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ABSTRACT

This paper investigates the performance of four different
configurations of a photovoltaic powered water. pumping  system
(PVPWPS). This system involves & permanent magnet direct cucrent
motor. This motor drives a centrifugal pump on the same shaft. The
motor-pump set is powered from a photovoltaic celle array(PVCA) either
directly or through one of the storage dattery ($B),controller and SB
in series with a controller.

This work presents performance analysis of the proposed
configuraticns. Also, this paper gives water flow rate model as a
function of the system componeats characteristics and the
environmental circumstances.

This paper introduces a mathematical model by using theoritical
analysis and oxperimental recorded data. Then, this work presents
conparison between the two models.

This reasearch gives the obtained results and final conclusions,
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1~ INTRODUCT ION

The feasibllity eof wusing photovoltaic array te drive water
punping units for irrigation and drinking water in remote areas, where
other energy sources are not avallable, has already been demonstrated.
Kew processes for nmanufacturing photoveltaic cells and  enhancing
their coaverslon efficlency are currently being explored and almed at
reducing the cost per peak wati.A cost reduction means narrowing the
gap belween photoveltalc and conventional power sources for many
applications Including water pumping.

Several authors have dlscussed the operatlonal behaviour of the
PVPNPS. Leguerre and M.Llascaud (1] studied the dally behavior of PVYPWFS
constituted from a centrifugal pump, a permanent magnet DC motor in
direct coupling with slllcon colar cells panels analytically [17.
Cirrl and Maltagliatl investlgated the efflciency of the solar pump
system without electrical storage (2]1.(3 - 9) illustrate the using of
PYPWPS , but by different types and other methods.

This paper suggests the operatlonal behavicur models of four
different aggregates of the PYPEPS. The results obtained of these
models are compared to those obltalned frogm Lthe ewperimental data. The
experimental data of this aggregation s nodeled by l1lnear and
nonlinear mathematical expressions .

2-SYSTEM PERFORMANCE ANALYSIS
The Iinvest!gated PVPHFS (Fig.1) takes one of the feollowing
conflguration:
a~The notor -pump set supplied froa the PVCA directly ;
b~The motor-pump set supplied from the PVCA through SB
C-The motor-punp set supplied from the PYCA through the controller,znd
d-The motor-punp set supplied from th: PVCA through SB and controller.
Performance analysls of these configuratlons !s as follows :

2. 1-Performance analysis of the motor pump_set supplied dicectly f(rom
the PVCA_(Fig.2).

-

The relation between terminal voltage vL.currenL 1|_and back e.m.
f.“«Eeof the motor is

‘J'L = E*ILR. ()

where R‘ is the armature resistance of the molor .

The back e.m.f E is

E = Cw (2)
where C Is a constant and v ig the angular speed of the notor -puap
set. Substitutlng from (2) in (L)

?L - ILR.* Cuw (3]
The torque equztlon of the motor s
T =C It (4)

The torque of the centrifugal puap is given as
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T = dh @ (%)

whtre A 1§ & conslant.

From sqne.  {4) and (5}

" lnl Cs= lLr & 1]
Bubstlivling Frem (61 im (2}
LR Ft SN o 5 b m
[=¥ gharasterislics ef the PVCA 15 exprosssd as |
i Woo <L K sl . IL: ty 1;[' i#)
H'L (Rermingl wollags, V- .'It 1 ledd cerreni | &
I- |WFrey §&rles resisiance, 0 l.'_ wanE LRt
t— 1Ehe phologemarated curreni,d; and
'I. ¢ ke reveryve saluration corrent | Ag

The sperating polnts of the soter-peay set st diffecent sslar
radiatise lywels i3 detsrnined fros D9 (7) and Gg. [0} and revesled In

TED

Froa the operating peinta I'I'._J._I.th mebar  mpul slectrie pover
’L“ r;' :;'1, i#l
wndl Lew Tlow rate of the pomp Q 1s

a -'I'.Jl:. L Pii. Faes (R3]
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:l I8 consiant el = 9 013
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=1 hﬂmnn.mmumm!mm_n
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controller. For maximum utilization of the solar cells, the matching
is accomplished by Incorporating into the system an electric control
device, a maximum power point tracker (MPPT). The MPPT may be vlewed
as a Lime-varying transformer. The transformation ratlo (n) is changed
electronically, corresponding to the varlatlons in the load operating
polnt due to the fluctuatlons of solar radlatlon level,

The operation voltage (VL] and current tIL) acre glven by the
following relatlons:

VL =n V" and Il. = Il| /n (12)

where, v"and l“ are the voltage and current of the maximum operating

power. respectively .
Substituting from Eq. (12) In Eg. (1) ,
n. =1 R/n +E or
X H a
v, -nE -1 R =0 (13)
From Eq.(13), the transformation rst_].o is
n={Es(E°+aR P.) )/2V, (14)
vhere P- = Va l'.
The operaltlon voltage and current of the motor-pump set can be
calculated as follows :
Multiplying both sides of Eq. (1) by I
1L V=Ll R +1 E .
| I ™ L a L

