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Chapter 6

Outdoor Experimental Characterisation of an Asymmetic
Compound Parabolic Photovoltaic Concentrator
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6.1 Introduction

An asymmetric parabolic photovoltaic concentratgstesm was designed and constructed suitable for
indoor and outdoor experimental characterisatidve predicted optical performance is detailed irptéra

3 and a thermofluid analysis undertaken and predantchapter 4. The optical analysis shows thath
filled ACPPVC-50 accepts solar radiation incidemeéoa wide angular range with an optical efficienty

up to 85.15% and collection efficiency of 100%. Tiketherms throughout the system; at the aperture,
reflector, solar cell and the aluminium back plated the air flow were predicted for different solar
radiation intensities. Indoor experimental chanasétion was performed using a solar simulator and
measured performance presented in chapter 5. Basethe measured performance in the indoor
experimental characterisation, the reflector supwas modified as described in chapter 3 for thel@ar
experimental characterisation. This chapter deth#gsexperimental characterisation of two ACPPVC-50
systems. The electrical and thermal measurementsiomber of ‘PV’ strings connected in serieshaf t
first ACPPVC-50 system, PV panel with concentratod without concentrator of the first ACPPVC-50,

and both PV panels with and without concentratbrea time are presented.

6.2 The ACPPVC-50 Systems Developed for Outdoor Experiantal

Characterisation

The design and construction procedures for the tystems used for outdoor experimental
characterisation were detailed in chapter 3. BAMPYC-50 systems are shown in figure 6.2.1. Although
the geometrical and physical characteristics oh Isystems were intended to be the same, duringrayst
construction one of the solar cells short circuitetth the rear aluminium plate and was replaceshasvn

in figure 6.2.1(a). The replaced solar cell did affect the electrical output when it was testedasn
normal conditions i.e. the short circuit currentiaspen circuit voltage were the same as for theroth

strings in the system.

-5 : ! Electrical terminal
"

—

Interconnection

Glass aperture coverf Adjustable bracket

(a) System 1 (b) System 2

Figure 6.2.1 Fabricated ACPPVC-50 systems for autéaperimental characterisation: (a) System 1
clearly indicating the location of the replacedssalell (b) System 2.
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6.3 Experimental Set-up for Outdoor Experimental Charaderisation

Measurements of current and voltage under forwaad bondition for photovoltaic cells were taken
incorporating the loading circuit as detailed irmpter 5. For the outdoor experimental characteoisaif
the ACPPVC-50 systems the data acquisition systd@v00 was replaced by a high speed data
acquisition system KI2750 (maximum speed of 250049 and the source meter KI2400 was replaced
by Ki2430. All remaining instrumentation was asdsef The accuracy and specification of KI2750 and
K12430 are detailed in Appendix B. The circuit diag for all measurements is shown in figure 6.3.1.
Figure 6.3.2 details the electrical connectionghaf source meter and data acquisition system
used for measuring the current and voltage devdldpethe PV panels when under illumination i.e.
forward bias conditions. A switching relay cardeguired when two or more PV systems are testédueat
same time, the solar radiation, temperature and wétocity sensors were connected directly to tha d
acquisition card. An internal cold junction compates! data acquisition card (Anon, 2001m) was used f
all temperature measurements in this experimerg. sihar radiation sensor was connected to a voltage
channel which was set with the correct calibratiaator used for the instrument. The thermocouple
locations at which the solar cell temperature afiliéctor substrate temperature were measured avensh
in figure 6.3.3. Figure 6.3.4 and figure 6.3.5gthates the thermocouple locations used to medkare

temperature of the aluminium back plate for botsteays.
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Figure 6.3.1 Block diagram of equipment for testifigPV systems.
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Figure 6.3.2 Electrical circuit connections usednfi@asuring current and voltage
generated by the photovoltaic systems through ehddnel switching card.
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Figure 6.3.3 Thermocouple connections at the reftdzack plate and at either side of solar
cell edge to measure reflector and solar cell teatpee respectively.
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Figure 6.3.4 Thermocouple locations at which themahium back
plate temperature was measured for System 1.
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Figure 6.3.5 Thermocouple locations at which ther mduminium back plate temperature was
measured for System 2.

6.4 Experimental Measurements and Data Analysis for theTwo Fabricated
ACPPVC-50 Systems

The experiments were performed at the Centre fgtathwable Technologies (CST), at the University of
Ulster, Jordanstown, NI, UK, at 56°N and 5°6' We Blgstems were mounted at 18°, 30° and 0° inaimati

angles to the vertical as illustrated in figure.6.# 6.4.3.

Figure 6.4.1 System 1 mounted at an angld=igure 6.4.2 A non-concentrating and an ACPPVC-50
18° from the vertical. mounted at an inclination angle of 30° to the caiti
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Figure 6.4.3 A non-concentrating and an ACPPVC-80imbed vertically.

