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Temperature and moisture are the most important factors affecting the safe storage of
grain. Too high or too low temperature and humidity will cause the decomposition of
organic matter in grain and food security problems such as pests, diseases and mildew.
The regulation of temperature and humidity in grain storage is a multi-variable
coupling and multi-objective optimization problem. In this paper, by analyzing the
characteristics of grain humidity and temperature regulation process, the parameters of
model are optimized by using GPSO particle swarm optimization algorithm, then the
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experimentally studied. Experiments show that the algorithm has a high degree of
fitting for predicting the humidity and heat control process of large grain stacks, and
has a good prediction effect for temperature and humidity trend change.
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1.Introduction

Grainstorageneedstoachievesafety,qualityandenergys
aving.Toachievethesethreeobjectives,itneedstocontro
Ithetemperatureandhumidityofstoredgrain,andfurther
optimizethequalityofgrainandreduceenergyconsumpt
ionofthesystem[1]. Therearetwotraditionalwaysforgra
inhumidityandtemperaturetransmissioncontrolsyste
m,temperature-dryingandmechanicalventilation.Beca
usetherearemanydifficultiesincontrollingthetiming,v
olumeanddurationofventilationaccordingtograintemp
eratureandhumidity,itisnecessarytomakeabreakthrou
ghintheoptimizationmodeloftemperatureandhumidity
control.

Duringtheventilationprocess,therearethreemainchara

Published by: The Mattingley Publishing Co., Inc.

cteristics:super-largetimelag,couplingandnon-linearit
y.intheprocessofventilation,coolingofgrainisslowbec

auseofhighwindresistancewhichleadstoslowtemperat
uretransfer,andthereforetemperatureandhumidityhasg
reathysteresis.Featureofcouplingandnon-linearity:int
heprocessofventilation,seriousnon-linearitycanbefou

ndbetweeninputandoutputquantitybecauseofhighlyco
uplingoftemperatureandhumidity.

Itisanon-linearprocesswithlargetimelagfromthebegin
ningofhumidityandheatregulationtotheeffectongrainh
umidityandheatparametersfartherawayfromthevent. T
herefore,compensationlag,multivariablecouplingand

multi-objectiveoptimizationshouldbeconsideredwhe

nchoosingcontrollingmethod[2-3].

Byanalyzingthefeaturesofventilationandcontrollingpr
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oblemsofventilation,particleswarmoptimizationisado
ptedtooptimizeparametersofhumidityandheatregulati
onmodel,furthertorealizemodelpredictivecontrol[4-7]
.Theproposedcontrolmethodissimulatedandexperime
ntallystudied,atlastanalyzetheapplicationofcontrollin
gmethod!®.
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2.Designofoftemperatureandhumiditypredictionc
ontrolsystemofgrainbulk

Thepredictivecontrolsystemisamulti-inputandmulti-o
utputmodelmechanism,asshowninFigurel.Graintemp
erature(Tg)andhumidity(Hg)arecontrolledobjectswhil
etemperature(Ta.in)andrelativehumidity(Tq.in)ofairinv
entiscontrolobjects.
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Fig.1.Predictioncontrolsystemoftemperatureandhumidityingrainbulk

Itcanbeseenfromfigurelthatcontrolleriskeytoevaluate
thecontrolstructure.Controllerismadeupofoptimizera
ndpredictionmodel.Optimizerfirstcomputethevalueof

T, s and H. ..
inthenextmomentaccordingtothevalueofTgsetandHgs
etinpresentconditionbyapplyingtherulechoosenbyopt
imizingcalculation. ThentemperatureT,andhumidity

Maaspredictionmodelinputbeadjustedbasedonfeedbac
kagainbythepredictionmodel.Nextoptimizationiscarri
edoutbytheoptimizerforseveralcycles,atlastoptimizer

willcalculateoptimaloutput T, and H;

whichwillbesenttoactuatorandadjustmentofgraintem
peratureandhumiditywillbedonethere.

