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ABSTRACT

A solar cell arrgy consists of number of cells connected
in series and shunt. The output voltage requirement decides
the nunber of cells to be connected in serjes whereas the output
current requirement decides the shumt connection of cells. The
electrical behaviour of the array 1i1s decided by the V-I charac-
teristics of each cell which forms the array. If the cells are
identical the array V-I characteristics and thereby its parameters
can be evaluated quite easily. The determination of the V-I
characteristics of the array is not easy if the cells used in
the array are nonidentical. The chargcteristics of the cells
may not be identical due to the manufacturing spread or non-
uni form illumination of the cells. Also the characteristic of
the cells at the required environmental conditions may not be
available. Therefore, one has 0 use the experimental charac-

teristics of each cell and therefrom determine the characteristics

of t.he array.

In order to analytically determine the characteristics
of an array, each cell in the array is replaced by its equivalent

model and the array 1s then analysed. The model of the cell in



comnon use at presert involves a diode, series resistance and
shunt resistance'(Fig. 1.1). The relationship between the cell
output voltage and currert is thus nonlinear. Unless physical
dimensions of each cell are agvailable, the relationship can

not yield accuate value of the voltage at a specified current.
Also, simce t @ model includes the series and shunt resistances,
their values should also be known., Though many methods are
avallable to determine these resistances, the values given by
each method differ. Therefore, unless each cell characteristics
are modelled accurately at the specified emvironmental conditions,
the use of these models to determine the overall V-I characteris-

tics does not yield accurate results. Moreover one has to handle

nonlinear equations.

In the presemt work, a simple approach to analytically
determins the solar cell array V-I characteristics has been
presented. In this approach, the nonlinear experinental V-~I
characteristics of a cell is divided into three piece~wise linear
segments and each segremt is represented by a linear V-I relation-
ship. Using the linearised claracteristics, the performance of
the array is analysed and the results are also experimentally
verified., The problews of hot spot formation in series connection
and power dissipation without any load in shunt connection are
discussed. A gereral procedure o analytically determine the
V-I characteristics of a solar cell array of any size is given

and also experiumentally verified for a 5 X 2 array.
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The V-I characteristics of a solar cell and a solar
cell array change with intensity and temperature. The variation
of characterising parameters of a cell based upon the piece-
wise linear approximation of its V-I characteristics is also
discussed, The parameters describing the linear spproximation
are related with the parameters due to diode model of the cell
(Fig. 1.1). Using the established variation of parameters of
diode model with intensity and temperature, the variation of
parameters dwe to linear approxd ation is explained and also
experimental ly verified. It 1is shown both qualitatively and
experimentally that the solar cell array characterising parameters
with intensity amd temperature vary in a manner similar to that

observed for a single solar cell.

The design of a 40Z5A microprocessor based system for the
piece~wise linear characterisation of a solar cell/solar cell array
characteristics is also presented. The hardware and software
design of the system is given. The software design is verified
using SDK-85. The assewbly language comversion of the various
algorithms is also given. The desired parameters of the cell/array

can be selected through a key board and displayed using ILED displays.

The operation of solar cell array coupled to fractional
horse power DC motor and chargeable battery loads is studied. The

solar cell array design taking into account the input intensity
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variation is also presented. The design of regulated solar

cell arrays delivering a constant-voltage or a constant-current/

constant~voltage output is also given and experimentally

verified.

The study 1s likely to be useful for applications of

solar cell arrays in low paver consuer applications.

R e el L
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CHAPTER 1

INTRODUCTTON

A solar cell is a device which converts sunlight into
electrical power. The power can be extracted by connecting
a load to the solar cellz The power available from a single
cell is very small. The open circuit voltage of a silicon
solar cell is about 0.6 volts whereas the short circuit
current depends upon the area of the cell and so far the
silicon cells in use have short circuit current of the order
of 1 Ampere. Therefore, to get large power, voltage and
current outputs from a supply using solar cells, number of
cells are to be connected in seriss and shunt., This forms a
solar cell array. The output voltage requirement decides the
nuiber of cells to be connected 1n series whereas the output

current requirement decides the shunt connection of the cells.

The solar cell arrays have been used extensively as
source of power in space programs. The usefulness of the
solar cell arrays for terrestrial gpplications 1s even greater.
The feasibility of large scale generation of electric power

2 .
using solar cells has been semphasised by loferski. LEfforts



are being made to use solar c¢ell arrays economically for

terrestrial applicationsz_bz

To design a solar cell array for any application or to
study the perfor:ance of a solar cell array, at least the
following electrical parameters for the given environuental

condit fons and intensity are specified.

a) Open circuit voltage, V

b} Short circuit current, ISC

¢) [Maxiinum power output, PM

d) Voltage and current at the maximum power output,
VM and IM

e) Load resistance to be connected to the array for

maximum power output, RM

All these parameters can be determined from the V-I characteri-
stics of the array. As the array consists of series and shunt
connection of number of cells, the V-I characteristies of the
array depends upon the V~I characteristics of each cell forming
the array. In order to determine the V-I characteristics of
the array, each cell in the array is replaced by its electrical
equivalent and the complete equivalent circuit of the array

s then analysed using known circuit analysis techniques.

Various equlvalent models of solar cells reported in

the literature are discussed below and limitations in using the



particular model for the array analysis are also presented.

The equivalent circuit of a solar cell in common use1
is shown in Fig. 1.1. In this model IS is the photogenerated
current, diode represents the p-n jurction, RS and RSh are
series and shunt resistances. If load resistance RL is
connected across the outpu terminals, the current IL through

the load is given by

D Rsp

Ip = Ig

where the diode current ID is,

Q(VL +-_£L RS)

ID = IO (e

Here I; 1s the diocde reverse saturation current, k is the
Boltzmann's constant, T 41s the temperature, q is the charge

of electron and A 1is thne diode quality factor.

It is obvious from eqn. 1.1 that the load currem depends
upon IS' I, A, Rg and RSh' All these terms depend upon the
fabrication specifications of the cell. I also depends upon
the incident photon intensity. Therefore, the analytical deter-
mimation of the load curremt requires the knowledge of the cell
fabrication details. Egn. 1.1 has also been obtained using the

V~I characteristics of the solar cell and curve fitting techniquesl."3



Fig., 1.1 Bqulvalent circuit of a solar cell



Nurerous techniques for the evaluation of various
parameters of the solar cell with reference te eqn. 1.1 have
been reported in the lit.er'at:.urez.'l’-55 Since each method is
based upon particular assu ptions, the parameter values
calculated using these .ethcds mve resulted in different

numerical values even for the same solar cell.

~any other equivalent circuits like distributed constants
56

model, second arder lumped cornstants model, etc. have also

peen put forth, DBut because of their complexity they have not

received wide acceptance,

In view of the fact that the cell is generally used
near or at the aximum power polnt, it has been sugiested that
instead of Rg one shoulid use the imernal resistance, RiM
given by the slope of the V-I characteristics of the cell at
the maximum power point. The optimum value of the load, R0M
has to be equal to V, I, for maximun efficiency of operation

of the cell?7

The equivalent circuit of solar cell given in Fig. 1.1

and represented by ean. 1.1 has the following drawbacks:

a) The egn. 1.1 is a nonlinear equation and when number
of cells are conrected in an array, the analysis using this
model becomes quite difficult. Complexity further increases
if the cells are not identical to start with or their character~

istics differ because of different oOperating conditions.
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b) The parameters in egn.1.1 depend upon the fabrication

specifications of the solar cell in addition to their dependence
n intensity and temgerature.
¢) No simple method exists to find out the parameters like

RS’ Rgp» IO’ A etc.
d) The equivalent circuit does not take into account the

operation of the cell under positive and negative over voltages

which are the likely conditions in any array.

Some work has bgen done to study the effect of variation
of solar cell paramneters on the array output using the above
equivalent circuit and probability theory?a-uh. The analysis
of an array using this approach becomes quite involved when

nonidentical cells form the array.

Another difficulty one faces is that as the V~I charac~
teristics of the array depends upon the individual cell V-I
characteristics, one needs the V~I characteristics of each cell
at the operating intensity and temperature., These V-1 charac-
teristics of the cells iway differ from the one given by the
manufacturer. Infact, the difference in the actual V-T
characteristics of the cell may also be due to the manufacturing
spread. Thus for an accurate analysis of the array, the actual
V~I characteristics of each cell at the desired operating
jntensity and temperature must be known. The analysis

based on these V-1 characteristics of each cell is more

meaningful.
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A new equivalemt circuit put forth by Slonim has

been used in reliability simulation of a large solar battery66

using identical solar cells. This equivalent circuit is based
on the actuwal experimental V-1 characteristics of the cell.
The V-1 characteristics is divided into two linear segrents,
Bach seg.ent is expressed by a linear V-I relation-
ship. The cell has been modelled on the basis of these linear

equations, The model also takes into account the positive and

negative over voltages.

However, no attempt has been made to analyse the solar
cell array using nonldentical cells involving the linear seg-

ment equations or the equivalent circuit based upon these

equations.

The motivation of the present work has been to analyti-

of
cally determine the characteristics, solar cell arrays employing

both identical and nonidentical cells.

The scope of the present work is mentioned in the next

section.

