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ABSTRACT

In this work a complete thermal and electrical study is conducted for a commercial photovoltaic module
of 34 monocrystalline silicon cells each of 10 cm. diameter. The output power, current, fill factor, plate
temperature, and the module electrical resistance, were taken as dependent variables, whilst the solar
intensity, light intensity, ambient temperature and wind speed were taken as independent variables.
Several day-long experiments were conducted. It was found that the atmospheric etfect of absorbing solar
rays at different wavelengths, at different times, created variation in light intensity while solar intensity
is constant. Thus, at constant solar intensity the module output is proportional to light intensity (lux) and
inversely proportional to the plate temperature. The fill factor was found to be inversely proportional to
the plate temperature, and the plate temperature was inversely proportional to the wind speed. The
mathematical model was found to be suitable for describing the results to a high degree of accuracy.

INTRODUCTION

The public use of the photovoltaic electrical
generators began to be feasible, specially in places
where arrangements of infra-structure facilities are
lacking. More use is expected in the future if prices
cwntinue to drop [1,2,3]. However even at today prices
Wolf [4] states that for power generation of peak loads
' inthe range (1-10) kWs the photovoltaic generators are
theaper than Deisel generators. In the cell, energy
wnservation occurs via light induced transition of the
wrrent carriers from ground state (neutral) to excited
state. This produces a transport mechanism which
wnveys away the resulting excited electrons and holes
ad as they are unable to flow backwards and mix
again to neutralize, they need an external path to do so.
This produces the current [5].

Current flow and solar input, both cause an increase
in the cell temperature. For any kind of cell the solar
energy is divided into two parts: usable energy and
uusable energy: According to the frequency the
unusable energy increases the cell temperature. As the
«ll temperature increases, the output power decreases,
and inlet electrical Resistance increases. Cooling the
wll by increased wind speed is a powerful tool for
keeping the cell cold, [6]. This work was carried out
to bridge the gap between the thermal input-output

balance and the electrical output of a model consisting
of 34 monocrystalline photovoltaic cells, each ot 10
cm. diameter.” And to build a mathematical model
which can symulate the arrangement properly and
accurately. :

THE EXPERIMENTAL ARRANGEMENT

The flat plate module of 34 cells each of 10 c¢cm.
diameters was erected at an angle of 45 degrees to a
horizontal. The output terminals were connected in a
way to measure both the voltage and the current. The
output was fed to a rheostat in order to simulate a
changing external loads. Several points for plate face
and plat back temperatures were terminals for a
cupper-constant thermocouple, a  digital signal
processor was used to read the temperatures. A
pyranometer (kipp and Zonen solar integrator was used
to measure the solar intensity. Light intensity in lux
was measured using Wilh. Lambret GmbH model.
Also wilhelm Lambrecht wind velocity indicator was
used. At each quarter an hour the variables were
recorded, at different rheostat settings from zero to
maximum. The following parameters were recorded:

Alexandria Engineering Journal, Vol. 32, No. 1, January 1993 ' B 27



HAMMAD and MAHMOUD: Thermodynamic and Electric Behaviour of A Monocrystalline

Plate face temperature, Tp.c
Plate back temperature, Tb.c
Ambient temperature, Ta.c.
Open circuit voltage, Voc v.
Short circuit current, Isc amp.
Load voltage and current, V,I.
Solar intensity normal to the module, Is W/m?
Light intensity, Lux, lux.
Wind speed, V m/s.
Time, t,h.
The cell temperature differs from the plate
temperature by a value of less than 2 °c.

MATHEMATICAL ANALYSIS

In this section the physical and mathematical relations
of the energy conversion by the module are stated. An
energy balance of heat in-heat out, and electrical output
indicated. All this together formulate what is known as
mathematical model.

The solar intensity vertical to the Plate and absorbed
by the module is

Qs =IsABE (1)
Where ( is glass transmittance, Is is the solar
intensity normal to the plate, E is the plate absorptivity

and A is the module area.
The solar intensity absorbed by the glass is given by,

Qg =IsAE )

The heat transferred to the environment by
convection is determined from,

Qc = h A (Tp - Ta) 3)

Where h is the convection heat transfer coeficient
which can be found from the following equation, [8].

h=56+186v @)

Where v is the wind speed Ta is the ambient
temperature and Tp is the plate temperature.
The rate of heat absorbed by the module and the cover
is given by,

He = (m¢e Cpe + mg Cp,) dT/dt ()

Where m is mass; Cp, is specific heat of the m
Cpy is.the specific heat of the glass; and
temperature T is,

T = (Tp + Tb)12

and t is time Tb is the module back temperature.
The rate of hear transferred to the back insulati
the module is given by,

Qb = (k/L)A (Tp-Tb)+m, Cp, (dTb/dt)

Where K is the insulation thermal conductivity; |
insulation thickness; my is the insulation mass; C
the insulation specific heat capacity.

The maximum power output of the module ca
expressed by, [2].