Predictionmodelisthebaseofpredictioncontrol.Fornon
linearpredictionmodel,modelfunctioniscriticalanditsb

asicfunctionisbasedoninputofhistoricalinformationan
dpredictiveoutputofacertainperiodinacertainfuture.
Predictionmodeladoptsheatandmassmechanismmode
landismadeupofgrainhumidityequilibriumequation,ai
rhumidityequilibriumequation,grainheatequilibriume
quationandairheatequilibriumequation.
1)Grainhumidityequilibriumequation

oM
g9 =—R 1
p w 1)
2)AirhumidityequiIibriumequationingrainbulk
oM,
P — n=M)+Rp; (@)

3)GrainheatequiIibriumequationingrainbulk

'DQ pg E §(T T ) prg[(LVap +va(T T )] (3)
4)Airheatequilibriumequationingrainbulk

o, _ 1 T)-h &, -T,)+cT.R 4

pacpa E - Ecpa (rafin - a) g-a a g pv'a wpg ( )
Themeaningofparametersofequilibriumequationisasf  standsforverticalairvelocity; M, .,
ollows:tstandsfortime;pgstandsforgraindensity;  h,  standsforairabsolutehumidityinthevent; T,
standsforgrainhumidity;Rwstandsforrate-of-lossofwat  standsforgraintemperature; oy
er; 4 standsforporosity; fa  standsforspecificheatcapacity; hy_a
1983
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standsforcoefficientofconvectionandheattransferbetw
eengrainsurfaceandair; £

standsforspecificsurfaceareaofwhichgraincontactwit
htheair; Lo

standsforvaporizationheatofgrainhumiditycontent;
c standsforspecificheatcapacityofvapor; T

pv a-in

standsfortemperatureinvent.

ControlvariableofsystemisU=[Ha.inTa-in] @nditisaninp
utinthemodel. Theformula(5)isadoptedfortransformat
ionfromrelativehumiditytoabsolutehumidityofairinth
event.

P.H

a—in

M, =0.622
- I:z/sHa—in

5 (5)

atm

Thepresentgraintemperatureandhumidityandrelativeh
umidityasoriginalinput,combiningtwocontrolvariable
sofairtemperatureandhumidityintheventbyusingpredi
ctionmodel,itcomesouttheformuIaX:[HgMaTgTa]T,in
whichY=[HgT]"iscontrolledvariablebythesystem.

3.Designofobjectivefunctionforoptimizingtempera
tureandhumiditytransfer

Foroptimumcontrolofhumidityandtemperaturetransfe
roflargegrainbulk,optimizingobjectfunctioncanbeuse
dforobjectiveoptimization,itisabouthowtoreduceener
gyconsumptiononthepremiseofguaranteeinggrainqua
lityintheprocessofcontrollinggraintemperatureandhu

miditytransfer. Therefore,objectfunctionfocusesonhu

midity,temperature,qualityandenergyconsumptionofg
rain.

3.1Designofoptimizingobjectfunctionofgraintemp
erature

Temperatureisanotherkeyfactorintheprocessofsafegra
inreserve. Temperaturehasagreatinfluenceongrowthan
dbreedingofpestsandmicroorganism.Formostpests,th
esuitabletemperatureforthemtoliveisbetween22°Cto3
2°C )
therefore,lowerorhighertemperaturewillhelptorestrai
ngrowthandbreedingofpests,orevenkillthem.Formost
microorganism,thepropertemperatureforthemtogrow
andbreedisbetween28°Cto30°C.Whenitisbelow20°C ,
thegrowingspeedofmostmicroorganismwillslowdow
nandwhenitisbelow15°C,thebreedingoffunguswillber
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estrained.Moreover,temperatureiscrucialtograinrespi
rationbecauserespirationgetstrongerinpacewiththerisi
ngoftemperature. Therefore,grainreservationunderlo
wtemperaturecanreducethelosscausedbyrespirationan
dguaranteegrainqualityanditisamusttokeepasuitablete
mperatureinbarn.

Henceitisnecessarytosetreasonableobjectvalveofgrai
ntemperaturecontrolandsetupoptimizingobjectfuncti
onofgraintemperature,andtheoptimizingobjectofgrain
temperatureistheminimumvalueofthefunction.

‘]T = (Tg _ng )2 (6)

Inthisfunction, Tqgstandsforthesetvalueofgraintemper
ature.