Scope of the Present Work

In the present work, the analytical determination of a
solar cell array V-I characteristics is carried out using piece-
wise approximation. The V-1 characteristics of individual cell

is approximated to be piece~wise linear and 1ls represented by



a three linear segment approximation. Lach segeent is
expressed by a simple linear equation. Using this approxima-
tion, the complete array characteristics is determined. The

features of the piece—wise approximation are given below.

a) gach segment is represented by a linear V-I relation
which is easier to deal with in comparison with the V-I rsla—
tion of the cell given by egn. 1.1,

b) The determimtion of the parameters used in the linear
equations is straight forward and does not require any fabrica-
tion specifications or the manufacturer's V-~I characteristics,

¢) The determination of the parameters used in eqn. 1.1
like Rg, Rgy, Ip etc. is not needed as the equations specifying
the V-I relation for a segment do not involve these parameters.

d) Representation of the V-I relations in the form of the
equivalent circuit used by Slonim is not needed in the analysis
of the solar cell array.

e) The behaviour of a solar cell under positive and negative
over voltages is also taken care of by this approximation as

the reverse and forward characteristics of each cell are also

conslidered.

The valtdity of the plece~wise approximation is discussed
and a piece-wise linear approximation of the solar cell V-I
characteristics employing three linear segments 1s used for the
analysis of a solar cell array. The parameters to characterise

a solar cell based upon this approximation are defined and their
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relationship with the paraneters based upon the equivalent
circuit of Fig. 1.1 1s established. As the variation of the
paraseters like RS’ Agp VUC’ ISC’ IU etc. with intensity

and temperature is known, the above relationships are used

to discuss the variation of the characterising parameters

based upon three lirear segment approxi mtion with intensity
and terperature. This knowledge of the variation of parameters

also helps in estimating the performance of solar cell array

with intensity and temperature.

Three pilece~wise linear segment approximtion of V-I
characteristics of a cell is used to determine analytically
the V-I characteristics of a solar cell array. The procedure
for analysing a solar cell array is first illustrated by using
a combimtion of two identical and also two nonidentical cells,
It is shown that given the characterising parameters of solar
cells, the evaluation of the V-I characteristics of the combi-
nation of two cells is straight forward and easy even when non-—
identical cells are used. This approach also clearly explains
the formation of hot spot in series connection67 and dissipation
of energy in the shunt connection even without any load. A
general procedure is then presented to amalytically determine
the V~I characteristics of a solar cell array of any size., The
analysis being dependent only on the three piece—wise linear
approximation of individual cell forming the array does not

require any complicated mathematical manipulations to charac-

terise a solar cell array using nonidentical cells,
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For the analysis of a large array, the determination
of characterising parameters of each cell 1is quite time
consuming. The manual evaluation of parameters of each cell
is avoided by designing a microprocessor based system which
displays the desired parameters of a cell. The system designed
is based on 8085A microprocessor and its associated hardware.
The microprocessor has already been used in the deslign of
systems for the measurement of energy, battery charging,

tracking, etc. by some authors§8’69 The software and hardware

design of the system 1s presented.

The present work also includes the study of the
performance and design of a solar cell array coupled to
different types of loads. The various loaads are simple
resistor, inductor, capacitor and their combimtions. A
fractional horse power dc motor commonly used in tape recorders
and a chargeable battery as loads to the solar cell array are
also studied. It is shown that for battery charging a constant
current/constant voltage type supply is suitable. This type of

s0pply is designed using regulators coupled to solar cell

arrays.
In Chapter 2, the piecevwise approximation of a solar

cell is presented. The experimentally obtained nonlinear V-I

characteristics of the solar cell is approximted using three

piece-wise limear segments and two
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plece~wise linear and one non-linear segment. It 1is shown
that the three linear segment approxiiation of the charac-
teristics 1s optimum. The conclusion is based upon the
experimental and analytical results which show that the

error in using three piece-wise linear segments as compared
to two piece-wise linear and one nonlinear seguent approxima-
tion is quite small. The selection of three piece~wise

lire ar segments rather than large nuaber of linear seguents

is also discussed.

Based upon three piece-wise linear approximation of a
solar cell, the characterising parameters of the cell are
defined. The relationship between these parameters and the
parameters due to the model of Fig. 1.1 is established. The
variation of characterising parameters due to three piece-wise
linear approximation with intensity and temperature 1s discussed
using the known variation of cell parameters of Fig. 1.1. The

variation is experimentally verified.,

Chapter 3 1lllustrates the procedure for the determina-
tion of a solar cell array V-I characteristics based upon three
plece~-wise linear segment approximation of the sclar cell V-I
characteristies, Combination of two nonidentical cells is
taken first. To find the V-I characteristics of the combina-
tion, the resultant short circuit current and open circuilt

voltage are first determined. The method to0 determine resultant
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I and Vg both for series and shunt connections is given
and verified experiusentally. From this method, hot spot
formation in series connection and energy dissipation in

shunt connection becomes obvious, The overall V~I characteris-
ticse of the combination is then obtzined. This procedure is

illustrated using examples and is also experimentally verified.

When more than two nonidentical cells are connected in
series or shunt, the procedure to evaluate the overall V-I
characteristics of the combination is taken next. Here the
resultamt characteristics of two cells are determined first.
As the cells are nonidentical, the resultant characteristics
way contain more than three plece-wise linear segrents,
Therefore, the resultant characteristics of two cells is first
converted to three linear segmemts and then the resultant
characteristics of this combination and the third cell is
obtained. The method to convert the resultant V-I characteris-
tics of the combination of two cells into three segments is

illustrated. This method is used in the computer analysis of

the complete arrays.

The general procedure to determine V-I characteristics
of the array consisting of m nunber of shunt connection of
sub-arrays employing n number of series connected nonidentical
cells is then presented. The characteristics of & 5X2 array
using the above procedure is: analytically determined and the

performance of the array 1s also experimentally studied. The
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experimentally determined V-I characteristics of this array

matches very well with those obtained analytically.

The performance of solar cell arrays with increase
in intensity and temperature is studied. The variation of
the characterising parameters of the array with intensity
and temperature is measured experimentally. This variation
is then discussed using the variation of the characterising
parameters of a single cell. It is observed that the array
parameters follow an identical variation as obtained in the

case of a single cell.

The analysis of a solar cell array requires the
characterising parameters of each cell forming the array.
The design of a 8085A microprocessor based system to charac-
terise each cell is presented in Chapter &. Voltage and
current data points corresponding to the cell V-I characteristics
are obtained in the system. The characterising parameters are
evaluated by a suitable manipulation of these data points. The
desired parameters of the cell are selected through a key board
and displayed on seven seguent displays., The display also
indicates any error in manipulations of the data or wrong
it erconrection of the cell with the system. The algorithms
for calculating the mximum power output and fill factor are
presented. The lardware design of the system is discussed
and the details of the design are presented in Appendix C.

In this design, the system accepts maximum values of the input



1O

voltage and current. The output of a solar cell array may
exceed these limits. The system modification for this purpose
is also dealt with, The various algorithms for computing the
cell parameters are verified using the experimental data points
as the input. The algorithus are translated in the assembly
language and the corresponding nachine language codes are
generated for each instruction. The design of the software is
also verified. The assembly language comwersion of various

subroutines 1s presented in Appendix D.

In actual practice, a solar cell array is coupled to
different loads. The performance of/solar cell arrays coupled
to different types of loads is analysed in Chapter 5. Two main
types of loads considered are, a fractioml horse power de¢ motor
used in cassette tape recorders and a chargeable 6 volt lead acid
battery. For each type of load the design criterion of the
solar cell array is presented. The design also takes into account
the effect of variation of intensity on the array performance.
The design is verified experimentally. For the completion of
study, other types of lcads such as resistive, inductive,
capacitive and their combinations are also studied. any appli-~
cations require regulated dc power supply. In such applications,
the array output directly cannot be used because the V-1
characteristics of the array changes with Imtensity and
temperature. The design of regulated solar power supplies

using discrete and integrated circuit components is presented



and experiunentally verified.

The summary and conclusions of the mresent work are

oresented in Chapter 6.
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CHAPTER 2

SOLAR CbLIL PERFORMANCE EVALUATION BASED ON

PIeCL-V ISE APPROX IMAT TON

2,1 Introduction

In order to evaluate the performance of solar cells
analytically, various equivalent circuits representing the solar
cell behaviour are availablel-'B The equivalent circuit in
common use has already been given in Fig. 1.1 (Ch. 1), The V-I
relation of the solar cell represented by this model is non-
linear and depends upon the various physical parameters of the
device which may not be readily avallable. Techniques for the
evaluation of various parameters hve been reported in the
1lit eraturez.’-w Hovever the parameters evaluated using different
techniques are not always same. Further, the actual V-I charac-
teristics of the cell may differ from the one given by the
manufacturer because of manufacturing spread, operation under
different intensities and temperatures etc. When nonidentical
cells are comnected to form an array, iv is possible that some

of the cells may operate under positive and negative over

voltages. The model does not represent the behaviour of the



cell under these conditions. It also becoues very difficult

to evaluate the performance of the array analytically using

this model.

A new equivalert circuit given by Slonj.ul16’17 is based
on the actual experimental V-~I characteristics of the cell., In
this model, the V-I chargcteristics is divided into two linear
segments which are in turn expressed by linear V-I relations.
The model alsc accourts for the abnarmal operating conditions of

the cell when used in an array.

V-I characteristics representation using only two linear
segments does not accurately represent the actual characteristics
of the cell. Using mare number of segnents 1In turn increases

the complexity of the eqivalent represertation.

In this chapter, the piece-wise approxiimtion of a solar
cell V-I characteristics is presented. The starting point is
the actual experimental V-I characteristics of the cell to be
used. In general, the nonlinear V-I characteristics ¢an be
approxirated by number of linear segienmts ar a combination of
linear and nonlinear segments. The selection of the nuuber of
seguents depends upon a compromise between the desired accuracy
and ease of calculations., Three linear segment representation
of the V-I characteristics of a cell is introduced and a compari-
son with an approximation involving two linear and one nonlinear

segmert, is made, V-~I characteristics representation using three
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piece~wise linear segmermts Is considered to be optimum if the

cells are to be used in an array.