6.4.1 Electrical and Thermal Performance Analysis of Systm 1

The electrical output, solar radiation and tempees from System 1 were monitored for a periodvefro
24 days. When measuring a single system, the dapaisition terminal was connected directly to the
device output. Programmes were written in “TestnPofAnon, 2001j) to control the monitoring and
storage of all electrical and thermal measuremeglksctrical parameters measured were the output
current from the PV panel, the output voltage, ghert circuit current and the open circuit voltagbe
ambient temperature, the cover glass temperatude tl@ aluminium back plate temperature were
measured. A “Linear Sweep” mode was used to oltairth set of |-V curves. Each sweep took 10
seconds to measure current, voltage, solar radjagémperature and wind speed. A delay of 30 second
was implemented between successive sweeps to ardetool the source meter (Anon, 2001n). The
system was mounted at an angle of 18° to the waértithe variation of solar radiation, ambient
temperature, aperture cover temperature and averaganium back plate temperature are shown in
figure 6.4.1.1 for the Z1August 2002. A time delay can be seen betweempéla& temperature and the
peak solar radiation on that day. This is due tottiermal inertia of the aperture cover and aluanmi
back plate.

The 1-V curves measured at different times of tlay ddiffering solar incidence angle and
intensity) are shown in figure 6.4.1.2 (a) and feg6.4.1.2 (b) shows the change of short circuitecu
due to change of the solar incidence angle. Ordéysa period prolonged sunshine prior to and afiéar
noon leads to a low value of the short circuit entr This is due to the shading created by the @ood
frame as shown in figures 6.4.1.3 and 6.4.1.4.feigu4.1.5 illustrates the variation in power geied
by the PV panel with the voltage developed by fte Tnaximum power point shifts towards the left as
shown by the voltage-power curve at 13:00 and 14t@®ugh for the latter curve the solar radiativas
100 Wni* higher compared to the first one.
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Figure 6.4.1.1 Measured solar radiation and tentpess for the ACPPVC-50 on the®21
August 2002.
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Figure 6.4.1.2 (a) I-V curves at different times different incident solar radiation intensities,
(b) variation of short circuit current with solaicidence angle and time.
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Figure 6.4.1.3 Shadow created on the right-end Figure 6.4.1.4 Shadow created on the left-end
solar cell by the wooden frame at 11:54:32 on solar cell by the wooden frame at 14:55:39 on

271° August 2002. 21% August 2002.
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Figure 6.4.1.5 Instantaneous power output withagstdeveloped by System 1 at different
times for different incident solar radiation intdies.
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Figure 6.4.1.6 Change in open circuit voltage drattscircuit current with time for System 1.
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The variation in short circuit current and opercait voltage with time is shown in figure 6.4.1he
open circuit voltage increases exponentially withident solar radiation intensity until it achievits
maximum value. For a wide range of solar radiatigansities (between 11:00 to 17:00) the open itircu
voltage remained nearly constant. The open ciralibge decreased around mid day, due to the iserea
in PV temperature. The open circuit voltage de@éaafter 20:00 since solar radiation decreased
significantly. This sudden drop in the open circwitage is caused by a shadow cast by the wooden
frame on the left solar cell string as illustrabedigures 6.4.1.4 and 6.4.1.7.

ra
No shadow -

Time 10:00

PV cell /jg\

No shadow

Time 15:0( Time 16:0(C Time 17:0C
Figure 6.4.1.7 Shadow cast by the wooden frame thietgolar cells at different times of the
day.
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Figure 6.4.1.8 Maximum power output and efficien€ysystem 1 with incident solar
radiation intensity.

The efficiency and maximum power generated by tfstesn with incident solar radiation intensity are

shown in figure 6.4.1.8. It can be observed froguife 6.4.1.8. that despite intervals of cloud at levels
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of incident solar radiations up to 500 Wnthe maximum power output and efficiency were |@his
was because of shadows cast on the PV at eithero$ithe system by the wooden frame. A maximum
efficiency of 7.8% was achieved at 800 Wreolar incident radiation when the maximum power

generated by the system was 26 W.
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Figure 6.4.1.9 Diurnal variation of cover glassiminium back plate temperature and solar radiation.
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Figure 6.4.1.10 Measured temperature contourseadltiminium back plate at time (a) 10:30
(b) 12:30 (c) 14:30 (d) 16:30 on the®Adf August 2002.

The temperature distribution at the aluminium batke is shown in figure 6.4.1.9. The highest back

plate temperature of 50°C was at thermocouple ipositl2’ near to the centre of the back plate (see

figure 6.3.4). The maximum temperatures recordetheythermocouples positioned at the top and bottom

of the cover glass were 38°C and 30°C respectiVdlg. average ambient temperature was 20°C. Figure
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6.4.1.10 shows the measured temperature contotinge eluminium back plate at different times anthwi
different solar radiation intensities. The peak pemature shifts from left to right as seen fronmufig
6.4.1.10(a) and figure 6.4.1.10(d). This is duthtofollowing reasons:
» Shading effect as illustrated in figure 6.4.1.7.
» Effective heat loss from the edge reduced due ¢osttond system mounted close to the first
system as shown in figure 6.4.3.
The variation in the rear aluminium back plate terapure at thermocouple positions ‘t5' and ‘t17¢ ar

shown in figure 6.4.1.11.
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Figure 6.4.1.11 Diurnal variation of solar radiatiand back plate temperature at thermocouple
positions ‘t5’ and ‘t17’.
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Figure 6.4.1.12 Diurnal variation of solar radiatiand aluminium back plate temperature at
thermocouple positions 12 and 15 as shown in figuet.
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The temperature in the central region of the aliminback plate becomes nearly uniform as shown in
figure 6.4.1.12 at thermocouple positions ‘t12" atdd’. A temperature difference of 3°C can be sien
the central vertical direction of the aluminium kgdate at thermocouple positions of ‘t11’, ‘t12\c
‘t13" as shown in figure 6.4.1.13. Figure 6.4.lilldstrates the variation of back plate temperaiai®ng