3.2Designofoptimizingobjectfunctionofgrainwater
content

Grainwatercontentisoneofthemostimportantcondition
sinsteadyandsafegrainreserve.Moistureisnecessarym
ediumforallkindsofbiochemicalreactionandallmetabo
lismactivitiesmustbedonewiththeexistenceofwater.Hi
ghtemperatureandhighmoistureleadstostrongerrespir
ation,fastermetabolismandfasterspeedofmaterialcons
umption,allofwhichwilldecreasethestabilityofgrain.H
igherhumidityandmoisturewillalsocutdowntheimmu
nityofpestsandmicroorganism.Theappropriatehumidi
tyisintherangefrom70%to75%andmoistureisfrom13
%t013.5%.Inthecaseofkeepingrelativeairhumiditybel
ow65%andkeepthecorrespondingmoisture, itispossibl
etoholdalmosttheactivitiesofallmicroorganism.Contr
olsystemistomakecontrolledvariablesreachtargetvalu
edesigned,therefore,thelessthedeviationbetweencontr
olledvalueandsettargetvalue,thebetter.Moisturetarget
functionisasfollows:

‘]Mz(Mg_Mgd)z (7

3.3Generaloptimizingobjectfunctionandconstrain
edconditionofsystem

Asmentionedabove,generalobjectfunctionoftemperat
ureandhumiditytransmissioncontrolisshowninformul
a(8):

J=ald,, +pI; +7J; (8)
b ﬂ ’
yeachstandsforweightofmoisture,temperatureandsyst
1984
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emenergyconsumption.Differentventilationprocessan
dsystemwillbepossiblebysettingdifferentvaluesandth
eirvaluewillaffectinfluenceonobjectfunctioncausedby
changesofdifferentpartsoftheobjectfunction. Themini
mumvalueofobjectfunctioncanbeachievedbyfinding
minimizingprocessofthreedifferentphysicalquantities
andinfluencecausedbyprocessoftemperatureandhumi
dityisconsideredinconstrainedconditions.

Inaccordancewithdifferentaimsoftemperatureandhum
iditycontrol,therestrainedconditionshouldbecarriedou

T

a-in’

H

a-in

subjectto:
Hg4-AM<Hg.<Hgy
Tppa<Ty
Tmin<Ta.in<Tmax
Hmin<Ha-in<Hmax
TymHain
Subjectto:

Hg4s-AM<Hg.<Hgy
Topr<Tain
Tmin<Ta-in<Tmax
Hmin<Ha-in<Hmax

Amongtheabove, Tystandsforoptimalobjectvalueacco
rdingtodifferentclimaticconditionsandgraincondition
s.Thisprocesscanberegardedasthatcoolingventilation

andreducinghumidityventilationarecarriedoutthesam

etime.Inordertopreventoverlossofmoisture,restrained
conditionsofequilibriumofmoistureareadded. ItisHgq-
AM<Hg.<Hgq,inwhichHgestandsforafunctioncontain
ingairtemperatureintheventandrelativehumidity.

Thebasicpointofgraintemperatureandhumiditytransm
issionprocessisaprocesswithmultipletargetsoptimizati
on.ExceptaninitialdividingbetweenJanditsconstraintc
onditionsbasedontemperatureandhumidityofgrainint
heprocess,itneedstofindanothergroupofcompromisin
gsolutionsetstooptimizingmultipleobjectssimultaneo
uslyfurthertoavoidmorethanoneoptimalsolutionthatw
illmakeoptimalobjectimpossibletofind. Thekeyintheo
ptimizingprocessisbasedonthevaluetakingofa , /5,

Published by: The Mattingley Publishing Co., Inc.

min J = O{(M g M gd)2 +ﬂ(Tg _ng)2 +7/[3600P + ma |Ta—in _Tam|(cpa _vaMa—in)]t\iZ
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tbasedonrelativedatafromgraincondition(grainvarieti

es,averagetemperatureofgrainpile,maximumtemperat
ureofgrainpile,gradientvalueoftemperatureofgrainpil

e),spaceconditioninbarn(temperatureandhumidityint

hebarn),environmentalcondition(airtemperatureandai
rhumidity). Theoptimizingobjectfunctionsandrestrain
edconditionsformulatedareasfollows:

(1)Coolingandventilation
Hg<HgdiV’ TgSng

fan

9)

Amongtheabove, Tppastandsfordew-pointtemperatu
re.Sincethemostimportantthingincoolingventilatio
nistopreventcondensationofmoisture,restrainedcon
ditionsofthedew-pointisaneeded.

(2)Reducinghumidityandventilation

(10)

fan

yinthefunctionjstudiedinthischapter.