The performance of a solar cell las been experinmentally
studied and three linear segmsrts approxiiation of the V-I
characteristics is given. The = lar cell parameters are evaluated
using the plece-wise linear approxication and the comparison with
the actual characteristics is given. The performance of the c2ll
under high intenslty and high temperature 1is also experirentally
studied. The design of the heat sink to be used with the cell
is illustrated in Appendix A. The variation of parameters
characterising the three linear segments at high intensity and
high temperature is presented using the known variation of con-
ventional solar cell model parameters under these conditions. The
variations of these mrameters with temperature and intensity can
be used to pgredict the nature of variation of the array chmracter-

jsties under these operating conditions.

2.2 Piece-wise Iinear Approxiwation of a Solar Cell V-T
Characteristics Employing Three Linear Segmnents

A typical V~I characteristics of a solar cell is plotted
in Fig. 2.1. The V-~I characteristics is approximated by three
linear seguents as shown. The linear segrents I and III are
drawn to cover maximum nunber of data points near Voc and IsC
respectively. Segment II intersects segmuent I at (V1, I,) and
segment IIT at (Vz, I,) points. The criterion to draw segnent IT

in addition to cover maximum number of data points is that this
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segment is drawn so as to have almost equal distance from the
intersection points to the nearest data points on the charac-

teristics i.e.

Distance of (V,,I.) from . Distance of (V,,I,) from
its nearest data point its nearest data Point

In this way the segment II is syumretrically drawn., In most of
the cells, the maximun power point lies in segent II. The
figure also indicates the slopes of each segment in terms of the

resistances offered by the straight lines joining two intersect-

ion points.

The squations representing these segments in terms of
the resistances and Intersection points can be found from the
basic straight line equation joining any two points. The

equations governing each segment are
Segment I, V =Vgo ~ R, I o 2.1a
Segment II, V =Vg, + LR, ~ (R +R,)T .o 2.1b

Segment III, V =V + I.'R2 + 12R3- (R1+R2+R3)I . 2.1cC

Van - V V, -V v
OC 3 1 2 2
where R, = — 1 » Ry+R, = Ty RytR+R, =
1 1 1772 I, I, 17273 I&,:..I2

These equations, being simple linear equations, can be manipulated

with a great ease in comparison to the nonlinear equation of the

cell.



2.2.1 Maximum Power OQOutput Evaluation

One of the most desired parameter of a cell is the maximum
power available from the cell. The calculation of the maximum
power output of the cell is quite easy using piece~wise linear
segment representation of the characteristics as compared to

the nonlinear model.

The segment equation 2.1 can be written in the following
general form

V = K1 "KzI - 2.2
where Ky and K2 are constants declided by the segment.

Power P 1s glven by

2
P = VI = K-[I - KZI .o 2.3

Di fferentiating and equating the result to zero gives the value

of the current, I, for the maximum power
Iy = ee 2.4

Substituting eqn. 2.4 in egns., 2.2 and 2.3, the value of the

voltage, V, at waximum power and the maximum power, Py are

given by
K
vI" = 2— .- 2 . 5
K12
and Plg = —_—



The load resistance, RM to be connected to the cell for the

maximum power output is given by RM = l-i? .

In gereral the maximum power point can lie in any of
the three segments. Also there iIs only one naximum power point
on the V-1 characteristics of the cell. Keeping in mind the

above, the following procedure is used to evaluate the maximun

power output.

V, and I, are calculated for segment I wusing eqns.
2.4 and 2.5 and substituting Ky, and KZ values for this segment.
The segment I lies between (V1,I1) and WOC’ 0) points. If V:‘.1
and Iy values lie within this range, Pyl=V, 1) 1is the
maximun power output. Otherwise, as the power increases with

increasing values of the curremt from point (VOC’ o), VM - V1
and IM = 11 such that PM = V.' ‘I1 .

The above method is repeated fa segment II glso and V,1
N
and Ii-' values are checked with the limits of segment II viz,
(VZ’Iz) and (v1 ,11). If these lie within the range, PM(= V:-x' Ibi]
is the maximum power output. Otherwise the power Py = V2.12

i1s checked with V1 . I.l product and maximum of the two values

gives the maximum power output,

For segment III also VM and Iy are determined using
eqns. 2.4 and 2.5, if these lie within the limits of segment III
viz. {0, Igz) and (Vz,Iz). This is the maximum powgr point.
Othervise Py =Vg. I,. Knowing Vy and Iy Byl = i:-i) is also

determined.



2.3 Two ILinear and One Nonlinear Segment Represemtation of

Solar Cell V-~I characteristics

The solar cell V-T characteristics can also be transformed
into two linear and one nonlinear segent. Segents I and IIT
are approxi:ated to be linear sseguents and are drawn using the
sa.e c¢riverion as discussed for the three linear segment repre-
sentation., Segmermt II is considered as a nonlinear segment, The

equation governing V~I relation is der:i‘ed using empirical

results.

This represertation can also be used to simulate the solar
cell characteristics and analyse the solar cell array. But as
this represemtation uses nonlinear empirical equation, it has the
sa.ue drawbacks as the nonlinear equation of the cell. Also as
this represertation requires the empirical equation for the non-
linear segrert which varies with slight change in the characteris-
ties of the cell and replacerent of a cell by another cell, the

approach tends to be of little interest.

It may also look that in three linear segment representa-
tion, the maximum power output may be quite different from the
two linear and one nonlinear segment representation, because of
approximtion of nonlinear curve with linear seguemt. Howxever,
it is shown that the maxirmum power difference in two representa-
tions is very small., The V-I characteristics of a cell is
experimentally obtained and represented by plece-wise approxima-

tion in the next section.



36

2.4 Lrxperiuental study

For the purpose of experimental studies presented in the
thesis two types of solar cells manufactured by CEL, India have
been employed. The specifications of the cells at 1 SUN and 27°C

16
are given below:

Cell T (Small area cell, 5 cmgl

Igc = 142 mA, Vgo = 0.58 volts, P:7= 65 mW

Cell IT {large area cell, 20 cm?l

ISC = 500 IIJA, VOC = 0.58 Vo:l.ts, Po = 260 HM

The data points corresponding to the V-I characteristics
of a small area cell (Cell I) are measured experimentally using
the set up shown 1in Fig, 2.2. Using these data poimts V-I charac-
teristics of the cell is plotted in Fig. 2.3. This characteristics
is divided into tiree linear segients using the procedure outlined
earlier. The various parameters esti.ated from the three linear

segment piece-wise gpproxiimtion are given in Table 2.1,

Table 2.1

Vo Isc \ 5 V2 I
(Volts) (Amperes) (Volts) (Amperes) (Volts) ( Amperes)

0. 5400 0.0770  0.4000 0.0600 0.2550 0.0755
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The maximum power as calculated is 24 mw.

The experimental data points are also used to get two
linear and one nonlinear segment representation of the V~I
characteristics. The empirical equation for the nonlinear seg-

mert II using the cwve fitting technique is given by
I = 0.072 + 0.09 - 0.32v° .o 2.6

The derivetion of this equation is based on the assumption that

the nonlinear segmnent II is of the for'm19
I~1I
—Ba . st bw
Va- v

where Ia and 'Va correspond to the intersection of segmnt I
and II. Far the cell under observation, the segment II corres-

ponds to the observations given in Table 2.2.

Table 2.2

vV I
(Volts) { Amperes)

0.410 0.056
0.380 0.061
0.340 0,066
0.300 0.071
0.234 0.074

0.162 0.076
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The coefficients a' and b' are determined from the observations.

For the maxi mum power calculations, eqns. 2.4 and 2.5 are

modified for segmert II. From equation 2.6
2 3
P = VI = 0,072V + 0,09V -~ 0.32V
Di fferentiating and equating to zero, we obtain
VM = 0,38V and -~0,19V

As V; =-0,1% is not within the range of segment II,
V. = 0.38% is accepted., For this pr

i~

e,

22.8 md

and IM 0,064

The parameters obtained using this represemtation are given in

Table 2'3.
Table 2.3
Voc Ige vy 14 V2 I
(Volts) (Amperes) (Volts) ({Amperes) (Volts) (Amperes)
0.5400 0.0770 0, 4100 0.0560 0.1620 0,0760

It can be seen from the maximum power output in the two
cases, the error is only 5%. This shows that the three linear
segments can be used without much error to approximte the V-I

characteristics of the solar cell,
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2.5 Variation of Three Segment Parameters with Intensity
and Temperature

The variation of various parameters of the solar cell model
of Fig. 1.1 viz. Igg, Vg, Rg ete, with intensity and temperature
has been studied by many authors. Variation of the resistances
offered by each linear seguent of the piece~wise approxivation(Fig.21)

with intensity and temperature is presented here. It is assumed

that

a) Schockley's equations are valid.

b) Segment I 1s drawn as a tangert at point V.- and
segnent III as a tangert at ISC'

c) The maxdmum power point lies in segment II.

d) ™A™ does not vary with intensity and temperaturezo in

the range of interest,

Since the variation of imbensity is considered tc be within
the 1imits of low level injection, the first assumption is generally
valid. The require.ents for drawing segients I and TII are not
much different from drawing tangents af points V ,. and Ig,
respectively and als0 as has been pointed out earlier, the maximum
point lies in segient II, assumptions b) and ¢} are quite satis-

factory. The validity of assumption 'd' is already eStablished%n

2.5.1 Helations Between Ry, Rrr & Ryt and the Parameters of Fig,1.4

21
Neglecting the effect of Rg, nonlinear equation of the cell
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becomes
1
= (V; + I:.R.)
= v L L"8 . _ AKT
IL = Is'IO (e - 1), where =g

D'fferentiating this equation

V.+ IR <
= 1 e~} :
dIL 2 - Iu‘ - e dVL * = e dIL)
V+I;R
or dVp . -(—LLTLLS)
—I—- - S e - RS . .- 2.?
aly Io

Eqn. 2.7 gilves the slope at any value of 'VL and IL'

At I, = O where VL = Vog» eqn. 2.7 reducss to

av -
s | =R+ —— o " )
dIL{I:O To

This 1s also equal to - RI. So

I
Also VOC = A ln (;§ + 1) from nonlinear equation of the cell
O




W, . A Isc Bs )
dIp v -0 s 1, °
which is equal to - RIII' So
_ Igefs
RIII = RS* I~ e 2.9

As the maxi mum power point lies in segment II,

v

v . Vo + LR, s Vo + LRy
B 2 ' Mo
M 2(Ry + R,)
Vi P
Hence, RII = R1 +R2 = T = T, v 2.10
o I

=
—

Egns. 2.8 ~ 2.10 give the required relationship.