the central line in the horizontal direction. AiMer intensities of solar radiation i.e. in the moghand

the evening all temperatures are similar. The nreasiemperature contours at the aluminium bacleplat
in figure 6.4.1.15 shows that each side of the lpdate does not exhibit the same edge heat loggeak
temperature difference of 7°C can be seen betweenop and bottom of the aperture cover glass as
shown in figure 6.4.1.16. The average rear alumnplate temperature was 48°C, 25°C above the

ambient temperature as shown in figure 6.4.1.17.
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Figure 6.4.1.13 Diurnal variation of solar radiatiand the aluminium back plate temperature at
thermocouple locations t11, t12 and t13 as showigure 6.3.4.
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Figure 6.4.1.14 Diurnal variation of solar radiatiand temperature of the aluminium back plate
at thermocouple locations t6, t9, t12, t15 andagd8hown in figure 6.3.4.
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Figure 6.4.1.15 Measured temperature contourseofithminium back plate at time 14:50
on the21% of August 2002.
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Figure 6.4.1.16 Diurnal variation of solar radiatidop and bottom aperture cover glass
temperature for System 1.
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Figure 6.4.1.17 Variation of average back platepemature and ambient temperature
with time for System 1. All eight PV strings werennected in series.
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6.4.2 Electrical and Thermal Performance Analysis of Sysm 1 with Seven PV Strings

Connected in Series

The outdoor experimental characterisation was uakien for nine days with seven PV strings connected
in series. For this period not a single day wadinaously clear and sunny. The PV string contairtimng

replacement PV cell was disconnected for these uneaents. The variation of incident solar radiation
with time is shown in figure 6.4.2.1. The methodploof measurement remained unchanged from

previous experiments.
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Figure 6.4.2.1 The change of solar radiation wittetfor nine days (a)"dto 13" August (b)
15" to 20" August. The solar radiation was measured at 5énskintervals.
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Variations in the maximum power generated by thstesy with incident solar radiation for these
experiments with seven PV strings connected inesedire illustrated in figure 6.4.2.2. The maximum
power generated by this system was 20 Watts whenntiensity of incident solar radiation was 800
Wm. Due to the shading on either side of the systeemaximum power point dropped by up to™1/3
of its peak value. At higher intensities of soladiation, close to either side of solar noon, tleimum
power obtained from the system reached a corregppmdaximum value. The solar radiation intensity
was measured on the plane of the experimental ajysarThe corresponding hourly variation of

maximum power generated by System 1 is shown urdi¢.4.2.3.
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Figure 6.4.2.2 Vaation of maximum power generated by System 1
incident solar radiation intensity.
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Figure 6.4.2.3 Hourly variation of maximum powerSyfstem 1 for nine days in August 2002.
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6.4.3 Electrical and Thermal Performance Analysis of Sysm 1 with Six PV

Strings Connected in Series

Measurements were conducted for ten days with8istRngs connected in series, both left and rgjtiée

PV strings were electrically disconnected from titeers. The variation of solar radiation, ambient
temperature, glass cover temperature and averageal@minium back plate temperature with time are
shown in figure 6.4.3.1. The highest solar radiatbserved was 900 Whapart from a few sharp peaks
that occurred before noon due to cloud. The pealercglass temperature and average back plate

temperatures did not respond at the same rateimeddue to the thermal inertia of the metal platd a

cover glass.
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Figure 6.4.3.1 Variation of solar radiation, ambi¢emperature, cover glass temperature and
aluminium back plate temperature with time for gystl with six PV strings connected in series.
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Figure 6.4.3.2 The I-V curves for different incidesolar radiation intensities for
System 1 with six PV strings were connected ineseri
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The |-V curves for different incident solar radti intensities are shown in figure 6.4.3.2 and the
corresponding voltage vs. power curves are showigume 6.4.3.3. At greater solar radiation intéiRsi
the maximum power point shifts towards the loweltage due to increased PV cell operating
temperature.

Solar radiation (Wm™)
‘ —8— 413 ——500 —— 600 —— 702 —%— 750 —e— 800 —e— 850 ——900 —8— 920

30 1

Power (W)

Voltage (V)
Figure 6.4.3.3 Output voltage vs. power generate®§stem 1 with six PV strings connected
in series.
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Figure 6.4.3.4 Variation of efficiency and maximupower generated with
incident solar radiation by System 1 when six Rihgs were connected in series.

The variation of efficiency and maximum power gexted by System 1 with incident solar radiation is
presented in figure 6.4.3.4. The maximum powereglinearly with incident solar radiation as expelct
from consideration of the PV electrical characterss however at lower solar radiation intensitibe
efficiency increased with incident solar radiatexponentially until it reached its highest valudeTill

factor for the system with six PV strings connectadseries for different incident solar radiation
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intensities is illustrated in figure 6.4.3.5. Thightest fill factor of 62% was achieved for a largage of
solar radiation intensities. A low fill factor impk significant electrical power losses from thetegn.
The variation of temperature with time for the aogbass, ambient and the aluminium back plate at
different thermocouple locations are illustratedigure 6.4.3.6. The highest temperature was medsur
by the thermocouple at location ‘t12’ in the middiethe aluminium back plate. Heat is transfernexif

the back plate to the cool air flowing over it, wethg its temperature significantly. Figure 6.4.3.7
indicates that the central region of the back péateieved the highest temperature measured compared

the sides of the back plate, due to unequal edgeldes from the metal back plate.
1
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Figure 6.4.3.5 Variation in fill factor with incidé solar radiation for System 1 with
six PV strings connected in series.
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Figure 6.4.3.6 Variation in temperatures and ingideolar radiation with time for

System 1 with six PV strings connected in series.