4.Predictionmodelofgrainbulktemperatureandhu
miditytransmissionbasedonparticleswarmoptimiz
ation

4.1Predictionprocessofgeneralizedparticleswarmo
ptimizationalgorithm

Theprocess of control prediction of grain
temperature and humidity transmission based on
particle swarm optimization is as follows:

(1) Initialization,setthepositionandspeedofparticleinp
articleswarm.

X11 X12 Vll V12
XZl X22 V21 V22

(11)
XNl XNZ VNl VNZ

Amongtheabove,x;(i=1,2,...,N,j=1,2)standsforparticl
epositionandv;jjstandsfortheparticlespeed.

Computationofadaptationofeachparticle,thatischoosi
ngobjectfunctionJ.

Particletraining,computethevalueofpositionPyi(m),in

whichtheparticlehasbestadaptationeverexperiencedtil
1985
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Icurrentoptimizingmomentm.
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[ R(m=1)  J(x;(m)) > (R, (m))
= {xi M Im)<I(P,(m) (42
Poi(m=1) =[Xy(M-1) X;,(m-1) Xin(Mm—1)] (13)
X; (M) =[x (M) X5 (m) Xn(M]  (14) G,; (m) =min {J (R, (m))} (15)
(4)Optimizationinoverallsituation,trainoptimalpositi (5)Updateoptimalparticlespeedandpositon
onthatallparticlesintheswarmhaveexperienced. '
Vij (m +1) = Vij (m) + Clrl(R)ij (m) - Xij (m)) +GC,h, (Gbi (m) - Xij (m)) (16)

Xij (M +1) = x5 (M) +v;5 (M +12) (17)

Amongtheabove,c;andc,standforlearningrates,r;andr
»arerandomnumberuniformdistributedinthevaluesran
ge[0,1].

Vij (m+1)= W; (m) + Clrl(Pbij (m)— X (M) +¢,1, (G, (M) — Xj (m))

Xij (M +1) = x5 () +v;5 (M +2) (19)

wstandsforinertiaweight,andcandecidetowhatextentit
hasofthecurrentspeed.Reasonablechoiseofwmakepart
icleshavetheabilityofbalancedexplorationanddevelop
ment. Theexpressionofnertiaweightadoptslineargradu
allydecreasingweithtingstrategyperposedbyShi'®"th

atcanbeseenasfollows:

W= Wnax — (Wmax - Wmin) X—

max

(20)

Amongtheabove, Tnaxstandsformaximumevolutionalg
ebra;wnacstandsforinitialinertiaweight; wninstandsfori
nertiaweightinthecaseofmaximumevolutionalgebra.
Usuallywpintakesthevalueof0.4,andwmx0.9.

(6)Makejudgementandcomparisonofadaptabilityofob
jectfunctiontoseeifitmeetstherequirementoradvancedt
oiterationssetbefore,ifnot,backtostep(2).

4.20Dbjectdescriptionandparametersdeterminatio
n

4.2.1.Experimentenvironment

Theexperimentenvironmentadoptsexperimentplatfor
mofnationalgrainengineeringcontrollaboratory. Theex
perimentalsubjectiswheatandoverallsizeofgraincropi
nexperimentbarnis12meterslong,8meterswideand5m
etershigh.Thesensorsofgraintemperatureandhumidity

Published by: The Mattingley Publishing Co., Inc.

Inordertoimprovetheconvergencefunctionofthecomp
utation,theconceptofinertiaweightisintroducedintoSh
iandothers®” therenewedformulaofspeedandpositon
isasfollows:

(18)

insidethegrainbulkarearrangedaccordingthatspacebet
weenthethermometriccableisnomorethansmeters,and
verticaldotpitchisnomorethan2meters,andthermometr
iclocationsupanddownandallaroundshouldbesetunder
thegrain,againstthewall,30cmto50cmabovethefloor. A
rrangementofsensorsisdetailedasfollows:

-
-
-

Fig.2.Diagrammaticsketchofarrangementofsensors

4.2.2 Parameterssetting

Aboutparameterssettingofcontrolpredictionofgrainte
mperatureandhumiditytransmission,basedontheamou
ntofcalculation,accuracyandoptimizationcombinatio

nofmodelparameters,particleswithgroupsize20,maxi

mumiterativetimes50andparticledimensionissetas2(r
educinghumidity)andl1(cooling)accordingtodifferent
amountofvariables. Inertialweightwadoptslinearlydec

1986
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reasingweightstrategyandlearningfactorbothclandc2t
akethevalueof2,rlandr20.65.