2.6 Experimental Study of Solar Cell Performance at High
Intensity and High Teuperature

2.6.1 Performance at High Tntensity and Constant Temperature

The performance of a =lar cell at high intensity is
experimentally studied using the set up shown in Fig. 2.4. The
smll area cell 1s used for the study. While the intensity is
varied the temperature of cell is kept constant by a proper heat
sink design and active cooling by varying the flow rate of cold
water. The heat sink design is presented in Appendix A. Increase

22
in intensity is obtained by using a Fresnel's Lens (M.P. 12) of
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focal lergth 34.3 cm and digmeter 35.6 cm (obtained from

I.I.5c., Bangalore). The temperature is monitored using a

copper constant thermocouple in conjunction with Honeywell's
potentioneter. The c.aracteristics of the cell is ireasured at

dif feremt intensities. lLach claracteristics in turn is linearized
using three segment plece-wise approximation. Figs. 2.5 to 2.7
show the piece-wise linear V-I characteristics of the cell at
various values of intensity (Intensity proportional to ISC)
keeping the temperature fixed. The variation of V.., RI’ Ryrs
Rygry ¢, and I, with intensity is shown in Figs. 2.8 to 2.12,

2.6.2 Perforuance at High Temperature and Constant Intensity

The set up of Fig., 2.4 is also used to determine the solar

cell perfor.ance at high temperatures keeping the intencsity

constant and the variation of RI, RII and RIII with tempera~

ture is derived. The temperature is increased by keeping the

cell in a high temperature ambient. In all the measurements

with different temperatures, the change in short circuit current

1s negligible. Fig. 2.13 gives the linearized V-I characteristics
of the cell at three temperatures and Fig. 2.14 shows the variation
of Vpg with temperature. The resistances offered by each segment,
maximum power output Py, the voltage and current at maximum power

’ 2 w
output, V) and IM and the values of PMJIM are given 4n

Table 2.4.
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Table 2.4
Temp . P
0 Top
( C) (Ohﬂ&i) (Oth) (Ohms) (Watts) (Volts) (Amperes) (Oﬁ'ms)

20 0.8704 b.2859 196.0000 0.0321 0.3920 0.0820 4.7805

59.5 1.1320 3.4k286 109.3333 0.0275 0.3400 0.0310 4.1975

83 1.3870 3.0000 94.6667 0.0230 0.2840 0.0810 3.5067

2.7 Discussion

The nature of variation of tnree segment parameters vig

Ry, Ry1 and Rypy with intensity and temperature can be explained

hearetical relations (eqns. 2.8 to 2.10).

from the ¥

2.7.1 Paramebers Variagtion W th Intensity Keeping Temperature
Constant
Figse 2,9 to 2. 11 show that RI, RII and RJ:[I decrease

with {ntensivy. This decrease can be explained from eqns. 2.8 to
es nonlirearly as the photo generated current

decreas
1th intensity. Infact, if we assume Rg
H

2.10. R1

T. 4increases 1irearly ¥
v

X and Ig
with yntensity is

independent of the intensity, the variation of RI

essentially hyperbolic.
with intensity

However, even if the
y3=20

. I
variation of Ry and 2y
es with {ntensity-

still decreas

\&
taken into acco unt
’

i



OO

The variation of RIII with intensity is essentially

going to be dependent on the increase in Iq:. Since ISC
increases linearly with intensity in the range of int erest, R
ITT

sh=1l decrease exponentially with intensity as seen from eqn.2.9.

The variation of Ryy with intensity depends on the

change of ¥#, and I, with intensity (eqn. 2,10). There is an
increase in both Py and I, with increase in intensity,
However, P, increase with Intensity 1s slow because of incress..
ing drop across RS which in turn decreases sza. Further,

the denovminator being Ii ; RII decreases nonlinearly with

intensity.

2.7.2 Variation of Pagrameters with Temperature Under Constant
Intensity

It is clear from the experinental observabions that RI

and RIII decrease with temperatures. The

increases and Ryg
ge paraneters can be explained using the eqns.

variation of the
In these equations the major factor which controls

2.8 to 2010‘
and it is well established that Iy increases

i on is I
the variati 0 g
exponentially with temperalbure.

he short circuit current does not vary much with tempera-
e

T
21,25-27
) 5-2 vl

ture2°~¢7 But Vo
This 1s obvious from the nonlinear

14.
is shown in Fige. 2:1%
ne celi w+hich when written far Iy = 0 gives

decreases with temperature

equation of ©
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A IS
Voo = in (f* +1)
(¥
where = AkT
Qq

The dominant parameter in this equation is again I
u.

Though RS also varies a bit with temperature in the
eqn. 2.8 and 2.9, the dominant term is the second term Also

as IS > IU'

& P

IS remains constant with temperature, As A increases
linearly with temperature, RI also increases. Experimentally

this increase is also observed.

The decrease in Ryyy with temperature can be explainegd

by examining the secord term in eqn. 2.9 which is

» S
("
A A
—_— 8
Io
2
This 1s proportional to
I8
_ .28 3

1 a 2\

, ~Eg/KT
T e

This term decreases with increase in temperature, the reby

. eases .
dIII also decr

. , with t )
the variation of Py and Ty withtemerature.  Both Py ang
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I. decrease with teznperature.z5 The decrease of | is much

more as compared to the decrease of IM' Infact IN may not

and as the area under the V-7

curve decreases wit h 1:.&mperat;ure21

change much with temperature
» Vy also decreases. Hence
P, decreases with increase in temperature resulting into
decrease of &g with temperatures.

2.8 CONCLUSIONS

In this Chapter, piece~wise gpproxiration of the V-T
characteristics of a solar cell has been presented. It has been
shown on the basis of experimental results that three Plece-wise

linear segmuent approximation of the V-I characteristics of the

cell is most suited. The procedure of drawing tiree linear

segments has been presemted. Thereby, the characteristic parg-

meters of tiree seguent linearised V-I characteristiecs has been

de fined.
The perforiance of a solar cell at high intensity and

cen experimentally studied. It has been Observeqg

temperature has b
ameters RII and RIII decrease both

that the three segment par
se in intensity and temperature whereas RI decressas

with increa
ens ity but increases with increase in tempera-~

with increase in int

The variation of these
g HEAEn exp lained on the basis of known variation

mraneters with intensity ang

ture.

temperature N2

s of a convent ional model of a cell.
er

of paramet
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In Chapter 3, the three piece~wise linear segments
approxiration of V-I characteristics of a single cell is used
to analytically determine the V-I characteristics of a solar
cell array. The variation of three segment parameters of a
single cell with intensity and temperature is extended to study

the behaviour of solar cell array at high intensity and tempera-

ture.
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CHAPTER 3

DETERMINATION OF SULAR CuLL AHRAY CHARACTHRISTICS
USING PIECE-WISE LINEAR APPROX INATION

3.1 Introduction

A solar cell array consists of large number of cells

connected in series and shunt in a matrix form. The V-I ¢h
- arac-

teristics of the array depends u

o1l forming the array.
individual cells can be replaced by

pon the V-I characteristics of

individual ¢ To estimate the V~I charac
teristics of the array,

quivalent models and the
used model of the cell is the diode model as

their complete analysis can be carried

0ut3—5 A widely

The analysis of the array is rather easy

shown in Fig. 1-1-
are ident! ical .
not identical to start with or there may be

when the cells In practice it is quite likely

that the cells are

unequal change in the cha®
The e ffect of solar cell parameter variation

forming the array:
cen studied bY various 1nvestigator83,2,479

output has b

acPeristics of individual solar cells

on array
are connected in series or if sop
e

nonidentical cells
eries connected €O
y apoear across the cell with minimun

When
mbination are
shadowed,

of the cells in the ®

a large reverse yoltage @
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value of short circuit current, thus forming the hot spot
ots.
Such problemns can be removed by using the shunt diodesv’10

Detailed method for the analytical determination of V-]

characteristics of a solar cell array using nonidentical cell
ells

is nct available in literature. In this chapter, the proced
edure

for analytical determination of V-1 characteristics of a solg
solar
joying nonidentical cells is presented. The

cell array emp
procedure 1is pased upon the three segment piece-wise linear

I characteristics of each cell and thereby

approxi.ation of V-
erall V-I characteristics of the array using

determining the oV

the linear equations for the three segments.

e established varlation of parameters like R
S

using th
ent circuit of Fig. 1.1 of individua}

and RSh of the eqtliVal
atensity and tenperature, the variation of RI’ B
II

cell, with 1
of single cells with {ntensity and temperature has

and Ryry
been discussed in

the array with inte
tne variation obtained in the case of g

Chapter 2. The variation of R._, R
I’ I

already
nsity and temperature are

and Ryrr for

expected tO follow

single cell.
The chapter qiscusses the interconnection of two identica)
g both in series and shunt and thereby the maximum

«n each cas® 1s
of t he ana],ybical
shunt connected two nonidentical cellg

solar cell
.evaluated. This is followed by

power output
determination of V-I charac

the detailled study

teristics of geries and
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Jaximun power output in each conuection is alsd evaluated

Experimental verification is also presented both for series

and shurt conrected cells.