Since IL VL = In vu = P"

2
So P' : IL R. + E II. and
R.IL + E II. - Pl'l =0 (15)
From (15), the operation current ,IL . 1s
0.5
I = [FE+(E°+4aR P ) )/2R (1)
L s M °

From £q.(2) and Eq. (6)
I, =Az0e® = (asc) E (17)
By equallzing the right hand sides of Eq.(16) & 5‘5“7) :

AE*/C* + £ /2R -(E2+4R P ) /2R =0 (18)
2-4.Performance analysis of a_motor-pump__set powered through SB_ and

controller
Thls sitvation 1s 1llustrated lr': Fig;‘l. The e.n.f.!:“. and
rcslstanee.n.a . across the two polints A and B are :
£ -(£bll.o£rb)f(a.'rh] (19)

eq
g R_ T /lR_*rr.) (20)




.52

M.A.El-sayes,M.H.El-Maghraby,I.1.I.Mansy,A.Ibrahin

The terminal voltage betueen A and B Is

v =T R + E (21)
L L eq eq

Or from eq, (12}
nv. =(I./n)R +E
H L] oq aq

v.n-E_n=-1_R_=0 (22)
" on X L-X-4
Therefore, the transformation ratio is
n=Ec S 2V 4+ |(E + 4 P_ R ) i B | (23}
8q H ag X aq N
Multiplying both slges of Eq. (23) by I
I. %% =1 R 1. B i ot
L L L eq L agq
_ 2
PH w ll. Req % IL Eeq 0.8
Also, 1T = =EFE /(2R )+ [(E +4R P) /(2R )] (24)
L aq 29 eq cq M cg
From egns. (3) and 541
IL = A/CTE , and
v = 1 R + B == L[ _*E
L L1 =& b L2 , b
So, Ho 1L1+ E e ILa_ Eb = Q (z5)
Where IL2 = IL1 - I * durlng dlscharging. [VL % B
: {La = IL. - ILJ durling charging (VL > E)
From Egns (24) and (23)
A 2 EbR ra 2 0.5
(R +r )E* + 8. (£ +4R P+ E-E=0 (26)
3 i 2R oR . M =3
C eq LY:]
As.E, can be determlned from eq. (28) , the current I, i8¢
1 ={V -£ IR
L L a
Therefore ,the electric power input of the motor ,P. ls
P = IL1 VL , Watts

Water {low rate ,Q ,can be calculated as in Eq. (10).

3- MATHEMATICAL MODELS OF THE SYSTEM PERFORMANCE

A long serles of experlmental measurements has been produced. Too
many data polnts of water flow rate for the four system confligurations
studled and at different operation conditions (day number, temperature,
tilt angle, sclar radiation level, and battery state of charge} have
been recorded. A mathematical model, making use of this datas base, 1s
to be constructed., This nodel may be used to predict the value of Q at
any operating condltlons with sulficlenl accuracy.

Regression analysis has presented two alternatives to construct
such intended model, namely
a-linear regression model , and b- nonlinear regression model

Tre dependent variable,y, Is related linearly te the lndependent
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nrt-lhlu.:-,. by tha follovieng fors

¥ = fa X ¢ b shereais the coefficient of the i*
i
indepandent variable awhd b s a constant.
In this #budy, the dependent wvariabls § 16 Felilsd ta ihe

indpendant varlables B, 5. T,n and p by the following squallen i

Q = ssbBHergSedTeeneslp
The coefficlents a.b. ¢, d. & and { are estlsated for ihe four gyeien
conl lguratilons The precislen of the nodsl I8 pessured by the
regression sultiplier MM whlch Is defined as

Bp = fl-_ﬂrnlhlnwr—-rmﬂlmmﬂ

or
' nyftntlr-l.ﬂfrlr-l.
u-lri.:r' i1 Uhe shesrved value of Lhe dapendent warishis .