Qo = Isc Voc Ff

Where Isc is the short circuit current; Voc the (
circuit voltage and Ff the fill factor.

The heat produced inside the module due to cu
flow is calculated from,

H= MVoc-V)I =R

Where V and I are load voltage and current.
The energy balance for the module is demonstrate
the equation,

Qs + Qg = Qc + Qb + Qo + Hc

A computer programme fed with module param
and solar data designed to evaluated the maxi
output power was introduced to an amstrad PC. 1
Basic language. Results were compared to experim
ones and exhibited in the results of this work.

®
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Figure 1. Equivalent circuit of the test

arrangement.
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DISCUSSION

The results of the different experiments of this work
are illustrated in the figures shown at the end of this
paper. Figure (1) shows the electrical equivalent circuit
used in the experiment with the module as the source
of power with diode (semiconductor) (D), and enternal
rsistance, on series (Rs) and on parallel (Rsh).

The voltage and the current are measured at ditferent
bad settings by a rheostat. Weather parameters are
siown in Figures (2,3,4) and (5), all of them included
Gaily distribution values, these values included solar
mntensity (I) W/mz, and wind velocity (v) in m/s, light
ntensity in (lux), and ambient temperature (Ta) in C.
The solar intensity normal to the module surface for
e three different experiments shown reached a
maximum value of 460 W/mz, local wind velocity
nnged from 0-3 m/s, while the local light intensity
rached @ maximum value of about 109 lux. In the
ume time the ambient temperature varied within the
range of 20 - 32 C.
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figure 2. Daily distribution of solar intensity normal
0 the module.
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Figure 4. Light intensity, daily distribution.
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Figure 5. Ambient temperature, daily distribution.
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Figure 6. Plate temperature, daily distribution.
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Figure 7. Wind speed Vs plate temperature.
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Figure (6) shows daily distribution of the plate
temperature for the three conducted experiments, it can
be noticed that the plate temperature ranged between
30 and 45 C. This range is considered by all
researchers as the normal working band. The plate
temperature decreases linearly with the wind speed at
constant solar intensity as shown in Figure (7). At 400
W/m? the line shows a slope ot 1 C/ (m/s). this value
can be compared with Servants value [9] of-0.48
C/(m/s) which was formulated for double glazing
modules while this work modules a single glazing one,
this caused the difference in the values, also it is
comparable to Birgess et al results [6]. The I-V
characteristic or the module for different readings are
shown in Figures (8), (9) and (10) each was
constructed for different readings from one of the
experiments on a sequence form. These curves are
commonly used to calculate the maximum power
output and the fill factor, both parameters are
considered essential for the performance of the module.
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Figure 8. I-V curves, experiment Nol at differnt
times.
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Figure 9. I-V curves, experiment No2 at differnt
times.
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Figure 11. Plate temperature Vs power output.
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The effect of the temperature on its performance is
siown in Figures (11), (12) and (13) the maximum
pwer output and the fill factor show a linear
jegradation of their values with the temperature
increase in rates of -10 W/C and 0.01 C! respectively,
while the short circuit current stays approximately
tonstant. These results compares with literature results
[5-10], while ref. [2] noticed a slight increases in the
short circuit value of such cells with temperature
increase  which is not supported by this work.
Degradation of both the maximum power and the fill
factor supports the idea of keeping the plate
temperature within the workable range, the generators
design must take into consideration temperature eftect
on output specially in hot climatical and local
conditions.
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Figure 14. Light intensity Vs current intensity.
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Figure 15. Light intensity Vs power output.
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Figure (14) and (15) illustrates that at constant solar
radiation intensity, both output power and short circuit
increase with the increase of flux. (light intensity).
This clearly shows the effect of light on the module
output, and shows that the wave length band of light
radiation has higher, effect on the performance of the
photovoltaic modules than other wave lengths.

Figures (16) and (17) illustrates the influence of the

load values on the output current and voltage
quantities, such curves must be consulted in any design
attempt of generators, knowledge of the load and
modules behaviour are essential. Results of Rogers et
al work [6] agrees with these results. Computer
simulation program results using the mentioned
mathematical analysis are shown in Figure (18).
Experimental results are shown on the same figure, a
good agreement is exhibited with slight differences
attributed to common experimental errors. Computer
simulation programmes can also be a suitable tool for
the design of photovoltaic generators.
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Figure 17. Load resistance (R) Vs output voltage.
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Figure 18. Solar intensity Vs power output.
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CONCLUSION

As a result of this study fixed conclusions are reached
for the photovoltaic systems:

]l-

4-

Plate temperature decreases when wind speed
increase and a linear relation exists. The single
glazing is better for cell cooling.

Plate temperature increase has the following eftects:
Module resistance increases; short circuit current
keeps constant; output power decreases and fill
factor decreases.

Light intensity increases the output power even it

solar intensity is kept constant. This suggests that
the tfrequency range of light is he most useable band
ot the solar radiation.

The mathematical analysis which uses thermal and
electrical power equilibrium gave results in a good
agreement with the experimental results.
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