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POWERED BY SEPERATE DR COMMON PHOTOVOLTAIC SQURCES
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ABSTRACT

This paper analyzes the operation of the aohmic . battery
storage , and water pump loads powered either individualily from
separate photovoltaic sources ( SPY¥Ss ) or combindelly powered
from common photovoltaic source { CPVS ) . The performance of
the loads 1s evaluated by determining the time wutilization
efficiency and the energy utilization efficliency . the laffler 1s
considered one of the most important performance indices . The
performance of the foilowing sftuations are 1nvestigated :

1- The three loads are individually powered from SPVSs ,

2- Two or three loads of the same or different types are powered
by a CPVS

The 1mprovement or the deterioration occured in the operation of

the loads on combinding tfthem and powering from a CPVS s

determined and analysed

Key—words : Ohmic lcad , volumetric and centrifugal pumps .
Lime and energy utilization efficiencies . individual and

combined lcads , and separate and common photovoltalc sources .

1~INTRODUCTION

In many photovoltadic ( PY ) systems . the solar c2llz array
i3 designed Lo pawer a scecific single Tcad Savaral loads of
the same or different Lypes may be power=2d indiviZually oy
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separate PV sources or combindeily by a common PV source . Loads
of elther the same or different types may have different [-V
characteristtcs , and since a PV source 1s a finite power cne and
has different !-V external characteristics from the <conventional
power source , 1t can be expected that <he operation of 41the
different Joads will also be different when the loads are powersad
elther by separate sources or by a common source . In a common
source system 14 1s possible that the operaticn of one load may
be improved at the expense of ancther load ., or the total
performance of the loads powered by the common source can also be
improved . In & common source system there exists an additional
option where in certain cases , such as at low Jnsolaticn 1t
might be advantageous to disconnect a lead from the system fn
order to improve the operation of another lcad . In general , the
designer may wish to analyse the possibility of a common PV
gsource / combined load system design to achieve high performance

compared to separate source [/ Jindividual Toad system ., {One
criterion which 1indicate the degree of utilization of the PV
sources 1s the " energy utilization efficiency " . Optimum

matching between solar cells array , the storage batteries ang
the Joads by switching of modules as a DC transformatfon has been
presented 1in {1] . The power losses gue to poor matching of the
solar electrical system are determined 1n [2] . Optimum matching
of an electric motor , with a varying mechanical load to a solar
cell array 1s presented in [3] . Comparison of the performance
of separate and common source systems for +two different ohm-'c
loads and two different electrolyzer loads 1s dealt with in [4] .
Comparing the performance of a permanent magnet DC motor and a
volumetr{ic pump , and a permanent magnet DC motor and a
centrifugal pump {is stud{ied in [5] . This paper analyses the
operation of the ohmic , battery storage , and water pump locacs
on powering them ({individually frem separate PV sources c¢r
combindelly from a common PV source ., The {mprovement or tre
deterioration occured 4n the performance on combinding the Ilcaos
to power them from a CPVS {s determined ,

2— LOADS POWERED INDIVIDUALLY BY SPVSs

a - DOHMIC LGAD
Firstly , 1t 1s assumed that the cperation of the load takes
place on a clear day with the variation of the JInsolatfon given

by (4]

G = 100 sin w (1)
where G 18 the 1nsolation 1n mw/sg.cm , and w 1s the solar angle
in degrees . The sclar angle is related to the solar time

w = 15T - 90 (2)

where at s507ar noon ( T = 12.00 ) the solar angle 1is 90 .

The solar cells array usSed in this study 1is reprezented by
the following I-V equation [5] :
V = -0.91 + (1/0.0422) n {(I - Ipnh + 0.0081 ) / O.0081} (3)
where for 100 mw/sg.cm insolation . Iph = 13.815 A , Voo = 176Y
., and Pua = 1400 W
For the different solar radiation levels , the [-V¥ characteriztic
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curves of the soclar cells array | SCA )} are defined . The

operation points of the ohmic load are the 1{ntersection of the
operation 11ne of the ohmic load and the -V curves as shown 1n
Fig.l . The operation 1ine of the ohmic load 1s represented by a
strafght 1ine starts from the criginal point and 1ts slope 15 2 ,

whare .