202



PhD Thesis: Tapas Kumar Mallick

Solar radiation intensity = 826 Wfn 0.55 Solar radiation intensity = 880 W

T
=3
O

Distance (m)

01 02 03 04 05 06 07 08 09 01 02 03 04 05 06 07 08 09
Distance (m) Distance (m)
(a) Time 14:00 (b) Time 15:00
Solar radiation intensity = 560 W 0.55 Solar radiation intensity = 115 W

o
B a
(&
71T

Distance (m)

TR L e 0 A A
0.9 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

0'1*\\\\\\\\\\\\\\\\\\\\\\\\\\\

0.1 0.2 0.3 0.4 0.5 0.6 0.7 6é
Distance (m) Distance (m)
(c) Time 16:00 (d) Time 18:00

Figure 6.4.3.7 Measured temperature contours cdltinium back plate at time (a) 14:00 (b) 15:00
(c) 16:00 (d) 18:00, on the 8@f August 2002.

6.4.4 Electrical and Thermal Performance Analysis of Sysgm 1 With Six PV Strings

Connected in Series Without Concentrator Present

The reflector system was removed from System lravige base data with which to compare the
electrical output of the concentrator system. Adé tsolar cell connections remained the same. The
experimental investigation was conducted on tHeo September 2002 for six PV strings connected in
series. The measurements were taken at 30 sedendkils for solar radiation, wind speed, outputenir

and voltage generated by the PV panel, glass deveperature, ambient temperature, and aluminium
back plate temperature. The variation of incidearsradiation and wind speed with time are shown i
figure 6.4.4.1. The highest solar radiation recdrdas 950 Wi on the plane of the experimental test
system. Lower values of solar radiation after salaon are the result of cloud cover. The average wi
speed was 1.42 mswhich increased the convective heat transfer ftionaperture cover glass and the

aluminium back plate decreasing PV operating teatpees.
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Figure 6.4.4.1 Variation of solar radiation and avspeed with time on the"2of

September 2002.
Figure 6.4.4.2 shows the |-V curve for the systeithh wo concentrators with six PV strings connected
series for different solar radiation intensitiesat® from the non-fluctuating part of the solar atidin
curve was used to plot I-V curves. One full measwamrt procedure for current and voltage data took 5
seconds, for which solar radiation fluctuated ks 1% (which did not effect PV output signifidgint
The short circuit current increases linearly wititident solar radiation intensity and the openuiirc
voltage remains constant as would be expected Frasit solar cell characteristics. The maximum short
circuit current generated by the system was 1.6 & solar radiation intensity of 900 Whrfor the same
PV system with concentrators the short circuit entrrwas 2.5 A for the same incident solar radiation
intensity of 900 Wi (compare figure 6.4.3.2 and figure 6.4.4.2). Therishircuit current increased by
1.56 times with the concentrator compared to therfbn-concentrating PV panel.

Solar radiation (Wm'z)
18 - | —*—400 —+—597 —8— 700 —&— 801 —*— 900 |

Current (A)

Voltage (V)
Figure 6.4.4.2 W curves at different solar radiation intensities $ystem 1 wit
six PV strings connected in series and the conamtsystem removed.

204



PhD Thesis: Tapas Kumar Mallick

27 T 18
1.8 f open circuit voltage - 116
1.6 1 1 1
1.4+ R
@ [ + 12 S
€ 121 o
£ : b 10 S
8 1 £ g
%' r g
S 087 5
5 ' <
% 067 \ 9]
0.4 I short circuit current

06:30 08:30 10:30 12:30 14:30 16:30 18:30

Time (hour)

Figure 6.4.4.3 Variation of short circuit currendeopen circuit voltage with time for
System 1 with six PV strings connected in serigs@mcentrator system removed.

The diurnal variation of short circuit current aogen circuit voltage is shown in figure 6.4.4.3orAr
10:00 to 17:00 the open circuit voltage was neeolystant. This was because the open circuit voltiadie
not change at higher incident solar radiation isitgn(the concurrent diurnal variation of insolatics
shown in figure 6.4.4.1) but the short circuit emtr changed in a linear manner with incident solar
radiation intensity. For a photovoltaic module otilg solar cell area which is directly exposedumalight
produces electricity. The wooden frame of this exystreated a shadow on some of the solar cells as
shown in figure 6.4.1.7, decreasing the panel'sgrautput and thus efficiency. Figure 6.4.4.4 shtves
variation of maximum power generated by the pamel &s efficiency with incident solar radiation
intensity until 10:00. The “U” pattern of the effincy curve can be explained by shading from the
wooden frame. The maximum power point and efficgghowever in general varies linearly with the
incident solar radiation as shown in figure 6.4.4[&e increase in efficiency at lower solar radiati
intensities (<=500 W) is due to the high voltage developed by the Phepalrhe maximum efficiency
achieved is 9.2% for incident solar radiation isies of 700 Wrii to 980 Wnif. The maximum power
generated by the PV system was 16.8 Watts at afeimicsolar radiation intensity of 970 Wm
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Figure 6.4.4.4 Variation of efficiency and maximyower output from System 1 with
incident solar radiation, when six PV strings wearennected in series and the
concentrator system removed.
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Figure 6.4.4.5 Variation of maximum power and é#ficy with solar radiation
intensity with six PV strings connected in series $ystem 1 and the concentrator
system removed on thé"af September 2002.

