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Abstract: This paper presents a makictor drip irrigation system (DIS) powered by splaotovoltaic PV). A binary
particle swarm optimization (BPSO) methpdssiblydeterming irrigation in multisector dependingon thepower
availability of the solar PV. The power from solar RVthis study waoptimizedthroughmaximum power point
tracking MPPT) usinganincremental conductanc&NC) method. A prototype was built using a PV emulatot0
controlledirrigation sectorsThree operating modes appligetludecontrol of all sectors with BPSO, partly sectors
with a combination of linear programmirgydall sectors with bypassed without BPSImulations and tests showed
very similar resultsindicating that the BPSO method provides an optimal and accurate irrigation syitedn/ psi

of anaverage irrigation operating pressure (IOP) edd1% of water volume error, an#6.55% of the uniformity
coefficient of water volume.

Keywords: Drip irrigationsystem Photovoltaic, Bhary particle swarm optimization, &imum power point tracking,
And microcontroller

pumping methodbut without storage facilities is
1. Introduction cheaperdue to nocost for storageinvestment and
mai nt enance. Ho wepertion is t he
more complexdue to limited duration of usinthe
energy from PV to obtain precise irrigati@) 10, 11].

Several researchers have developed an irrigation

optimization methodor the SR/DIS type.Zavala[2]
developed a simulation of the 8BPIS model that can
synchronize energy availability with pl@nsvater

Drip irrigation g/stem (DIS) is considered
significant in improving energy and water use
efficiency and crop quality1-3]. The quality of
irrigation depends otihree main challengebuilding
an effective water allocation scheme for crops
determininghow to optimizethe integration of water

allocation elements and defining a complete needsto produce an optimal system sizéowever,

distribution scenarif4, 5]. . :
Toincrease the efficiency of water and energy usethIS system does nptecisely controwatersupplyto

o g \ plants. LopeAuque [12] developed a direct
irrigation areasre divided intseveral sectors, called umbina SR'DIS simulation with a single sector and
multisectol[6, 7]. It is necessary isolarphotovoltaic 2 ﬁor?com ensated  emitter. S nghronization
drip irrigation systems (SFDIS) to obtain smaller P - >y

: . A between PV power and irrigation capacitydisne
solar panel sizes. Schedulingdamanaging irrigation . . . . :
" - AT using a variable speed drive (VEDut it requires
canalscritically helpoptimize theutilization of water

resources and agricultural productivityVith a larger PVto carry simultaneousrigation. Recg13]
. _and ag P ' developed the SFDIS by dividing the irrigation area
suitabledrip irrigation system controllewater and

. : into several sectors, adjusting the speed of several
fertilizer can be supplied aiccurate doses and place umps vith a VSD, and requlating the activation of
in the p | arrdotd8, 9]. SPVDIS with a direct pump 9 9
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the irrigation sector according to the PV power.2. The proposed gstem
Although the system produsefficient irrigation, it
still requires complex calculations.

Most of the research on direct pumpingVERS
with multisector irrigation focuses on optimizing
irrigation capacity according to the output power of
PV panels It ignores the stability of irrgation
operating pressure (IORyhich dramatically affects
the accuracy of irrigation volumdhe relationship
between discharge and IOP at a 4poessure
conpensating emitter is not lineflr4].

The SPVDIS in thecurrent proposed system
consists of MPPT system that optimizes PV power
extraction using thédNC method and a mulector
drip irrigation systemthrough the BPSO method.
This current study looked intilie use of the BPSO
method ina reattiime basisto optimize irrigation
capacityaccordingto the PV poweffor efficient and
accurate irrigationin this study, le irrigation area
wasdivided into many irrigation sectors to improve
efficiency in producinga more precise capacity.
Besides, muldector irrigation likelymakes irrigation
able to @erate normally even though the PV output
power is low. The system was built through
simulation with MATLAB/SIMULINK and verified
through hardware testing.

This paper is structured as follows: Section 2
describes our proposed system. The setup of th
simulation and experimergettings is described in
section 3. A detailed discussion of the simulation and
experimental results are found iaction 4. Section 5
presents the conclusions of this paper.