@ = tan 1 /R (4)
A" time utiiization efficiency " D, was defined 1n {4] by
n, = 100 F / P (5

where P 1s the S5CA output , and F“ 1s its maximum output power ,

both are functions of the 1nsolation , G .
The " energy utilization efficiency " . of the PV source 1n

the system was defined by [4] :
1z 12
) = r P(T).dT / r D“(T) .dT {6}

E Tz o

The time Tl corresponds to some threshold operating value of the
load . Because of the assumed symmetry of the insolation around
nocon , the calculation 1s performed for half a day . The e

indicates the degree of utilization of the S5CA in the system or

the degree of matching the load and the SCA . e of different
individual ohmic loads powered by SPVS represented by eq.3 and
the resulted n, are shown in Fig.2 . The optimum ohmic
resistance , R;pL t0 be powered by the predescribed SCA that

achieves the maximum n, is directly determined from Fig.2.0

So . the total ohmic loads <can be rearranged 1in a series /
parallel configuration 1in which the total eguivalent resistance

equals R”IL . Also , the operation 1ine of each resistance
makes an angle & with the locus of the maximum cperation power
points of the SCA . The relation between ne and the angle &
is shown in Fig.3 . By determining the optimum value of = at

which e 15 maximum , the optimum c¢chmic resistance <an be

easily determined .

2— BATTERY STORAGE LOAD

The graphical solution of the operation point of a batiery
storage load powered by a SCA 1s revealed 1in Fig.4 . The
operation line of a battery 1s a straight line starting at *he
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point E_ on the v-axis , whase inclination {s arctan 1 / r.o e

where ED and r, are the back e.m.f. and {nternal resistance

of the battery storage load ., F1lg.5 reveals the n_ of four

gtorage batteries powered indivicually by the SPVS of eq.d
e of these batteries is tabulated in Table 1

Table 1 : Energy Utilization Efficiency of the four batteries

B. 5. B.S., B.S. B.S. B.5.

4 3 L]

T?E Pa. a4 8. O 8a. 27 D3, .84

Since the locus of the optimum operation power points of the SCA
is nearly considered a perpendicular straight 11ine intersecting
v-axis at the maximum power voltage . Therefore , the optimum
battery storage to be fed from a SCA achfeving a maximum Mg is

that having back e.m.f. equals maximum power voltage of the SCA

and 1ts internatl resistance 4{s small as possible . The drop of
the radiaticn level and the drop of the battery storage voltage
together Jjust happen to give a good degree of operatfon . From

the above Table the second battery is the proper one because 1ts
operation line 1s aajacent to the Tocus of the maximum operatian
power points of the SCA .

3- WATER PUMP LOAD

Pumps camn be divided into two categories : centrifugal ard
volumetric and they have i1inherently different head vs. flow
characteristics . The characteristics of the volumetric TLV and

centrifuga)l TLH pumps on the mechanical planes are

TLv = AL + BL. W (7}
and i

TLC = A: + Bz.w + Cz. w {8
respectively . The motor torque eguation is

T = & I (9)

and , the motor speed - torque characteristic is

w = (v, =T /C, Y. RY /[T, {10Q)
whera
w 1s the motor angular speed ,
v 1s the motor termipal voltage ,
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IL 1is the motor armature current ,
Rq 1s the armature resistance , and
C is a constant

L4

In the volumetric pump

CE .1 L= A Lt B L™ {11)
hence ,
w =[C , 1 =~ A;] / B {12)

from eqs.10 and 12

(v -1 R}/ C ={(C .1 -AY/ B
L L [+ 1§ L-] - L 1 i
Therefore , the operationm characteristics of the DC permanent
magnet motor - volumetric water pump load on the I-V plane is

F4
VL = IL { Ra + C'i ! B1 )y - CD . A1 ! B1 | {(13)
Eq.13 solves the complixity of determining the operation 1ine of
the OC permanent magnet motor - volumetric water pump locad on the
[-V plane .