As the array consists of large nurber of cells connected

in series and shunt, the analytical evaluation of the V-I-
cmracteristics of tne array starting from the experimental
individual cell v-T characteristics is the next study performed.
The performance {s also verified experimentally. The variation

haracterising parameters b
he V-I characteristics of the array with

of the ¢ ased on three segrent linear
approxi nation of ¢

y and temperature is also discussed and experimemtally

intensit

verified.

on of Two Tdentical Cells

3.2 M

4 solar cell array can be connected in series

Analytical determination of the V-I characteristics

or in shunb.
nections using plec

of both types of ¢

e~-wise approximation is
given belOWe

itical cells operating under same

ity and tempgrature are connected in series
]

8 Of intens
ristics of the series connection of solar

gcondition
nwaracte
the overall v-I ca2

In each segrent, voltage is

e current due to each cell

cells C y e

cal 131’:80’1 at : |
cu
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~1

T
he overall voltage at this value of the current is s £
um of the

two Vo.lt ages- As the cells I i ti I t r
all vV Oltage

is simply double of the single cell voltage. This way th
e
overall V-I cnaracteristics can be predicted analyticall
Y- The
V-I characteristics thus obtained s intersection point
s as

(V; + Vr i I;) and (Vé + Vg, Ié), open circuit voltage

Voo = Vi o+ VBC = 2 Véc and short circuit currenmt Ig = I' -
I;C. Here (V;. I;) and (Vé, Ié) are intersection pointssgo-
cell 1 and (V;, I:) and (V;, I;) are intersection points for ’
' " ' n

cell 2. Because the cells are identical, 11 = I~
1 2 2

For the overall c haracteristics, the resistances offered by
each

Eegmant re

t " ' t
Vo = (¥, + V) Vo = V v, -
RI = _Bg g 1 - X Te W VT
I I’ '
1 5

I I
Similarly,
R - 2R
13 II
- 2m!

Maximun Power QutBuE

iscussed in Cha
1n most of the cases, it 1lie
’ S in segmeny 17

pter 2, the mmaximum pover output pog
oint



The maxinum power output

2
T
4K,

where K, =V

1 ') + I',RZ and K = ,‘2' +* q

in the seguent II.

4
Voo + LiR.,)
Therefore, P = e 127

M L RII
2
f ' ’
(Ve + I} &))

v '
2R

or 2, =

Thus Py 1s double the maxd mum power output due to single cell

as expected.

3.2.2 Shunt Connection

If two identical cells are connected in shunt | to Predict

the overall characteristics, for each segment the current ig

calculated at a particular volbage for each cel]. The Overall

characteristics contains current equal to sunm of the currentgs

due to individual cell at that value of voltage, Because cells

are identical total current is double of the single cel1 current
at that voltage. Using this procedure, each segment of the

overall characteristics can be determined. The intensects op

points are (Vft I{ » I;’ and  (VJ, Ié * Iﬁ)' oben circyig
"

i -v' =V,., and shunt circuit current
voltage, VYV, ,» = *oc v

68
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ISC = Ig; + Isc = QISC. The resistances offered by each

segment are

' t
V-V Ve sV R
RI o I‘l + I“ - 2 f B NSy
1+t 4 L 2
By
Similarly, Ryy ~ >
RY
II]
and RIII = .

Masxd mum Power Output

Again assuming that the maxi mum power polmt lies in

segmeny 1I, we Mve
2
- (Voo + I4Rp)
? 2
or Iy = :
also Py is double the maximum power output

Thus in this case

due bto single cell:

3.3 Int erconnection of two nonidentical celle

al determimation of overall V-I characteris~

The analyvi¢
o identical cel

an array ijs fabri
neir characteristic

ti f tw 1s connections 1is straight forward, In

cs O '

e eis wen cated the cells may not be identica]
s may differ due to different

to begin with OF ¢
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Operating conditions. Therefore the determination of t he

Array characteristics using nonlinear cell model ig quite

involved. In this section, series and shurt conrections of

two nonidentical cells are considered.
ise linear approximation

The overall v.r charac-

teristics determiration using plece~-w

1s presented and some of the problems faced are indicated

3.3.1 Series Conrection

Let us assume that cells lave different Values of shopt

circuit currents and open circuit Voitages. [et the shopt circuit

current be IS'C and open circuit voltage be V(;C for ce13 1

"
and corresponding values be Iy and Vs for cell 2. let us

' n ’ "
also asswe tmt Isc & Igp and Voo Vi |
For a single cell, each segment equation can be representeq

by an equivalent circuit shown in Fig. 3.1,

Vac
I, Iy = ®; » By=8

I,:
II! K RII

For segment

3]

For segment
Rirr

and for segment III, Iy =

For the series connection of twd nonidentical cells, tne averaly

it is shown in Fige. 3.2, The shart cireuie

equivalent circu
of she series combinmation is de:ermined as fOllowS. In

current . i . o
f Bach Cell, IR = J-Sc) JN = -I.wo Under the

segment III 9
& RL = 0)

short circuit condition
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I
_ .
' I
<:f: <<i\
H" < . Y <\ n"
) < <« (Load)
g les .
(a)
fy I

(Load)

'

—

V" = INORN

(b)

Pige 3ol Bquivalent Circuit Represemtation of the
Linear Segment Equations (a) Current Source

Representation (P) Voltage Sourge Ropresentation
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"

P
f

! v

-
Ry,
(Lond)

Fig. 3. 2 OV

oerall Bguivalent Circult of Seri
69

Connection of Two Nonldentical Cel)
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Hence

i

" . |,
Since ISC > ISC’ v shall be positive,

]
Hence V is negative which I:aplies that the cel] 14 is

Operating under reverse bias voltage! Because of this, the cell
» e 1

no longer acts as generator but actg as a load for the other cel)
ce .

The resultant shart circuit current 15?

is obtainegq by experi-

nmentally '®asuring and then plotting the reverse Characteriscics

of the cell 1 and taking its mirrop image, shown as dotteqd line

3.3. The point of intersection of this line with any

n
of the other cell gives V . The gel] » Current s¢

e

segment

V=y'
across cell 1, V' 1is also shown in the flgwe, 1% cap

voltage
from Fige. 3.3 that the reverse Voltage across cell 1

be seen
increasing as the difference betwesen tpg V-I characceris

goes on
the two cells becore large, V' infact may approach the

tics of
In a large array whepre

reverse break down voltage of the cell,
a cell may be under shadow or its characteristics hag deterioraced

2
"hot spobs are formed” because of large reverse voltage acrosg

one of the cells. The fallure of one cell in the array cap

produce malfunction in the working of the array, 74 overcome

this effect, shunting diodes are normally used!»7»10
S ’
In order to determine the coumplete V-I Characteristics

I 1is decreased from 1" As

R 1s increased frou zem l.e.
L
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V increases, V  becores mare positive and V. less negative

1 4
At one value of I, V  becoies zero. After this point only
’

1t
both V' and V  will be positive. Under the open circuit

' "l " n
condition, V' =V, and v = Vog resulting in net open
e ! o
circuilt voltage Voo = Voo + Vpoo
"ll
the relation between V and T

For J I Lep
depends upon the slopes of the appropriate segments of the two

This procedure is applicable far all conbinations of

cells.
] w
14 and Igc and Vgz & Vgoe If both the cells have identical

) ' "
values of short circuit currents i,e. Igp = ISC’ the resultant
"o ' _ " '
shart circuit current I:JC = Ig = Igg. I 15"1: <I33, the

reverse characteristics of the cell 2 can be measureqd and the
above procedure cafl be adopted to find the resultant V-1 charac-

teristics starting from the sha&t circuit current, I;'c. The
following example illustrates the above procedurs.

Lxample
der two piece-wise linear characteristics of

Let us consi
two non-identlicai cells with the following identities.

' I" I' I" I-< I'
' " ! <1, ~ 44 1 27
r " . L
oS, I I and Yoot Ve
sc -~ "2’

cs are shown in Fig. 3.4(a). The resultgne

The characteristl

coeristics of t
ple 3.1 gives the equations governing Seégments vy

he series combimtion is shown in
V-~I chara

Fig. 34(b). Ta



T

.

L Al A °s -
ez 1-f AUES

e

CELLY [ ©5TA-803Td

oTTae
2 \.~e|..

- -
'. “ ! ?
P P S—
|
| |
'
| - -
’ "C:“
TR
\.r‘°",0\
\ AP .
. 3 p
.~:\\~ |:S:
IR oy ¢
L "o . -
nwve S
-‘.
o.s.