For ihs 2ifferesi confipursiloss of the ™D sslslled | Uhees
conl (leients are Labuisted aF shoun In Lable 1 .
Sonlisear regresyion pedel

In mplts ihe aleplisity of the linesr Fegressien msivl, A is
falrly low in esse sonflgurition For gelling more précious sodel.
menllredr especiod relatlons are used The different coelficlents are
ENlimsled fram the nenlisear regressien Lechnigue. TO ebtain mosl
proper sodel. jergs esber of goessed nodels @re S0 lved uilng thia
technlgee. The regresalen sultipller BN iz ewihinaled for sach model,
The model which haw Ihe Bighest BN is chossn, The PYPYPS slihar
direelly comied & coupled Lkrocgh 2 contrelles has Lhe gans wmodel,

Tisnedel 1s @ =aR* scstn00OIlSemeTral LlLSec.
The PYPVPS alther coupled through & storage Ballery or Uhrough &
gonkroller wnd stofege battery has the Mollowing scdel

g =& l"'p"* + 0 P o b ain G.O0UIE ¢ 0 o+ d)

T rcoefflclents af Lthig nodel and Lts regression sullipller, MM, oa
Instaliteg 1L st Fi-Mamsoura city are tabulsbed In table 2. It s
av]denl Lhal Lha regresslon nulbtlpller of Lhe nondineer sodele are
blghat Lhas Wkt of llnear ones. Thersfore, Lhe nonlleear modele
describe Lhe PYPS perforaance mors accurately .

A= RESULTS aND O1SOUSSION

= Tee resuiis dedeced [rom this cosparisen sre sussarized in Lha
ol | o

i-in the MRS Including & 55. b= batltery sisle of charge . o , W
conpldered ohe of ihe saet efTecilve Mactors 55, s vales of g sisl
be wpacilied during testing

2- For Lha directly coupled conflguratiea . raferring o Fig.® i1
ehesld Wa pad joed Lhat :




E.54 ¥.A.El-sayes, M.H.El-Maghraby,I.1.1.Mansy,A.Ibrahim

= oo [ :
el R . | Torer .., ~"au>‘3-)'(;;;?

Flg.6 Powering the moiar= pump sat ‘
through a controller Flg,7 Powaring the motor— pump set
through a 58 La controlle-

0.040 00w

0.035 - ' //"’:
0.030 - _,,-!-éﬁ ,//:- i 0030 -
goosy s g e
\ulo-ozo g gﬂ'ﬂ!ﬁ . -
£ 5 Pt
go.ms 1 s s
0.010 A i g 0.010 1 i
arparimanial
—mu e Ihaaraileal
0.005 - St T
0.000 frrrrr e 0000 doerrrrr e " Yoatadter aaaungre A
Selar Rddiolion LavelW/Sq.m Soler Rodiotion LevelW/Sq.m
7\ 1=318", n=72 and _ T=22¢’ (&) am31.8° am113 and T=26¢"
(0 (\fml:r] ) ' . (Spring)
Q0i0
o043
2.010 -
4 4030 4
4] . b
u o
a_om‘ 3 @ s
5 P - = ” ."'ﬂ’
S e =
6010 i o_
s svpaiimeniy 0.010
] T e e g
o : T - P
' 0 "o o o 0.000 e
Solar Ragi 1 o 7 3o o
(iii] 5 a::.'lion Level.W/Sq.m Solar Radialion Level W /Sq.m
8=31.8° n=)) “2Bc" n 1
) 25 (£V) 2=31.8", n=246 and T-31¢"
{Summar)

Fi9.8 Comparhg woter {low rals oblolned sxperimentoily to Lhal sblolned by
ot ?lco‘ model.lln(wr reqrassian ﬂ"l’odol&nmimu rogtession model

L, WG (v

{hsorels
dlrectly coupled)




mManscura Engineering Journal (MEJ) Vol .1%.Me.), Sept.19%4 E.55

diring sl sesson. dalar pumpige  starte enperimnially si  solar
radlation  (evel of sbowi 230 U e amd Blow wvhich there is no wmler
puspling . There e & gonvergends eivesn |inear and sonlinear sodels

w= [he wversgs waluse of § In sibewn ard  spring are closed Lo esch
athar snd less than ile value in mear, The nasipus vaius of 0 scours
In winter wsessen &b Falrly bigh wseler rFedlation” level and  low

slurs,
3= the conliguralion coupled Lhrough coniroller, shown in Fig 9,
cap be remarked Lhal |
I= There Il & conv belvesn Fosults galoulabed By Llnsar and

monl lnear sedels for 6l | sessaps

il= The wvaluss of Q Imereses oo Vhe salar radiation Bevel lneressss,
Til= The ninlwen walus of soler radiatlon leve] 1o reguired bo  start
watar Bg diffess Fron one seasan Lo snother , It réaches about

M W fmT la sesser sessen ind lesd ve|uss For ather seasons |

Iv= The ave walwa of G differa From ond ssanon Lo another | lta
ainisus vales I8 In sulasn and Lbe mawimus value 16 bn vinter |

in ® wimilarity in PVPVPS parforpancs durlng spring, sumner
PEARGNE |

s conligurallen coupled Lhrough & B8, a8 jndleated in Fig 10,
obasrved that |

There In » significamt cerrelation betusen 0 and ballery slate
rge .8 .