In case of centrifugal pump ,

cC .1 =A +B .w + C_ . w (14}

= L £ F F4
hence , the operation characteristics of the DC permanent magnet
motor - centrifugal water pump on the I-V plane is

IL =17 Cg { Az+ thvL-[L.Ra}Ca) + CZ(VL~ IL.RG}ICQJ (15}
Derivation of the operation 1ine eguation of the volumetric and
centrifugal pumps on the I-V plane solves the comiixity of
determining the operation points . The I-V charagterfistics of
the SCA for different levels of insolation are computed by
eq.d . The operation points of the volumetrigc and centrifugal
pumps are determined from the Intersections of +the operation
1ines represented by eg.13 and 15 and the I-V curves are shown in
Fig 6.a. The time uttiization efficiency of two different

volumetric pumps 1s shown 1n Fig.6.b . Energy wutilization
efficiency of these pumps are : 60.91 , and 77.58 %
, respectively . Thi1s because the first pump starts to operate

at 26 mW/sg.cm 1nsolation but the second one at 52 mW/sg.cm

J— LOADS COMBINDELLY POWERED BY A COMMON PY SQURCE
1- Two Loads of the Same Type
a- Two Ohmic Loads ( R1 Iy Rz )
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In this case two ohmic locads of equal or different sizes are
combindelly powered by a common PV source . This source 1s made
from two equal separate sources of eq.3 connected 1n parallel .
The I-V equation of this CPVS s

V =-0.45 . I + (1/0.0422) In (Ibﬁ - 1 + 0.0162)/0.0162 (16}

where for 100 mW/sq.cm insclation , [ . = 27.23A , ¥ = 176 V
ph -2

and P = 2800 W
M

The cperation of the 13 ohms ohmnic load combindelly powered with
another ohmic lead of 5 , & , 13 , and 17 1s 1llustrated in Fig.7
at different solar radfation intensities . Energy utilization
efficiency of different combinations of Rt !/ R g are Tisted 1n

Table 2
Table 2 : Energy VUtilization Efficiency of Different R; a4 Ra
R 9 7 Q 11 132 15 17

R i

2

B W, AT S, IT ST.O7 o, 20 73,0 VS, 848 TE. VT
7 [+ 5 RV ] Ti. 42 TH. 44 BL. 38 BS. 83 ada._ 11 8. 3%
a &7.07  TA, 44 B, 58 Bp. Ad o0, 38 92,07 CE T
11 TH.ZD WZ,.38 CE- R 21,20 0z_ 27 3. D4 23, S0
13 73.30 83.63 oo, an Pz, 2y 3. 31 PZ. 23 ca. 52
1% AE- T TN FT RN | (- 3 e 3y o B w2z p3 »2. 05 V2.5
17 T, T uE,. 3= o3, 03 3. B o3, 52 [=F -1 =20 W -1

The improvement or the deterioratfion 1in the time utilization
efficiency and the energy utilization due to combinding the ohmic
loads for different combinations of lef R2 1s shown 1n Fig.8

Table 4 and Fig.8 show that the equivalent resistance of tne
combination {s the essential factor affecting upon the resultad
time and energy utilization efficiencies . The optimum operation
is achieved for both iwo resistances 1f the eguivalent reststanze
equals half of the optimum resistarce depicted 1n Fig .2.b.

b— Two Storage Batteries ( B.S.lff B.S.z)

In this situation two storage batteries are poweread
combindelly by a CPVS of eqg.l6 . The operation line of the two
batteries 1s a straight 1ine starting at the point