The proposed systenaims to optimize the
performance of SPVDIS using BPSGPVDIS in
this study is drip irrigation powered by solar panels
with a direct pumping type from groundwater
reservoirs to the irrigation distribution network
divided intotensectors. This system does not have an
overhead water tank or battery for energy starhge
this study, the irrigatiosystems evaluated fronthe
ability of the system to adjust irrigation capacity
depending on irradiation or the availability of PV
powe, IOP stability, and the accuracy of thater
volume producedrig. 1 shows dunctional diagram
on howthe proposed SPVDISiorks The system
consists of a PV panel, a MPPT system, a BLDC
motordriven centrifugal pump, a musgctor
irrigation distribution network, and an irrigation
optimization control system.

The MPPT system uses a DC boost converter and
the INC method to optimize the extraction of PV
output powerPower from the boost converter is fed
to a BLDC motordriven water pump to pushater
from the groundwater tank to the mubkiector
irrigation network. BPSO, as the proposed method,
metaheuristically combines the capacity of all
irrigation sectors amrding to the PV output power.
ghis process would find a compatibility between PV
power and irrigation capacity to stabilize IOP and
produce precise water volume.
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Figure 1 The functionadiagram of the proposed system
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Non-pressure compensating

Pressure compensating
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10P (H) (m)
Figure 2 Flowrate- IOP emittes

Figure 3 The location of th&PVDISinstallatian in a
vegetable garden at the institut teknologi sepuluh
nopember (ITS), Surabaya, Indonesia

2.1 Drip irrigation network planning

Water contributes to the evapotranspiration
process in plant growth Reference
evapotranspiratiolis generally calculated using the
PenmarMonteith method15], and & emitter from
the irrigation network drips water periodically with a
specific discharge to meet thel a mdéedsd he
discharge istrongly influenced by the IOPQin m)
of the irrigation networkTo identify arelationship
between the flow rate of emitter and systeparating
pressurethe followingEg. (1) is used14].

0 080 1)

In the formulaK refers tathe emitter coefficient,
and x is the emitter exponeiithis study uses a nen
pressure&ompensatingmitter, the most widely used
and much cheaper emitter Fig. 2 displays a
comparison offlow rate between noepressure and
pressure compensating emitters

The proposed SPVDIS was installein a
vegetable garden in the institut teknologipsluh

384

Table 1. Specifications d@frigation distribution networ

Characteristics Values
Typeof crop Tomato
Reference wapotranspiratioiO’Y | 8 mm/day
Cropcoefficient 0 1.68
Emitter droplet rateO'0O'Y 4 mm/h
Flow rate of emitters 0 41/h
Number of emitters per sector 80
Watering time Y 3.36 hour
IOP 7 Psi
25N Pump Speed |
——1410 rpm
~1660 rpm
201 —2000 rpm | -
2230 rpm
——2600 rpm
15} 2740 rpm | -
—3000 rpm

e

Head, H (m)

0 2‘0 40 60 80
Flowrate, Q (I/min)
Figure 4 Headflow rates of a centrifugabump

nopember(ITS), Surabaya, Indonesia. The garden is
located at coordinates 7'6.072"S,
112°47'53.879"E isshown in Fig. 3. Within ten
sectors, each has four laterals with a length of 10 m.
The main crop irrigated is tomatoes. Table 1 shows
specifications of theirrigation network in the
vegetable garden.

2.2BLDC motor -driven centrifugal pump

Groundwater was pumped directly to the
irrigation distribution network using a brushless DC
motordriven centrifugal water pump. Fig4
illustrates various discharge rate$ the pump at
different HQ points based on its rotational speed,
and the specifications of the BLDC motor are shown
in Table 2. The hydraulic power of pum{O0 )

Table 2. BLDC motor parameters

Parameters Values
Rated power 125 W
Ratedspeed 3,000 RPM
Rated voltage 24V
Poles 4
Back EMF Comtant 12 VIKRPM
Phase resistance 0.3W
Phase inductance 0.00035 mH
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Table3. Electrical specifications of the PV panels
Characteristics _ Values Initialize BPSO
Maximum Powel) 100W /constamsz kmax, @min, /
Maximum Power Voltage> 18V Pmax Priin Jmax 1 2
Maximum Power Curreri® 5.56A >y
ShortCircuit CurrentO 6.00A _Read:
OpenCircuit Voltage® 22.5V -HyaiaplcRnacty o el

active sector ( Ps; )

- Current PV output power ( £, )

is the amount of energy delivered to water in a unit of
t i me. Tdirput power o thépump is referred
to brake horsepowed (‘O calculated a&q.(2) [16]. N

are
the number of active
sector change?

