineflow meterhasbeenused
for the flow rate measurementsThese flow meterswork in the 0i 10 ni/h rangewith an accuracyof
+0.05%.Theflow metersgive a 4:20 mA analogsignalcalibratedto the measuredlow rate.A solar cell
hasbeenusedto measurehe global solar radiationin the horizontalplaneandin the plane of the PV
arrays.Ambienttemperaturdnasbeenmeasuredisingan LM 35 sensorshieldedfrom the Sun. The DC
voltageandcurrentgeneratedby the PV arraysandthe AC voltageandcurrentdrawnby the pumpmotors
havebeenmeasuredisingHall Effect transducersf appropriateanges.The schematicshownin Figure
11, showstheblock diagramof the differentsensorsisedandthe PIC16F87 7microcontroller.

Figure 11. Thesensorandinterfaceelectroniccircuitsin theremotestation.
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3.3.1.Solar IrradiatiorSensor

The solarirradiancemeasuremerinh (W/m?) is obtainedby the shortcircuit currentfor a photovoltaic
cell. Themethodof measuremertonsistsn acquiringthe shortcircuit currentls. which is proportionalto
theincidentsolarirradiationE. The calibrationof the solar cell allows usto get the shortcircuit current
accordingo theincidentsolarirradiation:

l..=KE (2)

SC
whereK is thecalibrationfactorandH is theincidentsolarirradiation.
Knowing K we will beableto determinesolarirradiationE correspondingo a shortcircuit current:

=l
E=e ®)

For our systemwe useda referencecell which deliversa voltageof about100 mV for anirradiationof
1000W/m?. Howeverwe needa signalbetweerD and5 V which is the voltagelevel that canbe handled
by the microcontroller(PIC). Therefore,we needto amplify this voltagedeliveredby the cell. For our
systemwe haveusedthe TLO81 operationabmplifier. Figure 12 showsthe solar cell deviceconditioning
usingthe TLO81 operationabmplifier.

Figure 12. Thesolarcell deviceconditioning.
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3.3.2.ThePhotovoltaic Voltage

The maximumvoltagedeliveredby the photovoltaicfield is very high. With sucha voltagevaluewe
cannot directly attack the entry of the sensor. Hence, we need to put in a voltage divider
(Figurel3).

e R
U, =¢ J ..
“"¢R+R d. (4)

e u

whereU, is the output voltagd). is the PV field voltage ani;, R, are the wltage divider resistances.

RR= 10R=Y100 kY, if the U=RMWO¥geget/fd tOhe2 PN f i

el d
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Figure 13.Voltagedivider.

The acceptablenaximumvoltageat the entry of the dataacquisitionsystemis about5 V. It is thus
nee@ssanyto intercalatea voltageamplificationmontagebasecbn an operationabmplifier. For our system
we haveusedthe TLO81 operationabmplifier (Figure14).

Figure 14.Voltagedivider connectedo a precisioninstrumentatiommplifier.

3.3.3.TheTemperature Sensor

At theentryof thesensomwe will placeanLM35probewhichis presentedhn theform of a plasticTO92
referencecase.Therole of this probeis to convertthetemperaturénto alow voltagesignal it is calibrated
in thefactoryin away thatit outputsvoltageabout10 mV/°C, knowingthatO V is proportionalto O °C.
Figurel5 showsthetemperatur@eviceconditioning.

Figure 15. Thetemperatureleviceconditioning.
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3.3.4.TheFlow Rate Sensor

Theflow metergives4i 20 mA analogsigral calibratedo themeasuredlow rate.Figure16 presenta
4i 20 mA loop which is madeup of a flow meter,a XTR105 transmitterand aRCV420 receiverwhich
carries out the power of the loop and convers the 4120 mA into a voltage varying
fromOto+5V.

Figure 16. Theflow meterdeviceconditioning.
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3.3.5.ThePhotovoltaic Current

For the currentmeasurementye useda Hall Effect sensor.This sensorconvertsthe currentdelivered
by the PV moduleinto a low voltagesignalwhich will beintroducednto themicrocontroller

3.4. RemotdData Transmission

Nowadaysthe useof mobile phonesgspecialylGSM/GPRSjs beingsuccessfullyimplementedn the
field of datatransmissionHavinganalyzedvarioustechniquesn Section2, we suggesthatthe field data
transmissiorthroughthe GSM/GPRSmodemoffersthe mostsignificantadvantagedn the aboveproject,
the transmissionwas basedon the GSM cellular network. In particularthe GSM short messageor the
SMSservice availableon suchnetworks, wasextensvely adoptedandwill bedescribedn this section.

The GSM shortmessageservicehasthe charactestics of alwaysbeingonline, no dialing, low price,
large coverage etc. For GSM technology, short messageservice is the only one where no
endto-end channel set up is neededand it also provides service when the mobile device is in
pointto-point communicationShortmessageserviceis a synchronougsommunicatiorsystemfor sending
only one sentenceper messageln a GSM system,eachmessages handledat an individual time and
transmittedoy a Short Message Service Cent8MSQ.