E + ( E, - E Yy e + r } .or at E > E,

b 2 -] o o2

E + ( E - E 4 Uor +or. > ooor at E . < E.

on the v-axis whose inclination 1is



Yansoura Englneerlng Journal (MET), Yol.l7,No.3, Sept.1992. E. 55

tan (r + r 1/ . - ™ 4.

b1 b2

where E » and E s T are the back e.m.¥. and the
b b k2 B2

internal resistance of the first and second battery s

respectively . The time utilization efficiency of the first

battery of 120 V , and 0.8 ohm , the second battery of 110 V and

0.8 ohm and the combination B.S.tlf B.S.2 is shown 1in Flig.9 .

The improvement and the deteriforation 1n . of E.S.‘ and B.S.R

due to powering the batteries from a CPVS is presented fn
Fig.10 . The energy utilfzation efficiency of the two batteries
on powering them either from SPYSs or from a CPVS is listed
in Table 3 .

Table 2 : The energy utilization efficiency of the two balteries
powered from 5PYSs or from a CPVS

B. 5. B.S.1 B. S.2 B.S.i// B.S‘.z
Source
SF¥&E= 48.32 49.03 97.35
CFvE 14.42 83.82 a98.04

The battery of a higher e.m.f. charges of the lower e.m.f. in the

low solar radiation intensities . Therefore ,
nE(B.S.i) deteriorates by 48.32 - 14.42 = 33.90 %
nE(B.S.z) improves by 83.62 - 49.03 = 34.59 %

by (B.S.Lff B.S.z) improves by 98.04 - 97.35 = 0.69 %

E

c- Two Water Pumps ( H.P.iff H.P.z)

In this situation two different volumetric pumps are fed by
the CPVS of eq.l16 . Equation 3 shows that the volumetric pump Is
a straight 1ine starting at the point of

- C . A1 / B; an the v-axis

whose inclination fis
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Therefore , the operation of the pump depends upon A , 8 ,R , and
H 1 a

c , the latter 1s the most effective factor . Two pumps have

the following data are combindelly powered by a CPVYS of eqg.l6
0,002387

n

W,P, :C =0.6 ,R =¢.1 ,A=4.2 ,8
1 1 1

- 3

0.002387

1]

W.p. v C 1.0 , R =0.2 .A=4,2 .08

Z o a 1 1

The time wutilization of the two pumps W.P. ., W.P., 6 and

the combination ¢ H.P.ilf H.P.z ) 13 shown 1in Fig.11 , and the

change fn it in F{g.,12 due to powering from a CPVS . The energy
utilization efficiency of these pumps s tabuiated 1n Table 4
when powered efther by SPWEs or by a CPVS .

Table 4 : Energy utilization efficiency of the two pumps
when powered eilther by SPY¥Ss ar by a C(PVS

N W.P. ‘H.P.J w. P.a ﬁ.F‘.lfﬂ.F‘.a
Source

SPVSs 38.79 30.45 69.25
CPVYS 46.26 26.85 72.81

The cperation of the First W.P. improves by :

46.26 - 38.79 = 7.47 % at the expense of the operation of the
second punp in which the operation deterigorates by : -
30,45 - 26.55 = 3.50 % but the operation of the combination
improves by :

72.81 - 69.25 1

The degree of operation of the pumps 1is essentially dependent on
their parameters az explained above .,

1I- Two Loads of Qi{fferent Types
a- Obmic Load /j/ Battery Storage Load
Now the ohmic load and the battery storage are connecting in
paralilel across the CPVS of eq.l16 as shown 1n Fig 13 . The
operation line 1s a straight 17ne starting at the point of

[Ebf { R + Pb) 1 . R on the v-axis whose inciination is
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( Tt R Y/ roo- R

Fig. 14 shows the time utilization effliciency of the ohmic lcad
of 11 ohm and the battery staorage of 120 V and {ts internat?l

resistance 1s 0.8 ohm and the combination R [/ B.5. . The
change 1n the time utilization efficiency due to powering by a
CPVS 1s shown 1in Fig.15 . The energy utilization efficiency

resulted from using SPVSs and CPVS 15 T1isted in Table §5 .