6 00

)

power change
. . . > threshold?
The equatiorshows— is the efficiency of the

BLDC motor, and- is the efficiency of the water
pump head. The proposedBLDC motor and
centrifugal pumphad the maximumefficiency in

4
Randomly initialize all
particle positions (x,L(),

transferring poweat 0.85 and 0.8, respectivelyhe particle velocities (VL)
efficiency valuepossibly changes according to the ;:
rotational speed of the motor or water purifipe Evaluate the fitness of all particles
amount of® "Olpowerin each sector is referred to o ,,W,’i“(,,wm
the hydraulic capacity of theector 0 ).
2.3PV panel system Re%?;isieébfoarffi)gxtcl(gi‘ Al o
v Y
The PV panel used in this study is a Find global best (g,..) | [Update velocity vi
monocrystalline type with a capacity of 100 \Wpa pirticie TRty
fixed stand with an angle of 12 degrees to the north N
Table 3 showspecifications oPV panés installed $
adjacent to thérigation distribution network. Y
The PV output power was optimized using the Active Solenoid valve
MPPT technique with a boost type DC werter = global b“‘*(gm) particle

through the INC method ishown in Fig. 1. The
inductor L1 value of the boost converter is 1.4 mH,
capacitor C1 is 1.8 mF, and cagaciC2 is 1.8mF.

Sector Irrigation
Timer n (ST,,) Pause

Solenid Valve i
(SV,,) Active?

2.4 Use ofBPSOin optimizing SPVDIS Sector Trrigation
Timer n (ST, ) Continue
The BPSO method adapts the particle swarm y<
optimization (PSO) approach to solve binary versions
of discrete or combinatorial optimization problems. N all of the sector

irrigation timers are
complete?

BPSO was first introduced by Kennedy and Eberhart
and proved to be a simple, efficient, and sucbtdss

global optimization method17]. The proposed Sto
BPSO method has atgorithminput asthe hydraulic Figure.5 Flow chart of the proposed BPSO method for
irrigation capacity of each sectg0 ) and the SPVDIS management

current PV output powefd ). The output of this

algorithm is a control signal to activate the solenoidthe optimization process using the BPSO method

valve in order to regulate irrigation capacity in eachstarts from initializing the number of variables,

sector. population size, maximum inertia weigbo ),
The optimization process works if the number of minimum inertiaweight (0 ), maximum velocity

active irrigation sectors or the PV output power (0 ), minimum velocity 0 ), two acceleration

changesAccording toa flow chart diagnan in Fig. 5, factors, and a maximum number of iteratifs ).
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This study involved 10 variables equal to the numberinary value of 0 or 1. Thepdatedparticle msition
of irrigation sectorspopulation size is 5@) is is calculated usintheEq. (6) [17-19].
0.8,0 is 0.50 is 0.7, andb  is 0.1 The

learning rate includes the individual ability ) and . P UOOERQ ——
social influence®) is 2, and the maximum iteration W (6)
is set at 500 times. m

The step after initialization is to read the and If the iteration has reached the maximum, the last
thev . Theb walue is stored as a constant ‘O valueis used as a control signal for the 1so|enoid
variable in the program, and in this study is 4 Watts lvein the irrigati ¢ 9
per sector. The value of tle is a requirement of valvein the Imgation sectat
this BPSO optimization process. Suppose the PV,
power value changes by more than halfrefo
gnd there is still an irrigation sector whose irrigation 3 1 simulation Stup
timer has not been reached, then the BPSO
optimization process is carried out. If there is no  The SPVDIS model in this study was simulated
BPSO optimization process, the solenoid valveusing MATLAB/Simulink. The system model is
output is the same as the previous output. setup withthe PV panel model, MPPT model, BLDC