Figure 6.4.4.6 illustrates the variation of ambjergver glass and average back plate temperatuhe wi
time. The peak cover glass temperature and the peakage back plate temperature do not occur
simultaneously. A 40 minute delay can be seen lier geak average back plate temperature and the
maximum solar radiation, illustrating the “thermalertia” of the aluminium back plate. A peak
temperature difference of 21°C can be seen bettireerear aluminium plate and the ambient tempegatur
whereas the temperature difference between theuapearover glass and the ambient is only 11°C. The
temperatures at the aluminium back plate are shiowfigure 6.4.4.7, the maximum and minimum
temperatures are shown in figure 6.4.4.8. A 4°Cpezature difference can be seen between the highest
and lowest temperatures of the aluminium back @atbermocouple positions ‘t8’ and ‘t15’ as shown
figure 6.3.4.
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Figure 6.4.4.6 Variation of solar radiation, ambietemperature, cover glass
temperature and average back plate temperaturetiwithwhen six PV strings were
connected in series and the concentrator systemven
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Figure 6.4.4.7 Diurnal variation of solar radiatiand temperatures on the aluminium back
plate for System 1 without concentrators when 8bsRings were connected in series.
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Figure 6.4.4.8 Diurnal variation of solar radiatiomaximum and minimum back plate
temperatures for System 1 without concentratorswdie PV strings were connected in series.
Thermocouples were located at the position ofat®l ‘115" as shown in figure 6.3.4.
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6.4.5 Electrical and Thermal Performance Analysis of Sysgm 1 Without Concentrator

For a Single PV String

The electrical and thermal performance of Systewithout concentrators was investigated for a single
PV string with five solar cells connected in seriBg measuring the open circuit voltage and shiocui
current the electrical output of thd' Solar string (from the left side as shown in figu6.3.4) was
measured from 8:00 to 20:00 hour on tfedd September 2002. The I-V curve and its corredpan
voltage vs. power curve for different solar radiatintensities are shown in figures 6.4.5.1 and5624
respectively. The current increases linearly witlbident solar radiation as can be seen from figure
6.4.5.1. The short circuit current remains almaststant at higher levels of solar radiation whetbas
open circuit voltage is approximately one sixthtlodt for six PV strings connected in series (figure
6.4.5.1 and 6.4.4.2) as can be expected from smHlrcharacteristics. The maximum power point
becomes approximately 15% lower when comparedxt®¥i strings connected in series (figures 6.4.5.2
and 6.4.4.5). The maximum power point shifts towdte right side, i.e. the voltage correspondinthéo

maximum power point increases at higher incidelgrsadiation intensities.
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Figure 6.4.5.1 I-V curve for gingle PV string without a concentrator for difat sola
radiation intensities. The string was tHeféom the left side as shown in figure 6.3.4.

208



PhD Thesis: Tapas Kumar Mallick

Incident solar radiation (Wm)

—6—906 —8—852 —+—800 —&— 749 —%— 702 —— 649 —&— 609 —— 560 —8—495 ‘

2.5 A

Power (W)
=
[ 6] N

o
a1
I

o

0.5 1 1.5 2 25 3
Voltage (V)
Figure 6.4.5.2 Power curve with voltage developgd Bingle string of five PV cells.
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Figure 6.4.5.3 Variation of fill factor with incidé solar radiation for System 1
without concentrator. A single PV string was coesadl for this measurement.

Figure 6.4.5.3 shows the variation of fill factoitlwincident solar radiation intensity for a sindgh/
string of System 1 without a concentrator. Theféiitor varies from 68% to 72% for a single strifige

fill factor is relatively high compared to the PYstem when two or more PV strings are connected in
series. This is because of the resistive Ioséés) that occur between consecutive solar cell

interconnections. Figure 6.4.5.4 shows the vamatibopen circuit voltage and short circuit currerth
incident solar radiation for the single PV strilys expected, the short circuit current is linearly
proportional to the incident solar radiation wheré@e open circuit voltage tends to a constant alaov
incident solar radiation intensity of 500 Wariation of efficiency and maximum power genethby
the single PV string with incident solar radiatiotiensity are shown in figure 6.4.5.5. The highest

efficiency achieved by this single PV string was5% which is higher when compared to multiple PV
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strings connected in series. This is due to thdaehigﬁzr) losses for multiple PV strings connected in

series.
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Figure 6.4.5.5 Effect of maximum output power afficiency with incident solar
radiation for a single PV string of System 1 withoancentrator.
6.4.6 Electrical and Thermal Performance Analysis of a Fit Non-Concentrating PV

Panel and an ACPPVC-50 Panel Mounted Vertically forFive PV Strings

Connected in Series

An experimental investigation was undertaken foo tsystems with different numbers of PV strings

connected in series. The first system was a flatgumcentrating system and the second system weas th

concentrator (ACPPVC-50) system. The systems ctearsed experimentally are shown in figure 6.4.6.1,
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the system on the left side is System 1 (fabricéitst), characterised experimentally with and with
concentrators described in the earlier sectionghid chapter. This experimental investigation was
conducted on the 20of September 2002 with the measurements takemwelve hours from 8:00 to

20:00 with 20 second intervals between consecstte of data points.