EEE {C)



»0 Ll



to I. R. 15 the reverse resistance of the cell 1 with lower

shart circuit current. At any point, total voltage across th
e

load’ v :VA'f'VBo

Table 3.1

/
{ Voltage comtribution due

Voltage contribuvion
o ito cell 2, Vg

{
Segmenbl jue to cell 1y A
|

i n "

" - "
v s IR 4L R I(Ry# N R
R
3 1+ Ry 3)

L
VI (1g = I)R. oc”T 172
1 n.o
v (1gg= DRy Voo * LiB2 = I(RY + Rp)
' e ! I'R.'I('{ ...,1'¢R') i + I“R I(R i
v v rLRt T 23! Too T T2 )
t ! ' A "R" n"
ITI Voot Tif2” TENER U IRy - IRy * By
P ! ' ' V" - I N
" n
' -
1 V' - IRy vOC DH

Ma i mun Power Qutput

g assume v

bt oaximum power output in the resultant

Let U
V-1 v ristics 1ieg 1In seguent I1I (see Flg. 3.4(b)). This
-1 character*®" '
1T of cell 1 and cell 2
d by 5egm6nt ¢ Iet
segment 18 governe
t o' = v'
' T R =

VGC + L7 I

' ar

= I



So maxiinum power output

V'z
due to cell 1, P = 11
! INIR
T!
Vi ne
due to cell 2, P2 = I
I.R"
II
1 i 2
due to series combination, Pg = (Vir+ Vo)
4(R' +R")
I7 O
2 2
B S T p -
P1 + P2 = IIJ! 1l 1]

L
kRIIRII

Equating Py + P, with Pg, we get
ron

V..R 2
1Sk SORL

v' R'
11 Ii

(1 -

t n 1! |
For P1 4 P2 = Ps, VI!RII = VIIRII
'

n
which implies VII = Vqg

' "

nd R = R
a I! 11

or

78



which is possible for 1dentical cells only. 1In other
cases,

P1 + P2 >PS as IHS 0 always

Hence when two nonidentical ¢ells are connecteg in series
_‘ Maximunm
povier output PS g+ Pz. This is 4n agreemert with the Tesult
8

Presented in literaturef*'f”7 Simila
T AL Py les in any ogper

segment, of resultant V-I characteristics, it can be showp th
at

aiways P, + P2 > :'s far nonidentical celjs.

J.3.2 Shunt Connection

For the two nonidentical cells connected in shunt , th
’ a

Overall equivalent representation using the linearisegq equivalent
en

circuit of individual cell (shown in Fig, 3.1) s given in Fig 5

For RL = 0, the current I 1is given by following relatjon,

ne = I'+I" = I' -i-I“r
Izrsc" N N TSC SC -

Thus, the short circuit current of the combination ig the sum

of the shart circuit curents of the individual cell.

e

Ts find the overall open circult voitage, VOC , the

voltage source equivalent representation is used,
'

The I‘esultant
] '

Vy = oIt 2
circuit 1is shown in Fig. 3‘6' where N IN “N and VN - I;;

Ry

N
Tt is obvious from the Fig. 3.6 that if Ry = w (.6, 1 .,

' " e _ o' om

and V = Vy,) and Vy =Vi, shen Feoo =V = Vg where



»

=y
> (lﬂ,'!lj)

]

Fig. 3.5 Overall Equtvelent Clrcuit of Celis Connacted

\ ‘/\ '\_‘.

/

~ "
Vi <

. 8N 4o =
I"l r ‘f | i‘:‘l S— I:J” < f‘/ J“N (:,i v
==

e,

—— — ——

—_——

ip Shunt
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1t are Source Equivalent Representation
overall Vo
Fig. 3.8

of Shunt connact Lon



" 1

:v'g V = . "."
and VN If JN # VN' the current flows

s
oC N 00
in the loop consisting of ' "
p g sowrces VN and VH and resistors

. "
“N and RN'

' "
Iet VOC'C\VOC’ In this case, the loop current flows
"

14
fr thr h R "
om VOC oug N l.e. I 1is positive

and R to V.
N oc’

and 7' 1is negative which results in
V "y V"
oc ~ 0C
144 , I
but VOC -VOC
' 4 | 4 "
Similarly if V Voo I is positive and I negative,
"e vll
and VOC > Yoo
" i
but \'f vV ¢
oc oc

power is being drained from the

This shows that even if no
energy is being wasted internally, When V <;VOG,

combination,
cell 1 becomes forwar
rward piased.

d biased and when VOC :)>VOC, cell 2

becomes 10
"y

v
ultant ¥ .
che cell with lower V., 1s required,

' "
To find res when Voo £ Vog, the forwarg

Ctef" St iCB Of
n of mirror immg
s characberisbics give the resultant VOC'

V-I ¢chara
e of the forward characteristics

The imtersectio
e Other Cell

ws the plec

with th
Figo 307 Sho

e-vise linear characteristics of



IO

Fig. 2.7
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—— ——— e . .

[for

piec e_ui. ae Lin

ward characteristic

|
|
: l
Vo' | v
|
|
I
|
|

| Forwvard
=y eharactoristies

gar V-I Characteristics and

a of the Cells
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two cells and tne forward c haracteristics of a cell leadi
ng

to the resultant V"'. It can b
oc e ndted that It iS mgati\re.

After getting overall o m .
pen circuit voltage Vw, “L is

decreased from w . Wit
ith decrease in RL’ V decreases. As

"
V decreases, I beco:2s more positive and Ilr less negati
ative.

r
At one vzlue of V, I becoi@s zero. After this value of

!
RL only, both I and I" will be positive. For V = 0
’

iy _ ! L r !
ISC = Igc + ISC' For 0O V ”uc' the relation between V
and I depends upon the slopes of the appropriate segments of

the two cells. The procedure is further i1llustrated by an

example.
l.xample
Let us consider two pilece-wige linear characteristics

nonidentical cells with the following identities.

of two
' p V" v ' < V” v v "ne "
Voo ="oer M1 1 V2 <V Yoo >V
n V' d I' I"
Vo #V¥ #M0 Ts T

Fig. 3,8(a) gives the characteristics of the two cells
and Fig. 3,8(b) gives the resultant chlracteristics of the shunt
Table 3.2 glves the equatlons governing segments I

connection.
is the forward resistance of cell 1 with lawer V
00

current through the lcad is the sum of two

At any point total

currents 1.e.

T - IA+IB



(a)

[11

Vag'
1§

Vln
I

) | S
O VO,Q“‘ v
(h)

Fig, 3.8 (a) Plece-wlse Linear Characteristics Of the
Individual Cells

(b) Resultant V.I Characteristicsg op the Shunt
Cormecc i
on
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Table 3.2

|

|
current contribution due {

Current contribution due

i
Segmentl to cell 1, IA g to cell 2, Ip
|
' " .
5 Voo~ V) Voo - V)
"
Re R1
' " n n
(Voo ~ V) (v + I, Ry ~ V)
II _—T_— " -
f (R, + R, )
(v' -V (v' + I, R, ~ V)
oc Oc 1 2
ITI —_— - -
R, (R, + R))
1 r " n "
(Vi + Lig-Y) (v, + I Ry = V)
v ¢ ¢ " 39
(R + R2) (H1 + ;-12)
' ' (vﬂ . Iﬂ RH . I" "
(V - 11 RZ - V) oc 1 2 2 RZ -V)
v " " n
(R' +R2') (R1 +R2+R3)

1
VI Sl ] 1 ' (R" - R . R")
R.,)
(R, + 82 " 73 1 3

/

Ma i mug Fover Output
t us g 58WIe t hat the paximum power output in the
Le
¢ V-I characteristics 1ies in segmont IV (see Fig. 3.8(b)).
tan -

rest rned bY segenb IT of both the cells,



Using the same Eymbols ae i feries copn,, t1
ri “ection,

2
r
' = b
! y
MIJ
nl
r = iI_I
< "
Ir
Mex .-power output (P‘,,) dug to shunt gp mralle) connecty op
b
' n
Vo, ¥
O o R AT L
) o !; R.: R'f 1] III'
I I @
Equat;ing P’ - PZ vith PP we get
' " ' n 2
. -V =
R Ry Vg =V, ¢
! n
Therefore for Pyp v By = Py, V1= Y1+ This condition 4,

POssible only in the case of Identiecal cells.

In other sitwtions, LHS is always greater thgp Zero

Hence P1+P2 >’PP for a shunt connection of Ronidenticyy Cells

This is in agreement with the results mesented by Luque 44,6

certain value of mismatch between two cells, Pp 1s MOrS than

P +pP This ambigulty seems to be due to the aSSU'nptions ma de
1 °2°
in their analysis. A detalled analysis using the diode equi“'alent

o) 7
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circuit of the solar cell is also presented in Apjendix B and

and PP can never be greater than P1+P
2.

it {s shown that PS

3.3.3 wmxperiwental Study

Serjes Connection
The experimental V-I characteristics of two cells are

The

measured by the method indicated in Ch. 2 (Fig., 2.2).

reverse characteristicsof the cell with lower value of Iy are

measured by the experimental set up of Fig. 3.9. The V-I

jstics of series cowmbination of the two cells are

character
measured experimentally at same intensity and temperature.