The BPSO process begins by randomly creatingmotor-driven centrifugal pump, muttector irrigation
50 initial populations.The k™ iteration of each distribution network model, and irrigation controller
particle () is referred tocw hand its velocity is throughthe BPSO methodlhe system model has a
referrecto 0 . At the beginning of the iteration (k=1), functional diagram ishown in Fig1.
the initial velocity of the particle movirgwards the The performance and characteristics of the
optimal point is assumed to be zdfo T .The  Proposed systenare identifiedthrough_simulation
next step isevaluatingthe value of thep ar t i cangegpgrimertestingonseveral irradiation patterns.
objective function the proximity of the combined The patternmay beanatural irradiation andnit step.
results of the waterhorse power from the irrigation The natural patterwasobtainedon August 16, 2021
sector to the PV output powdt.is cdculated using from the daily solairradiation pattern recorded by

. Simulation and experimental setup

Eq.(3). the data logger on th&6 kW rooftopPV System
located at coordinates 7°16'52.4892"S,
"0k o B 0 & 3) 112°47'50.838"Eat the Institut Teknologi Sepuluh

Nopember (ITS), Surabaya, Indone$ihile theunit
step pattermay indicatehe transient response of the

After evaluating the objective functigrthe next
system.

step isfinding two critical parameters for each
particle These include¢he best coordinatealue of
particle in the K iteration(0  which has the
minimum objective functioand the best value for all The proposed mukector SPVDIS was validated
particles ('O which has minimum objective  usingahardwarea laboratoryscale prototyp&hich
function amongall the particlesMeanwhile if the consists of three main parts: a computer system, an
maximum iterationis notreachedthe next steps embedded system, and a drip irrigation emulator
coninued by updating the velocity and position of the system The functional digram of the system

3.2 Experimental £tup

particle in the (k+1Y iterationusingEq. (4). prototype isshown in Fig. 6. The BPSO algorithm
. runs on the MATLAB/Simulink software in the
0 0 & o 0 5 computer sgtemto generatedata andcontrol the

OBi 0 5 o NQ pikBdp (4 equipment through the Arduino device driver,
connected via serial communication with the 1/O
Here,w is the update inertial weight calculated S€Tver in the embedded system. Througé I/O

according tahe Eq. (5). server, MATLAB/Simulink may obta_lin data frqm_the
PV power sensor, control tlemlenoid valve via its
0 0 0 QQ (5) driver, and aalyse and visualise it on themslink

scope.The embedded system contains the MPPT
system, I/O server, and solenoid driver. The MPPT
system is composed of a DC boost converter, a signal
conditioning circuit, an LCD, aha microcontroller.
While, the I/O Server is a microcontroller connected

The value of the particle velocity is limited the
most maximun{ ) andminimum @ ) values
ThroughBPSO, the particle positiaanly occurs at
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Flgure 6 Functional diagram of SPVDIS hardware connected in the loop with Matlab/S|muI|nk

DC Power Supply PV Emulator Embedded System Computer

Irrigation Pipe
Dlstnbutlon Network

' Ball Valve 1 as
Emitters Group

Ball Valve 10 as _
i Emltters Group "W
Water Reservoir ~in Sector 10

. -
(a) (b)
Figure 7 The prototype of the SAMS system used to validate the proposed mettadPhoto of SPWDIS
prototypeand(b) An enlarged photo of the embedded system

to MATLAB/Simulink via a communication In addition, he drip irrigation system emulator
interface.Microcontroller 1 functions as an MPPT consists of a brushless DC metiniven water pump
controller in the embedded system, andsystem, a water reservoir andnalltisector water
microcontroller 2 as an /O server. Both distribution networkcontrolled by a solesd valve.
microcontrollers have the exact specificatiortsch The combined emitter in one sector is simulated with
area 32bit ARM core microcontroller with a clock a ball valve.The SPVDIS prototypecan be seen in
speed of 84MHz. Fig. 7 (a) along with the enlarged illustration of the
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embedded system in Fig(b). operational modes: BPSO, combined, and bypass.