Table S : Energy utilization efficiency of the ohmic and batiery
storage loads when powered elther by SPYSs or by GPYS

Load = B. s, R »7 B.S.
Sowurce
chyYs 65.64 31.91 g97.85
SFPYas 45.64 48.32 93.96

In the low sclar radiation {ntensities , the battery storage
assoclates the CPVS 1n powering the ohmic load . Therefore ,
a- the operation of the ohmic load improves by :

65.64 - 91.28 = 20 %
b- the operation of the battery storage deteriorates by :

31.91 - 96.64 = - 16,4%

c- the operation of the combinatfon R /f B.S. {improves by :

97.55 - 95.96 = 3.59%

b- Ohmic Locad // Water Pump Load

In this situaticon , the ohmic load 1s connected in parallel
with the volumetric water pump acrosse the CPVS . An ohmic
toad of 11 ohms and the volumetric water pump has the following
data :

120 ¥V , 9.2 amps . 157.1 rad. } sec. . R4 = 1.5 ohms ., C‘ = .621

The operation line 1s represented by a straight line starting at

the point of 2
-t c . A1 /B Yyt (R +R +C /8 1) 1.R

i =3 o L

on the v—axis , whose 1inclination is

{ R +R +C:,’B‘)fR(RG+CiJB)

1

The time utilization efficiency of the ohmic , pump and combined
loads 1% shown 1n Fig.l6 and the sharge 1n Tt due &6 Eoggrigg
from the CPVS {s reavealad ir F1g.l7 . The energy utiliistidn
efficiency of the ohmic , pump and combined loads 1s listed 1in

Table 6 on powering them either from SP¥Ss or from a CPVS ,
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Table 4 @ Energy utilization afficiency of R, W.F. . and
R v W.P powerecd eilher by SPYSs ar by a CPYS

Load R w.FP. R »~7 W.F.
Source
CPYS 50.88 37 .48 B8R .36
SFYSs 45.64 38.79 §4.43

Table 4 demonstrate the following
i- the cperation of the onmic l1oad improves by :
55.88 - 45.64 = §5.24 %

2— the operation of the W.P, deteriforates by :
37.48 - 3B.79 = -1.,31 %

3- the operation of the combinatien R // W.P.improves by :
B8.36 - 84.43 = 3.93 %

c—- Battery storage // Water Pump

The battery storage taken 1n the case II.2 and the water
pump taken 1n the case [1.3 are connected {in paraliel across the

combined PV source of eg.16 . Time utiiization efficiency of the
B.5. , W.P, , and B.S5.//W.P. 1s revealed {in Fig.18 , the change
in it in Fig.19 . The energy utilization efficiency of 6.5 ,

W.P. , and B8.5.//W.P. on powering them efther by SPVSs or by
a CPVS 1is listed in Table 7

Table 7 ¢ Energy utilization efficiency of H.5. , W.P.
, and B.%. s W.FP. powering by 5PY¥Ss ar CPYS

Load B. 5. w,. P, E.5.7”W.F.
Source
CFYsS 48.75 48.28 97.07
SPYSs 48.32 38.79 87.11
The cperation of the B.5. , W.P. , and A8.5.//W.P. improves by

48.79 - 48.32
48.28 - 38.79 9.4% % ,and
97.07 - B7.11 9.96 %+ , regpectively .
The results out of the above three cases are summerized 1n
the following

0.47 % ,

I

1- the operation of the ohmic load 1mproves by

43.76 - 30.43 = 13.33 % ( R {! B.5.)
33.92 - 30.43 = 3,49 % (R // W.P. )
43,52 - 30.43 = 13.09 % (R // 8.5, {/ W.P. >
2-the cperation of the B.5. deteriorates by
32.21 - 21.27 = 10.94 % CR /) B.S. D
% (R {/ B.S. /] W.P. )

32.21 - 25.29 = 6£.92
but improves by :
32.53 - 32.21

[]
o
[
2%}
[

(R /I WP
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The operaticn of the W.P. improves by

32.19 - 25.86 6.33 % { B.S. [} W.P.