'/

ACPPVC-50

Experimental
test system

Figure 6.4.6.1 Flat nooencentrating and asymmetric compound parabolictguodtaic
concentréors under outdoor experimental characterisatiothatUniversity of Ulster. Bo
systems are identical with equal numbers of P\saalhnected in series in each systems.

Figure 6.4.6.2 shows total and diffuse solar ramliatmeasured on the plane of the experimental test
systems. The maximum total radiation was 800 ¥\and the diffuse radiation was 240 W¥niThe
variation of short circuit current and open cirocwttage with time for both flat non-concentratisygstem

and the ACPPVC-50 are presented in figure 6.4 open circuit voltage was 0.4 V higher for the
ACPPVC-50 compared to the flat non-concentratingepavhereas the short circuit current for the
ACPPVC-50 was approaching to the value of its thtcal concentration ratio of 2.0. This is duehe t
effective solar radiation at the PV surface for &ePPVC-50 increased by its concentration ratia 2.0
The major problem with this experimental charassdion is the shadow cast by the top wooden frame
since the PV systems are orientated vertically thrdefore cast a shadow on the solar cells, efiegti
decreasing the output power of the system. Themstedreated by the wooden frame for the flat non-

concentrating PV system and the ACPPVC-50 systemstamwn in figure 6.4.6.4.
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Figure 6.4.6.2 The variation of total and diffuaeiation with time on the 30of September 2002.
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Figure 6.4.6.3 Short circuit current and open direaltage for the flat non-concentrating
and the concentrating ACPPVC-50 with time on th® @0September 2002.

Flat non-concentratin &

system

(b)
Figure 6.4.6.4 Shadow cast by the wooden framehentdp most solar cells for (a) the flat non-
concentrating system and (b) the ACPPVC-50 at mwpthe 26 of September 2002.

212



PhD Thesis: Tapas Kumar Mallick

18 ¢
[ o flat non-concentrator x ACPPVC-50 ‘

16 +
14
12 +

10 +

Maximum power (W)

300 400 500 600 700 800 900
Solar radiation (Wm '2)

Figure 6.4.6.5 Variation of maximum power output tlee flat non-concentrating
and the concentrating ACPPVC-50 system with sa@ldration intensity.

Figure 6.4.6.5 shows that the variation of maximpomver generated by the flat non-concentrating PV
panel and the ACPPVC-50 panel with incident sadaiation intensity. Each maximum power curve has
two distinct lines between solar radiation inteesitof 200 to 700 Wi this is due to the shadow from
the supporting frame. Apart from an east-west sWackst by the wooden frame, a third shadow fell on
the PV solar cells as shown in figure 6.4.6.4 wthenPV systems were mounted in the vertical plane.
portion of the top reflector in the ACPPVC-50 refke incident solar radiation which becomes more
effective compared to the flat non-concentrating panel, as a result a significant difference in the
maximum power curve can be seen at lower incidadiation intensities. The upper line of the power
curve at solar radiation intensities from 200 t® ¥m? refers to the power obtained by the PV panels
when there was no shadow cast on the PV cells. cBmsequences of this shading effect are lower
efficiencies for the systems as shown in figure®64 The highest achieved efficiency for the fian-
concentrating PV panel was 8% whereas the effigidocthe ACPPVC-50 was 6.6% at incident solar
radiation intensities from 400 to 500 WhniThis is because at higher incident solar radiaiitensities
the solar cell temperature increases which decsghseopen circuit voltage of the PV panel and thes

PV panel efficiency. Figure 6.4.6.7 shows the porgio between the flat and concentrating PV panels
Although the concentrating PV panel has higher pohveses(izr) resulting from a higher current

compared to the flat panel, the maximum power riatib.8 or more because of the partially shadeal sol

cells in the non-concentrating panel as shownguaré 6.4.6.4.
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Figure 6.4.6.6 Effect of efficiency with inciderdlar radiation for the flat non-concentrating
PV panel and the ACPPVC-50 system with six PV gficonnected in series.
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Figure 6.4.6.7 Maximum power point ratio of thet flen-concentrating PV panel and the
ACPPVC-50 system with incident solar radiationdotr PV strings connected in series.

The variation of reflector temperature and soldrteenperature are shown in figures 6.4.6.8 ande®4

respectively. The solar cell temperature was meaishy attaching a thermocouple at the edge ofdlze s

cell,

whereas the thermocouples were attached anglig reflector trough for reflector substrate

temperature as shown in figure 6.3.3. The peak ¢eatpre difference between the reflector back plate

and the solar cell was 3°C. The maximum reflecamkiplate temperature was 48°C, the maximum solar

cell temperature was 46°C for the concentratingpBiel. The peak temperature difference between the

highest and lowest reflector back plate temperatwas 8°C at thermocouple positions ‘tr43’ and8tr3

the peak solar cell temperature difference betweemighest and lowest solar cell temperaturesi8és

at thermocouple positions ‘ts48 and ‘ts38’. Dughe temperature gradient along the solar celbwaep

drop occurred which decreased the PV panel efitgien
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Figure 6.4.6.8 Diurnal variation of solar radiatiand reflector substrate temperature for the ACPBU.C

The thermocouples were connected inside the refléaiughs as shown in figure 6.3.3.
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Figure 6.4.6.9 Diurnal variation of solar radiat@md solar cell temperature for the ACPPVC-5le
thermocouples were connected at the edges of thecgls as shown in figure 6.3.3.