The average wilos of § I8 naarly tha gans far wipter, spring snd
Llunn seassna Jt  iw Mighar (han 1ts correaponding value In Susnsr

£7aTgeE]
i g lt%?

ivs Thers I8 & ssiiosssls sgresssal  belvsen Cheoretical and

w= Tha moalinesr nodel curvd I8 clossr 1o Uhe saparissnilal curve Lhas
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ity [imsar madel. Sa. the Llpear sodel !9 Less sccerate Im Lhis caae.
= Far b esafipersileon coupled Lhrough & 58 and contrsller, as
desdhadirated In Flg 11, 1L say B Isporisnt to Lilestrsis ihai |
I= Tha perforsance 13 slsllar te the configurastion of coupling through
S8 Battery stale of charge Is still & significant affecting paraneler.
L= The average valus of O I8 Bigher than 1is corresponding valuss
In 811 seasona Tor the other thres coallguralions.
Lil= The Jinesr and monlinesr sodels oscillete sreesl  Lhe
exparinmental results wilh varying degrees af convergence .
iv= Tha BB enhances snd slabliizes the systes perforsance .

GCeneral over view of Flge.®,9,10,1] and 12, can swplors that |
I= MYPUPE performance Is sinllsr in sprimg and sutunn messons
I= When €3 19 nol conlalned In the comligurallon, water pusping way
fall st lew ssler redistion levels. The ninisun level required 1o
Bhari pumping dlfTsrs from ons sseson (o ahother. This javel 18 Tsesr
wibgn & eastraller s incloded im the configurstion .
3= The llmesr god acclissar regreesion wodels describe Lhe aysiew
prrforueats wilh sufflcisnl socurscy

Fig- 13 showm the affect of day nusber on flow rate @ It can be
cons vl that -
&= Faler MMew rale profile differs foom ome seesen Lo snobhar. [0
depenty o8 the cllastic conditisns of hs seascn .
b= § maz its Righest valumw on dayw of lew lesperalerws ol the sase
oparaling condiliong. The waloex of § desresse as leaperalurs

Fig 14  1llestrotes Use effect of tilt sagle of Lhe PVCA on ihe
hnrh.l.ml- murfece upon water [low rate. It deserves 1o b menlioessd
that -
1= AL the gane eperating clrcumstances,Q nas Its highest value tilt
ingle S of 318 | It is wequal to the latitude of El-Manssurs, i
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158 and 31. 8 which differs by 220" From the labitude has  lens values
thap Lha carreapond|ng fuem nt  the tLilt angle of ke 1a0ijude
= For LIik snglen of ol 71.8" which aiffers by -3 0" sre an®
rewpeciively from iha I.il.ll.ﬁ. the waluea al 0 are seoh  lesa than
those st 9 =21.0°%, AL §= TI.0%, the Iﬂtﬂ falja ko passp wiler balow
walar radlation level of 300 ¥ Seuhlle punping ham Succesded at
Enle tRIL anglew . To oblalnm higher walues of O, 0IL ls recomnended Lo
cparsls Lhe referred FVPPS ol CLIL angle of Lablbude .

Flg .15 shovn  the effect of tattery slals of chargs ¢ on It
can be obesrved Lhal any varistiss in p ls sccompanied by Ler
change I\ Lhe values of § at tha ot condillons Thism reflecis Lhe
slgnificent offect of Lhe battery =tate of charge, If Uee 53 is
inclided o0 Lhe oyvies perforzasce

5= CONCLUS |Ones
The performance of photovelitalc powered walar pusping Eyslies
(FYPPS) 19 Lested and snalyted at El-Masssurs city, Dgvpt. The systen
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included a photovoltale cells array PYCA, a controller, a storage
battery and a permanent magnet DC motor driving a centrifugal pump .
Four different system conflgurations were studled, Flow rate has been
neasured experimentally and evaluated theoretlcally . Mathematlcal
nodels have been suggested to describe the system performance. These
nodels may- be explolted to 2stlmate the water flow rate at any
operating condltions. Results show that there 1ls an abovious agreement
between the wvalues of water (low rate recorded experimentally and
calculated theoretically. The suggested models are accurated enough to
predict the system performance. The water flow ratc increases with the
increase of insolatlion, The minlmum insolation ls regquired Lo start
vater pumplng differs from one season to another due to the varlation
In climatic condltlons. Thus value ls reduced by Introducing the
controller in the system configuration as a natching device. The
controller {mproves alsgo the values of water flow rate at the same
cperating clrcumstances .When SB is connected to the system, the
system can start pumping regardless the lnsolatlon walue as long as
the storage battery Is adequately charged. The connectlon of storage
battery increases the valuss of water flow rate also. The system

performance is very simllar during spring end zutumn seasons. The Fac-
tors effect on the system performance has been studied. The tilt angle
equating the latitude (31.8° )has been found as the optimum tilt

angle. Rattary state »f charge has a signiflicant effect on water flow
rate-produced by tne systiem.
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