The system works bgctivatingthe MPPT system The BPSO operating mode is the proposed system.
to controlthe power supply from the PV panelsd  The BPSO mode controls 10 valves to handle 10
eventually maximizehe output power. The output irrigation sectors. The selection of the irrigated sector
power is used to supply the BLDC motiniven is based on th®V output power using the BPSO
pump on the drip irrigation system emulator. method. The combined operating mode controls 4
Afterwards, he I/O server reads the PV power value valves to handle 10 irrigation sectors. The combined
from the MPPsystem or microcontroller Then, he  operation to represent the optimization method used
BPSO algorithm on the computer reads the PV poweby several previous studies. The selection of the
on the I/O server. If there is a power change of 2 wattsrrigated sector is tsed on the PV output power using
and an unfinished irrigation timer value, the BPSO a combination method with a linear program [2], [13].
process willwork. Once theO valueis obtained Bypass mode controls 1 valve to handle 10 irrigation
to update the solenoid valve status, then the I/O servesectors. In this bypass mode, 10 irrigation sectors are
forwards the status datathe solenoid valvéhrough  directly connected in parallel. Bypass mode is a
the output pin of the microcontroller and the solenoidconventiond SPVDIS method irrigating the whole
driver. areawithout contrasting the sectdi2].

The PV panels in this system test are replaced All simulations were carried out using natural
with PV emulators. A PV emulator s nonlinear  sdar insulation for 3.36 hours ghown in Fig. 8The
power supply that can reproduce the curaitage @ MPPT systems on all three irrigation methods
characteristics of photovoltaic panels [21]. It is  accurately track and achieMPP, isshown in Fig. 9.
more accessible and scalable to test the MPPTThe water pump wholly absorbs the PV output power.
approach using a PV emulatoifhe SPVDIS The BPSO works to optimize irrigation capacity by
performance is known from recorded variable data,adjusting the number of active sectors according to
including PV output power, IOP, and the number ofthe PV power is shown in Fig.0. The number of
active sectorsThe experimental test results are alsoirrigation sectors increasatong with the increase in
compared with the simulation results with the samethe PV power output. When some irrigation sectors

pattern. have reached their irrigation duratioh 3.36 hours
they have to be inactive despite the increasing PV

4. Resultsand discussion power. It indicates that BPSO works and updates its
particles well accordig to the enabled sectors.

4.1 Simulation performance However, the combined method shows a cruder

. , . change than the BPSO method, leading to more
The SPVDIS simulation took place in three

1000 T T T
E soof- — Irradiance N
=
Z. 600 - —
=%
<
= 400 -
3
T 200 -
b
= 0 1 | 1

06:00 09:00 12:00 15:00 18:00
Time (Hours)
Figure 8 Naturalirradiation patterns on August 16, 2021
o100 T T T
-
g 80 MPP -~
Z — BPSO
® 60| Combined |4
- — Bypass
2 a0} .
@)
A~ 20} -
>
~ ) 1 1 1
06:00 09:00 12:00 15:00 18:00

Time (Hours)
Figure 9 Comparison of MPPT systerasponses on the irradiation pattern on August 16, 2021
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Figure 10 Number of active sectors during irrigation process

I I 1
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Figure 11 Number of active sectors during irrigation process

T E' L d'V l' LA, .S, S Table 4. Comparison of irrigation methods from the
xpocted volwme Combined naturalirradiation pattern on August 162021
1500}~ [==BESQ = Bypass I Method

NO Parameter

Expected IOP
(psi)

IOP average
error (%)

Expected water

BPSO |Combined| Bypass
7.00 7.00 7.00

h
=
=]

29.38 39.04 74.78

Water Volume (Liters)
2
]