Piece~wise linear characteristics are obtained for each

parameters V,, I., V,, T, Voc: I1gs,

cell and characterising
Vg {Reverse voltage) are evaluated. The

I (Reverse current),
m for deternmining the overall characteristics of

comput er progra
of cells based on the procedure outlineq

the series combination
3.1 16 developed and t he resultant CharaCteristics

in section 3
3,10(a) gives the reverse characteristics of

Fig .

is obtained.
Fig. 3.10(b) and (¢) give the V-I characterig-

large area cells.
cells and the overall V-I characteristicsg

tics of individual
ally and using t he experimental datg

obtained both analytic
respectively.
s the above characteristics for a serigg

Fig. 3.1 give
combination of small area ¢cellsS.
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For the series combination employing both types of cell
SI

the analytical and experimental overall V-I cnaracteristics

GL O} )119

atch very well. For the combimtion of large area cells, th
’ 8

r output 1s

observat mt P is alw
ervations t 5 always less than P1+pz as expected

t heory given in sec. 3.3.1.

maximum powe given below and 1t is seen from the

from the
P i | I
Series co.uination { P i Po P PytP, | P
J& l ( l (uf“' l ... l S
| mn ) i 5 ) | (m\) ) h&”

42.78 82.38 81.36

Smll area cells

éhUthLﬂuuCEiJn
In this case,

o set up &iven i
g of tie cells are cbtained using the set-

the 7-1 characteristics of two cells

n Fig. 2.2 are used. The

measured using th
acceristic

forward chal
The V-1 char

acteristics of shunt connection

12.

up of Fig- 3e
d temperature are measured

o cells at same jntensity an

of the W
plece-wilse 14rear characteristics of

aining toe

After obt
characteristics,

the characterising parameters

vvr_I

1 cell
rent) and Vg (Forward

individua
(Forward cur

Izr VOC' ISC.
resultant characterlstics is

ased on the procedure outlined

Voltage)
e e computer px og r'am b

derived using

in section 3+3:%
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Figs. 3.13(a), (b) and (c) show the forward ctarac

teristicsy individual cell V-I characteristics and owerall
a

analytical and experimerntal caracteristics respectively
or
gma 1]l area cells. The theoretical characteristics matche
S
ith the experimental characteristics. Also the maxi
I mum

well W
power obtained, PP far the combimation which 1is equal to

the sum of individual maximum power out

52.24 mi 1s 1e58 t han

This is in agreement with the discussio
ns

put which 18 52.72 mhi.

given in section 3,320

3.4, Analvels of Solar Cell array (SCA)

r cell array consists of a mtrix of series and

vidual SOIB.I‘ cellsa
n series are decided on the basis of

A sola
ected indi
be connected i

irements and Suc
e averall current re

i
n 4n the 1iterature that arrays with

In the array the number

shunt conn

of cells tO
h series sub—-arrays are connected

the voltage re®
o saciSfY th

peen ShoV
es connected cé€

quirements or vice

in shunt ©
31s in comparison with the

ave greater reliability.

anal)”éica}-ly determine the V-I characteristics

In o der to
tics of 1ndividual cells are experimentall
Y

of SCA, V-1 ¢ haractert®
. ¢+ 1p forward and reverse characteristi
cs

measured.
lso carried out.

of each cell Lo ford t
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3.4.1 Sub-array with cells conrected in series

fhe overall V~I characteristics of series connected

sub-array is found taking two cells at a tiue using the procedure

outlined in section 3.3.1. As can be seen from Fig. 3.4(b) that

starting with three segment piece-wise linear characteristics
of each cell, the resultant characteristics has six segments,

The six segmnent characteristics is converted to three segment

piece~wise lirear characteristics. Using the above three

segment V-I characteristics of the conbimation along with the
Piece-wise linear characteristics of the third cell, the overall
cmracteristics of the twee cell combimation is determined and
procedure is repeated for other cells in the series sub-array.

The procedure for analysing the sub-array having large number of

cells connected in series is sumarised below.

Step 1: The three segment piece-wise linear V-I characteristics,

reverse characteristics and forward characteristies of each cell

are experimentally reasured.

Step 2: Each cell characterising parameters Vy, I,, V,, I,,
Voer Isc (Reverse Resistance) are arranged in the

descending order of Isce

and BRp

Using first two cells data, the resultant characteristics

Step 3:
of the series connection
Step 4: Resultant claracteristics of two cells is agaln converted

to three segment piece~wise 1

iS Obtaina dl

inear characteristics.
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sten 9 Thes Two cell resultant characteristics and next cell

data are considered and t he procedure Is repeated

The advantage of arranging cell data in descending orde
r

js that the reverse characteristics of the serles

of ISG
e two cells is not required.

Igc of the

combiration of ti
jon is always greater than or at the

1tant series combinat

o the rext cell Igc-
of the series connection, the

resu
sc explained in section 3.3.1

most equal ©
ne overall Isc
the cell w
ay aval lable because Yo start

for finding ©
aracteristice of

This data 15 alrea
teristics 1S to be measured for each cell

ith lower value of Ig is

reverse ci

only required.

with the reverse charat

illustrated procedwre is extended to a sub-

The above
y nusber of series conn

1sting of an ected cells. As
onidenticaly
ach cell are ai
iatlons of two cell
; the series connection are require

the paranelers Vi) Iy, ¥y, I,
pifferemt possibi-

array cons

the cells are 1
fferent.

VOC and ISG Of ©
parameters, for which

acteristics o

ie discussed for series connection of two

ative examp
ination. A computer

The illustr
owg one possible ¢ omb

cel1s in sectior 3,31 sh
hich takes care of al
18 geveloped: This program gives the resul-

of the s ub-array formed by series

As per the procedure for

1 tie possible combinations of the

program W

two cell Parameters

1s.

acteristicss there is a need to convert

haracteristics of the seriles connection

the resulta



obtained into three seguents. The computer program also tak
es

care of this svep. For this purpose in the resultant V-I

characteristics, the first inmtersection point from V . (e.g

1 4
I, of Fig. 3,4(b)) is taken as (V1, I1) and third intersection

. !
point starving from Voo (e.&- I, of Fig. 3.4(b)) 1s taken as

(Vo 12). This results in a minimuu errar.

kx Qeriment al study

The experizental V-
ined and the characterising maraumeters of each

I characteristics of ten small area

cells are obta
cell are getermnined. Table 3.3 gives the list of parameters

The parameter values are fed to the computer

of the ten cells.
and the resultant characteristics is obtained by using the
The overall characteristics thus obtained

general procedwre.
hown in Fig. 3.14 along wit
array consisting

h the experimentally measured

is s
of series combination

cs of sub-

characteristi
is figwe it is obvious that both the

of ten cells. froa th

al and experimern: al characterist ies are very close to

analytic

each other.

jves the maximum power output of each

Table 3.3 also &
power output due to tiese cells

lso tie ¢ otal aaxl aud
ne maximua power out

of the sub-array
35 less than the sum of individuwal

cell and 2
obtained by adding v
{mum power out pw

P
Clearly s

put of individual cells.

from the analysis 1s

The max

This is in agreement with

ma xi mum power output of each cell.
1.

the discussions of section 33



4
(md)
ol ® Analytion
x Bxperimentas)
¥
° X
70 « =
*
v
x
”+
a
4
8o |
B
>
w -
x
30 4 X
3
x
% ‘.
a
x
1¢
I
*' .
?
o | - B =
— Z ' o
0 1 2 a 4 o A v(Vﬂ’t.)
Flr. Ovarall V-I Charagtsristics of 3ertas Zonnection of

Ten Snall Area Jells



3

sl SeeOCS = STIO EO1DSUUOD §0}J08 uRq Jr ALJIae~qna J¢ Tdane damod mmi pXE;
2106y z€'zz el OGNz %00z €NCET 0C'§T ZL'E€V  gatlZ QLG () g
%9°z %e°e Y52 Yo'z %0°2 %62 %9°2 492 %9°2 %9°'C (satep) €,
7 06 18 28 28 2p 28 % £t 06 (va) 41
L9 " 6L 6L €L st al 0§ 18 €8 (ve) %1
$ zZo ol 19 29 73 £9 £9 €9 zL (ve) 1
96 §26°c  SMS*m 960 NSO €60 65°0 $5'0 S$%S°0 $%S°0 (2 arop) 5
69 Sl ol LL LL LL LL b €5 ¢e (vw) By
SL°0 12°0  61°0 62°0 620  L£'0  0Z'0 §M1C  $6Z°0 S61°O (satoa) 2
ez°0  9f*'c  SSZ'C GY'0 WG Sef'0 SLE'O 62°C W0 §2°0 (s3ton) *a
ovl ® 1 s | & 1 9 dw,,. ¢ L 2wl ¢z} 0 _,. .
}

t°t 21q%E]



14

3.4.2 Determination of Solgr C
atl o ell Array (SCA) V
o2 I Characteriaci
—— acics

After determining the characteristic of all serie b
s sub-~

arrays, the composite V-1 characteristics of the SCA consist
of shurt connection of such sub-arrays is obtalned. The pr "
far obtaining tne resultant characteristics of sub-arrayspczcedure
in shunt is jdent ical vo t hat of the sub-array having celils :ZeCtEd

series, as already ©XpP However, as the resultant V
oC is

lained.

te {orward characteristics of each sub

to be obtained first,
To start with, the forward resistance of

array 1s also required.

1 to be used in the
ub-array with cells in series is the sum of for

array is measured. The forward resi
88—

each cel

tance of each S
Therefore, the sub-arrays

ndividual cells.

ward resistonces of 1
scending order of Vpg rather that

re arranged in de
erall forward res istanc
qure given 1n seetion 3.4.1 18 followed

parameters a
The OV

obtained and t he proce

gach sub-array paramete
o on of each reswltant V-I characteristi
cs

. ISC. e of each sub-array is
aoe also takes care of a1l possible

The compube
combirations oF rs and it also includes the
she comwer

procedwe for
iCS »

{nto three 8€g&®
to determine t he composite characteristics

The procedure
A consisting of a series sub-array of n number

nx."lsc
nd o guch sub-arra

of an
ys connected in shunt
’

in ser jes &

a below.

of cells

is sumnarlse
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Ste : =
step 1 Twee segent plece~wise linear characteristy £
¢s for
cach cell are obtalned and the ¢cmracterising parameters f
0

each cell V
1 Iy, V2, IZ’ 13: and VOC are recorded,

Reverse and forward chracteristics of each cel]
are

Step 2:

obtained.