29.88 - 25.86 4,02 % { R /f B.S. Jf W.P. )
but deteriorates by

25.86 - 24.98 = 0.88 % CR /f WP}
Therefore ., the operation of the W.P. and +the ohmic 1lgad 1is
improved wnen powered combindelly with B.S. at the expense of 1ts
operation .

hon

I1I- Three Loads of Different Types

In this situation the ohmic load , the battery storage , and

the water pump are combindelly powered by a CPVS . This system
is made of three equai separate sources of eq.3 connected in
parallel . The I-V equation of this source is

V=-0.31+ (1{0.0422),1n((Iph - 1 + 0.0243)/0.0243} (17)
where for 100 mW / sg.cm inmsolation , Iph = 40.845 A , %c = 176V

, and P = 4200 W .
M

Time utilization efficlency of the ohmic load of 11 ohms , the
battery storage of 120 V back e.m.f. and finternal resistance
of 0.8 ohms and the predescribed W.P. 1in the previous f1tem
combindelly powered by the CPVS of eq.l17 is shown In Fig. 20 .
The change 1n 1t due to powering from the CPV5S 1s depicted 1n

Fig.21 . THe energy utilization efficiencies of the ohmic , the
battery storage , a2nd the water pump loads are Tisted in
Table 9 .

Table 9 : Energy utilization efficiency of R , B.S. , W.P.
and R /f} B.S. }} W.P.

Load R B.5. W.P. R /! B8.5. J} W.P.
Source
CPVS 43,52 25.29 29.488 g98.69
SPVSs 30,43 3z.21 25.86 8B.50

Table 9 shows that the operatfion of the ohmic lsad . +the water
pump . and the entire combination are improved by 13.09 , 4.02 ,
and 10.13 % , respectively but the operation of the battery
storage deteriorates by 6.92 % .

CONCLUSIONS

In this paper the performance of the ohmic Joad , battery
storage , and water pump 1ig determined when powered individually

by SPVS5s or combindelly by a CPVS . The 1ndices for the
performance were : the " Time Ut1lization Efficlency " and the
“ Energy Uti1lization Efficlency " . The conclusions were drawn

for the following particular cases :

{a) Individual snhmic , battery storage , and water pump Toads ,
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{b) A cobined load consisting of two loads of the same type ,

{c) A combined load consisting of two lcads of different types ,
(d) A combined load consisting of three different loads

Firstly ., the optimum ohmic Joad ., Rept. at which the energy
utilization efflctency 1s maximum 1s determined . Also , the
operation of the volumetric and centrifugal pumps on the I-V
plane 1s derived and solved the complixity of determining the
operation characteristics . The conclusions are

1- The ohmic loads supplied either by SPYS or by CPVS can be
rearranged 1n a serlies/parallel cembination 1in which the
equivalent resistance egquals the optimum one

Z2- The operation of the battery storage can easily be optimized
and the battery storage itselif is considered as a maximum power
tracker .

3- Operating the ohmic loads and the water pumps combindelly
with the battery storage 1mproves their operaticn at the expense
of 1t .

4— The ohmic Toad deterijorates the operation of the loads powered
combindelly with it

E- Inm a CPVYS there exists an additional option where 1In certain
cases 1t might be advantageous to disconnect a lscad from 1t 1in
order to {improve the operation of another load

6~ The designer of PV system may wish to analyze the possibility
of a commaon/multipie system design to achieve higher perfaormance
compared to separate source/findividual systems

7- The parameters of the PV sources and the supplied loads can be
determined in aorder to achieve a high degree of operation
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