GSM canoffer speed of up t09.6 Kbpsdatacommunicatiorservicewhenon-line, whereasGPRScan
offer speed of 100 Kbps. Consideringthe circuit breaker data acquisitiofeature and the cost of
communication,the GSM short messageserviceis suitable for transmittingdata in largescalefield
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measuremensystens. There are two forms of short messageservice.One is pointto-point, message
transmissiorfrom oneuserto another.The otheris plot radio, wherethe messagés sentto all registered
usersby SMSC. Becausehe point-to-point short messagereedsno specializedcommunicationchannel

andthe costis cheapjt was adopted.

Each short messagecan transmit 160 encoded data of 7 bits or 140 coded data of 8 bits or
70 UNICODE code.Therefore,a GSM shortmessageould be usedto transmitdataand commang for
measuremenrdnd control systemswvhich havelow demandsn reattime andtransmssionspeed,so new
investmend for building a wirelesscommunicatiometworkcouldbeavoided

The GSM module is the kernel part to realize wireless data transmissioa A MC45 wireless
communicatiormodulebasedon the GSM standardandproducedby Siemensvasusedin the developed
application(Figure 17). Designedor useon any GSM networkin the world, the SiemendVIC45 is a tri-
bandGSM/GPRSnginethatworksin thethreefrequencieGSM 900 MHz, GSM 1800MHz andGSM
1900MHz). The MC45 featuredMultislot class 10GPRSandsupportgshe GPRSCS1, CS2, CS3 and
CS4 codingschemeslt consistsof mainframe antennaserialcommunicatioriine andpowerline and t
provideswirelessmodemwirelessfax, shortmessagandspeectcommunicatiorserviceg§16].

Figure 17. SiemendgviC45 GSM Module.
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Figure 18 shows a block diagram of the MC45 module and illustrates the major functional
components:

1 GSM/GPRSbasebandlock composedf: basebandontroller operatingat 26 MHz, ASIC power
supply,flash SRAM andapplicationinterface(boardto-boardcomector).

s GSM RF block composedof: RF transceiver, RF power amplifier and RF front end
(antennaconnector).

The short message service is suitable in the situatiatat@aftransmittance for PWvater pumping
systens. Remote access solutions are potentigtlyat enhancements for digital industrial control systems
because they permit an easier interface to information management systems and reduce the necessity
human presence at y s t stenRemote access hardware may not be the same in both paetgrfgle
a GSM modem attached to control system communicates with a normal PSTN modem aveetien
Internet.



Energies2011, 4 82

Hardware architecture of an embedded system with GSM remote access capabilities is very simple; &
GSM/GPRS modem is attached to one serial pbthee x i st i ng systemds micro
modules for communication are added to existing firmware (Fig@je 1

Figure 18. MC45 block diagram.
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Effortsaremostlyin software side,but careshouldbetakento avoid possibleEMC problemscausedy
the GSM module, especiallyif antennais very closeto sendiive analoglines (the analogto digital
c o0 n v elinds,eesetdranterruptrequestines of the microcontroller).Also noiseon powersupplylines
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canbea problemdueto repetitivecurrentpeakggeneratedby the GSM moduleduringtransmissionT here
aretwo methodsof sendingand receiving SMS (Short MessageServicg: by usingthe text modeor by
usingProtocol Descrippn Links (PDU) Mode For our application,the first modewas chosenowing to
the fact that it is simplerto use. The text modeis basedon standardAT commandsand with these
command®necanread,send eraseandreceiveSMSin text mode.

4. Description of the PV Water Pumping Systems

In this work, two solar water pumping stationswere selectedas the case study he first stationis
namedBel Khchab(33.10N, 10.05E) andthe secondstationis namedOm Chraket(32.55N, 11.33E).
Both stations are lodad at isolated site with a Saharian climateearthe city ofMedeninein Southern
Tunisia The two systemsare usedfor pumpingpotablewater. A PV water pumpingsystem(PVWPS)
consistsof a PV array,inverter, submersiblgoump, storagetank, and an auxiiary systemof measuring
devicesandweathemonitoringsensorsthe two statiors work without storagebatteriesPhotographand
characteristicef the PV pumpingstationsareshownin Figure20 andTable 2 respectively

Figure 20. Photographsf theBe Khchab(a) andOm Chraket(b) stations
(@ (b)

Table 2. Characteristicef the PV pumpingstations.

Station Bel Khchab Om Chraket
monocrystal monocrystal
Modules (100 We, 24v) (65 W, 12V)
PV array area (fn 85 21
Nominal PV module efficiecy (%) 14 14
Miscellaneous PV array losses (%) 5 5
Miscellaneous power conditioning losses (% 2 2
Moto-Pump Grundfos SP 8A14 Grundfos SP 3AL0
(7.5 kWh) (1.2 kWh)

Pump system efficiency (%) 45 45