The temperatures of the aluminium back plate fahlibe concentrating ACPPVC-50 and the flat non-
concentrating system with time are shown in figui&s6.10 and 6.4.6.11. Back plate temperaturasd/ar

in a similar way with time for both systems. Theooople locations are shown in figures 6.3.4 andb6.3
The highest back plate temperature of 44°C forA@G@PVC-50 occurred at thermocouple position ‘t62’,
for the flat non-concentrating PV system the highesiperature was 41°C. As expected for both system
the maximum temperatures occurred close to thealguasition. The thermal edge loss and the shading
factor close to the edge solar cells resulted welotemperatures compared to the central regicihef
aluminium back plate.
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Figure 6.4.6.10 Diurnal variation of solar radiatiand aluminium back plate temperature for the
ACPPVC-50 system. The thermocouples were locateth@asn in figure 6.3.5.
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Figure 6.4.6.11 Diurnal variation of solar radiatiand aluminium back plate temperature for flae
non-concentrating PV panel. The thermocouples Veeaed as shown in figure 6.3.4.

6.4.7

Electrical and Thermal Performance Analysis of a Fit Non-Concentrating PV
Panel and an ACPPVC-50 Concentrating Panel Mounteadt 18° to the Vertical

for Four PV Strings Connected in Series

Experimental investigations were undertaken forih8fined system to reduce shading on the top rbw o

solar cells. This avoids power losses which othegvaccur due to the shaded top row of solar détlar

PV strings were connected in series for this expent. The test was conducted on th€ @BSeptember
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2002 and the measurements were taken over an edexkea half hour period. The |-V curves for the fla
non-concentrating and the ACPPVC-50 systems fderdint incident solar radiation intensities areveimo

in figures 6.4.7.1 and 6.4.7.2 respectively. Sianly four rows of PV strings were connected forhbot
systems, there were no shaded solar cells fronstipporting frame in the east-west direction. The
flattening of the |-V curve near to the maximum govpoint can be explained by the extra power drop

across the relay card and the resistive lossesdn eomponent because the current to voltage ratio.

Incident solar radiation (Wm'z)

181 —+—399 —=—451 501 550 —%—602 —e—651 —+—703 ——751
; 802 852 901

1.6 |

1.4+

124, .

0.8 = = — = =

0.6 N\

0.4+

\

X

Current (amp)

0 1 2 3 4 5 6 7 8 9 10 11
Voltage (volt)

Figure 6.4.7.1 I-V curves for different intensitie solar radiation for the flat
non-concentrating system with four PV strings catee in series.
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28 1 802 —®—3852 —e—001

Current (A)

Voltage (V)

Figure 6.4.7.2 |-V curves for different intensitie$ solar radiation for the
ACPPVC-50 system with four PV strings connecteddries.
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Figure 6.4.7.3 Variation of total radiation, diffusadiation and ambient temperature
with time on the 28 of September 2002.
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Figure 6.4.7.4 Variation of short circuit curremdaopen circuit voltage for the flat non-
concentrating PV panel and the concentrating ACPBUGystem with time. Four PV strings
were connected in series for both systems.

Figure 6.4.7.3 shows that the variation of totdaiscadiation, diffuse radiation and ambient tenapere
with time on the 298 of September 2002. The maximum total radiatioromed was 960 Wion the
plane of the test system and the maximum diffuskat@n was 200 Wi The maximum ambient
temperature was 21°C. The variation of short dircuirent and open circuit voltage for both the fian-
concentrating and the concentrating ACPPVC-50 mystare shown in figure 6.4.7.4. The open circuit
voltage is nearly constant for both PV panels waerde short circuit current increases linearlyhwit

incident solar radiation intensity.
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Figure 6.4.7.5 Maximum power point for the flat poomcentrating and the
concentrating ACPPVC-50 systems with incident s@dration intensity.
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Figure 6.4.7.6 Maximum power point ratio for thatfhon-concentrating and the
concentrating ACPPVC-50 systems with incident s@dration intensity.

Figure 6.4.7.5 shows the maximum power point fer ftat non-concentrating system and the ACPPVC-
50 system with incident solar radiation intensi®ar a concentration ratio of 2.0, the effectiveasol
radiation intensity at the absorber will increage afactor of 2 if the optics are perfect i.e. petf
geometry and no reflection losses. This implieg #itaa given incident solar radiation intensity the
maximum power point can be doubled for the ACPP\0G¥stem compared to the flat non-concentrating
system if the ACPPVC-50 optics are perfect. Fohlsytstems the maximum power point varies linearly
with incident solar radiation intensity. The chammjgower ratio with incident solar radiation inséy is
shown in figure 6.4.7.6. The average maximum pora&o between the flat non-concentrating and the
ACPPVC-50 systems is approximately 1.6. This ing8egnificant additional losses for the ACPPVC-50

system when compared to the flat non-concentratystem. Possible sources of losses and their ieduct
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are discussed in chapter 7. The maximum efficieaxlyieved for the flat non-concentrating system is
almost 8% compared to 6.2% for the ACPPVC-50 systershown in figure 6.4.7.7

10

i = flat non-concentrator ® ACPPVC-50 i

Efficiency (%)

300 400 500 600 700 800 900 1000

Solar radiation (Wm '2)

Figure 6.4.7.7 Comparison of efficiency for thet fleon-concentrating and the
ACPPVC-50 with incident solar radiation.
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Figure 6.4.7.8 Diurnal variation of solar radiatioambient temperature, average back plate
temperature of the flat non-concentrating systerarage reflector temperature of the ACPPVC-50,
average solar cell temperature of the ACPPVC-50 amerage back plate temperature of the
ACPPVC-50.