Ste The resultant characteristics of each series sub
—array

is determined.

Forward resistance of each series sub-array is

Step 4:
calculated.

. i f i bt
Step 5: Characteristics of each series sub-array is approximated

to tne three seguent piece-wise linear characteristics ang the

claracterising parameters are naot ed.

Step 6: The resultant characteristics of the parallel connectiop

of m series sub-arrayse is determired to yield the composite

characteristics of the SCA.

Experimental Study

The experimental study on & 5 X 2 solar cell array ig

carried out. The V-I characteristics of each cell forming the

sgries sub-array of five cells

ee segment plece-w
The reverse and forward characteristics

are measured experimertally and

t here from thr ise lirear characteristics for

eazch cell are derived.
1 are also easured.
al cells of each sub-array.

Table 3.4 glves the characterising

of each cel

parameters of individu
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For each series sub-array, the resultant V-I characteristics

are obtained first, using the gereral procedure discussed in

section 3.4.1. The analytical and experimental values of V
oc

and ISC far the series sub-array I and II are given in

Table 3.5.
Table 3.5
g VOG (Volt s) l" I (mA) —
Sub-array | . 1 : SCr
5 Analytlcal‘bxperimancalf_Analytical,ixperimental
I 2.646 2,62 61.02 61.00
II 2.58 2.58 43.32 Ll 00

These parameters of the sub-array I and II thus obtained

are used in the computer program based on the general procedure

for the evalwation of characteristics of the shunt connection

eries sub-arrays. The couposite characteristics of the

of the s
ermined and is given 1in Fig., 3.15 alongwith

5 X 2 array is detb
the experimental measured V-1 characteristics,

able 3.6 lists the maximum power output of individugl

T
The maximum power output

and sub~array 1I.

cell, sub-array I
ained is 156,65 mi whereas

of the 5 X 2 SCA analytically obt
the maxi mum power output cotained from the results of the
equals 164,94 i verifyirg

individual sub-arrays 1.e. dor * Farr

the earlier conc jusions.



Fig, 3.156 Composite V-I Characteristios of 8 5 x 2 Array
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Tablse 3.6

Faximum pover output in iy

i
Sub-array | ' | | :
! g i ! [ ? 113 Hamaiy-
i i | . ftical)
(Lxperi-
oNnta
I 16.80 19.47 18.00 19.50 20.35 94.12 89.93
11 19.10 15.39 13.22 14.38 13.48  76.07 75.0,

3.5 Variation of jrray Parameters with Intensit nd Temperat
3L ure

The variation of the resistances offered by each linegp

segument corresponding to the V-I characteristics of a cell hasg

been presented in Chafter 2. In this section, the variation of

these resistances of a series sub-array with intensity ang

temperature is presented and therefrom the behaviour of the SCA
with intensity and temperature is established.

Variation of R;, Rty and Ryyr with Intensity Keeping

3.5.1
Tempoerature Constant

Ten small area solar cells are mounted on a hollow

rectangular aluminium pipe made of 1 mm thick sheet. (Dimenstiong
610 X 25 X 12 mm3) as shown in Fig, 3,16 with proper electrical

insulatlion between the cells.
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Fig. 3.16 Mounting of Solar Cells on Aluminium Pipe
(a) Top View (b) Crossectional Viay



An uniformly illumirated cylindrical nontracking concent
rator model no. U3 developed at BITS'? and shown in Flg., 3.17
is used for getting the concertrated sunlight, The atert a1

used in the concentrator is plain anodised aluniniun sheet

The maximun concertration speciried is 7.6 but due to

reflection losses etc., the concemtration of the ordep of 2,7
Is obtained in t e experiment.

To maintaln constamt tewperature, water codling is useq

The temperature is monitored by using copper constantant thermo~

couple and is measured by Honeywell's potentiometer,

Fig. 3.18 shows the measured V~I characteristics of the

arrsy withow concermtrator (Cu've A) and with corcentrator (Curve B)

Table 3.7 lists t he intersection points, RI: RIIJ RIII’ Pl"I and

I.. for each cwurve.

i hat
In Chaoter 2, it s been shown tha RI' RII and “III

decrease with intensity nonlinearly. The sane trend is also

expected for the array because t he array behaviowr is decideg by

each single cell characteristics. The resi stances Ry and HTII

of t ne array are directly related with the single cell RI and

RIII’ Therefore a6 Ry and RIII for single cell decrease with
intensity, the array Ay and Hprp should alsc decrease with
intensity. Thls is verified from the experimental results given
of the overall array characteristics is givyen

in Table 3.7. Ry
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Fig. 3.17 Uniformly I1luminated Oylinarical Nontracking

foncentrator
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P4
by ¢t
Yy the ratio of ?” and IM, AS P.‘-i and I“ for each cell

increase with intensity and since denomiretor is T2 R
r? Trr
each cell decreases with intensity. The variation of R af
II

the array with intensity should also follow the same trend

of

This is exactly shown in Table 3.7.

The above discussion holds true only if the illwmnation
is uniforu, Infact, in the present experiment, as the dimensians
of the concentrator uwed are mucn large as compared to the

diuensions of the array, the assumption of uniform illuminatiop

perfectly nolids.

3,5.2 Variation of Ry, Ryy and Ryrr with Temperature

Keeping Tntensity Corstant.

The perforimance of a series sub-array consisting of six

small area cells with temperature keeping t he intensity constant

1s experimentally studied.

Fig. 3.19 shows the V-I characteristics at three tempera-

tures25°C, 4900 and 77°C and Table 3.0 gives the measured values

of VOC’ ISC and calculated values of ‘{I' RII’ RIII’ Pr ’ VM

and L.. AS temperature increases, RI of the sub~-array increases
M
whereas RiT and Ryry of the sub-array decrease. The variation

of Ry, 81T and RIII with temperature 1s explained on the basis
I!

of the known variation of ti&se parameters for a single cell.
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It is shown in Chapter 2 that Ry increases and R
IT

and Hyyg decrease with increase in temperature. Since the

15 in series, t ese parameters of the

sub-array employs cel
with temperature in a similar

array are also expected to vary
should imcrease, Ryy and Rry7p should decrease

manner., Thus Rg
This is duly verified from Table 3.8,

with temperatul€.

3.6 Conclusions

Tn this Chapter, v-I characteristics of a solar cell array

etermined anal yticall
aracteristics of individual solar cells in the

has been d y using piece-wise linear appro-

Ximation of V-1 ch

The procedure for the determination of V-~I characteristics

array.

of an array &

only two solar cel 1S«
i shown tlmt the determimation of

sgudied. It
¢ the coubination of two identical cells is

s 04

<t jllustrated using a combimtion of

]
firs

s been
Both series and shunt combimtions of the

cells mve beell

V-I characteristic
al‘d and the ma

imti on of two i

ximum paver output of the series as

straight forw
dentical cells is twice of the

well as shunt comb

cell o X1 mum poser output »

individual
n of V-I characteristics of

The analyt ical determinatio
and ©hunt connections of nonidentical cells has been
Tt 1s sho
ination of two noni

5 between the short circuit cur

both series
wn that the resultant short circuit

dentical cells 1s not

d3 scussed in detoll:
rents

current of 2 serie® g
. he two bub 1€

the minimum of
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of - c N :
the two celleg. Lxact detemmimtion of this current for t
r the

e s been lllustrated. Similarly, the determinatio
n

combination
of exact open circuit voltage when two nonidentical cells
are

conrected in shwt is explained. The hot spot formation in

series conrection of cells and va
wastgge of power In gi
Wt conne
ctio

has also been discussed. Maximum pover output calculations ha
3

been done both for series and shut combimtions of the cells

Tt is shown that the nd sua power outpub of the series
or

shunt compiration can rever be greater than the sum of the maxi
mum

The performance of the

povier outputs of the individual cell.
ms nleo been studied experimertally and a close agree

combination
and experimental results has been obtainegd

ment between anglytical
The method tO evaluate the V-T characteristics of a sub-
g of large nu ber
perimentally.
a serles sub-array andg

of cells 1in series has been

array consistin
The procedures for the

putlined and alse verified ex
determiration of V—I characteristics of
sub-arrays yleld the general procedure

shunt connection of these

to get V-I characteristics of a
~ification ol the perfamnce of the array has also

Experimental V€
dthat Lt plece-wicse linear

been carried oub. 1t is conclude
V=1 characberistics of individual cells ig

approximtion of ©i®
determination of the V-I characteris-

good epough for the anzlytlical
tics of a wlar cell array.
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The performance of a solar cell array at high intensitics
and high temperatures has also been studied both analytically
and experimentally. An uniformly iliuvuninated ¢ylindrical non-

tracking concentrator fabricated at BIPS imms been employed in

the experimertal study. It is shown that the variation of the

array characterising parameters, RI’ Ryr and RIII with Intensity

and temperature follows the same trend as observed in the casge

of a single solar cell.

Tn the next chapter, the design of a microprocessor baseqd

system for characterisation of a solar cell and solar cel] array

is presented.

4 % & ¢ 90 ¢
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