Forparticlegroup,thereisaneedtodecidebasedontheran
geofairtemperatureandhumidityforventilation.Assum
ethejcontrolofparticleiisx;;:

(21)

IntheformuIa,xjmaxandx,-minstandformaximumandmini
mumvalueofcontrolvariablejrespectively,randstandsf
orrandomnumberuniformlydistributedintherangeof[0
,1].Normaltemperatureforreservationinsidegrainbulki
snohigherthan45°C,thusvariationrangeofairtemperatu
reintheventareximin=10°C, Ximax=40°C.

Initializationofspeedofcomponentjofparticleicanbeac
hievedasfollows:

Vi =V.

jmin

+rand x (V. (22)

jmax jmm)

Intheformula,VjminandVjmaxeachstandsformaximuman
dminimumspeedofcomponentjofparticle. Alsointhere
gulationofgrainreservation,toavoidbigeffectongrain,
moistureofgrainisrequirednottovarygreatlyandhumid
ityisusuallysettobeofplusorminusof20%.

Forthedeterminationofweightcoefficient,ashouldtake
thevalueasmuchaspossibleandassumea=4x10*tokeep
JuintheorderrangofO~102withsetting=1,y=0.01,AM
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=1%.Simulationhasprovedthatthevaluesofthesepara
metersareproperlychosenandabletoachievethegoaloft
emperatureandhumiditycontrolandoptimalenergycon
sumption.

Innaturalreservationcondition,changesofgrainpiletem
peratureandhumidityhappenslowly. Therefore,termin

ationconditionscanbesetwithinallowanceerrortopreve
nttheproblemsofunstablesystemandovershoot.Contro
Iterminationconditionisasfollows:Hgg-0.5%<Hg<Hg

d+0.5%, Ty<Tga.

4.3Experimentalresultsanddiscussionandanalysis
(1)Experimentalresultsandanalysis

Simulationandexperimentdataisfromgrainpiledata,45
thermometriccablewith3testingdotsoneachcablewhic
hbeganatoneo’clockof6,,9,2017andtimeintervalofte

mperatureandhumidityacquisitionis15minutes.

Theheightofgrainbulkisémeters.Thetemperaturesens
ordividestheheightofgrainbulkintofourlayers,eachwit
hadistanceofl.5meters,thatis,thefirstlayer,thesecondl
ayer,thethirdlayerandthefourthlayer.Inthepredictionst
udyoftemperature,thecorrespondingpredictionstudyis
madeonthefourlayersofgraintemperature. Thepredicti
onsforthefourlayersareshowninFig.3toFig.6,respectiv

ely.

Temperature("C)

i i i
1500 2000 2500 3000

Time{/htop layer)

Fig.3.FirstlayerPredictionandPredictionCurve
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Fig.6.Forthlayerpredictionandpredictioncurve

FromFig.2.5toFig.2.8,itcanbeseenthatalthoughthereis
asuddenchangepointabout1200hoursinFig.2.5,about7
00hoursinFig.2.6,andFig.about2500hoursinFig.2.8,th
esensordrifthasbeenverifiedonsite,andthepredictedva
luehasbeenprovedcorrectaftermaintenance. Therefore

Published by: The Mattingley Publishing Co., Inc.

,usingtheimprovedGPSOalgorithm,thetemperaturean
dhumiditypredictionoflargegrainbulkhasgoodresults,
andthefittingdegreeofpredictionisveryhigh.

5.Conclusion

Itcanbeseenfromthetestingresult,predictivecontrolalg
1988
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orithm studied in this paper can carry out effective
control over grain bulk, not only to control grain
humidity and temperature effectively but also to
optimize energy consumption at the same time.
Compared with traditional control method,
predictive control algorithm
proposedbythispaperischaracterisedbythefollowing:

(1)Inpredictivecontrolalgorithm,byadjustingcropcool
erandusingairtemperatureandhumidityinthevent,auto
maticallyadjustcontrolledvariablestocontrolgraintem
peratureandhumidity.

(2)Inpredictivecontrolalgorithm,ittakestheprocessoft
emperatureandhumiditycontrolasanoptimizationproc
esstomakegraintemperatureandhumiditychangeaccor
dingtocurvilinearpathformedafteroptimization.

(3)Simultaneouscontrolovergraintemperatureandhum
iditytoguaranteegrainqualityandrealizeoptimizationo
fenergyconsumption.
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