I 8

0
0 1 2 3 4.5 6 7 9 10 3 volume () 1062.4 | 1062.4 | 1062.4
Figure 12 Corlnr réxgrzilst(l)onnoSfe;:iore:tiowater volume Average water
gure 12 L.omp 9 : 5 | volume error 401 | 13.92 | 32.80
with irradiation patterns on August ,62021 (%)
. . . . . Coefficient of
significant |OP fluctuations isshown in Fig.11. uniformity (CU)
Meanwhile all sectors are irrigated simultaneously | 6 9.5 | 93.17 100
! water volume

the bypass methodAs a result,the IOP vaies (%)
significantly according to the PV powem other
words,the BPSO method best produces the expectethatural patternThis study found out thahé BPSO
pressureamong others. fle combinedmethodhas  method produces thenost propervolume among
more rough fluctuations while the bypassmethod  others The combined method producesmuch more
showsvery low pressure. At the emdirrigation, the  yolume than the des while the typass method
BPSO method and theombined have a drastic generates significantly lessvolume than the dose,
increase in pressure because the number of activgus causingthe plans to deprive ofwater. The
sectors remaindess as most have reached their yniformity of the volumeesultsis calculated based
duration.Then,a relief valve that connects the pump on the Christiansen (CU) equation as in @)[22].
discharge to the reservowill reduce the high
pressure . B s s
Thesuccesparameter of irrigationould be seen 0 Y p map 8 e ()
from the watervolume produced from the irrigation -
processlproperirrigation allows p|ants to get the In this formula,6 Ys referred tahe Christiansen
right amount of wateand save energy and wabera  uniformity coefficient W is water volume of sectdp
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W is the average irrigation volumend¢ is the  of the irrigation duratiomlecreasedrastically due to
number of sectors. Based on the standards of th#heincreasng number ofinishingirrigation sectors.
Christiansen equation, the value of uniformity can beFig. 15 displaystie number of sectors that are active
divided intofive ratingcategoriesexcellentatmore  during the irrigation proces3he simulation results

than 90%, goodat 80 %-90 %, fair at 70 %-80 %, in thesamenumber of active sectoes the prototype
poor at 60 %-70 %, and unacceptablat less than testing respondingto the PV output power
60 %. Meanwhile, changes in the active sectdnappen

Table 4 shows the comparison of the threeearlierin the simulationthan theprototype testing
methods according to the natural irradiation patternbecause the microcontroller sampling time and
In conclusion, the BPSO method produces the mostommunication delaycause a time lag in the
optimal and precise irrigation quality compared to prototype testing
others. Moreover, he IOP responseboth in the
simulaion andprototype testinglmostproduces the
expected pressure. TipgannedOP is 7 i, but the

_ . . averageerror is 0.49 psin the simulationand 0.52

The prototyp® sunit step patterntestingwas  qjin the prototype testingrig. 16 presents theOP
_ca_rrle_d out for_12_0 seconds wii0 s_econdsﬁo_r the response to the test pattef.the end of the test, the
Irrigation durgtlonn eac_h sectoBesides testing 'the IOP value increass dramatically because the
prototype, this pattern is uséd test the simulation y, arion of irrigation in all irrigation sectohgs been
model. Thep r ot o pajtepnéest svascarried out reached.
through a PV emulatoFig. 14 shows theesponse of
the MPPT system in the simulation and prototype
was found thathe system can track amantrol the
PV output accurately according to the MPP value  Table5shows how the proposed system works in
during the simulation Moreover, he prototype comparison to previousrigation systems. Some of
reponseshowedthat the system can reach the MPP the parameters compared are the MPPT method, type
value with a small ripplet an average error of 1.58 of pump, type of irrigation, IOP, and the suitability of
watt because ofoise in the power measurement water volume according to plant needs. Previous
resultingin less accurate MPP tracking. studies still leave shortcomings in the optimization

However, the tracking results in the simulation method. Several pargeters used in this current study
and experimenshowed similarities. Changes in the are more comprehensive to those in previous research.
number of active sectoi®oth in the simulation and It is rare for previous studies to discuss the success of

prototype testingindicate that the BPSO method the MPPT system in a multisector \BPIS. The
works well. The number of active sectors at the end
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Figure 13 Unit step irradiation patterim the simulation andgorototype testing (experiment)

Figure 14 Comparison of MPPT system respons¢he simulation andorototype testinggxperimeny
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