Figure 6.4.7.8 shows the variation of ambient tenaijpee, average back plate temperature of then@at

concentrating PV system, average solar cell tenyperaof the ACPPVC-50, average reflector
temperature of the ACPPVC-50 and average back pisperature of the ACPPVC-50 with time. A
maximum temperature of 52° can be seen at thecteflesurface for the ACPPVC-50. A temperature
difference of 6°C can be seen between the back plad the reflector troughs of the ACPPVC-50. All
temperatures were measured at the thermocouplédosaletailed in figures 6.3.3 and 6.3.4. Thersola

cell temperatures were measured at the edge @fresitie of the ACPPVC-50 system to prevent shading
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on the actual cells. The temperature at the edgfeecdolar cell was similar to that of the alummiback

plate.
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Figure 6.4.7.9 Diurnal variation of solar radiatiand back plate temperatures for the flat non-
concentrating system. The thermocouples were Idadeshown in figure 6.3.4.
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Figure 6.4.7.10 Diurnal variation of solar radiatiand back plate temperatures for the ACPPVC-
50. The thermocouples were located as shown imefigLB.5.

The measured temperatures at different locatiornth@mluminium back plate and the cover glassHer t
flat non-concentrating PV panel are shown in figbu# 7.9. Figure 6.4.7.10 shows the temperatutbeof
rear aluminium back plate of the ACPPVC-50. Theggerature contours of the aluminium back plate for
both the flat non-concentrating system and the AGPRt the times of 11:30, 13:30, 15:30 and 17:30 ar
shown in figures 6.4.7.11 to 6.4.7.14. Figure 617 illustrates the temperatures at different
thermocouple locations for the reflector troughhatime for the ACPPVC-50 system. For both systems,
the central region of the aluminium back plate hael highest temperature when compared to other
thermocouple locations. The thermocouples weretdocat identical positions on the aluminium back
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plate for both systems. Due to shading there igrifeant temperature difference between the tets sf

solar cells at either end of the ACPPVC-50 befor@ after solar-noon as shown in figure 6.4.7.16.
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Figure 6.4.7.11 Measured temperature contours efathminium back plate at 11:30 on the“2%
September 2002 for (a) flat non-concentrator (b PR C-50.

o
-

0.55€ Solar radiation intensity = 910 Wfn 055 solar radiation intensity = 910 Wn
TOC 0,

45 '
45 49
= 44 48
E 43 E 47
3 43 26
e 42 9 45
ko] 41 © 44
B 40 B 43
a 40 A 42
39 42
38 41
37 40
37 39

L T 1 Ll Ll Ll ] L1

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 X 0.2 0.3 0.4 0.5 0.6 . 3 0.9
Distance (m) Distance (m)
(a) (b)

Figure 6.4.7.12 Measured temperature contourseoiliminium back plate at 13:30 on thé’28
September 2002 for (a) flat non-concentrator (bPRYC-50.
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Figure 6.4.7.13 Measured temperature contourseofiminium back plate at 15:30 on thé’28
September 2002 for (a) flat non-concentrator (bPR®C-50.

055¢ Solar radiation intensity = 420 W 0.55¢ Solar radiation intensity = 420 Wfn
0.5
o
TC 0.45 T°C
35.4 35.4
£ 348 —~ 0.4 34.8
= 341 E 34.1
° 335 4 0. 335
o 329 © 329
8 22 § 322
k7 316 316
a 310 [ 0. 31.0
30.4 30.4
29.7 29.7
i VT R VN AN R Y - b To o Ter e T e P Prr i T P 11
61 02 03 04 05 06 07 08 09 01 02 03 04 05 06 07 08 09
Distance (m) Distance (m)
(@) (b)

Figure 6.4.7.14 Measured temperature contourseofiminium back plate at 17:30 on thé’28
September 2002 for (a) flat non-concentrator (bPR®C-50.
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Figure 6.4.7.15 Diurnal variation of solar radiatiand reflector substrate temperats of th
ACPPVC-50. The thermocouples were located as shofigure 6.3.3.
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Figure 6.4.7.16 Diurnal variation of solar radiati@and solar cell temperatures ftre
ACPPVC-50. The thermocouples were located as shofigure 6.3.3.

6.4.8 Electrical and Thermal Performance Analysis of a Fit Non-Concentrating PV
Panel and a Concentrating ACPPVC-50 Panel Mounted&E to the Vertical for
Five PV Strings Connected in Series

The electrical and thermal performance of bothesyst was tested with five PV strings connected in
series. Increasing the number of stings connectexttiies increases the output voltage while theentr
remains constant for a given solar incident radimafntensity. The variation of incident total raiba,
diffuse radiation and ambient temperature with tame shown in figure 6.4.8.1. Figure 6.4.8.2 shtives

measured short circuit current and open circuitags for the flat non-concentrating and the ACPP{C-
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panel with time. The maximum short circuit currefthe ACPPVC-50 was 2.49 A and that of the flat
non-concentrating PV panel was 1.5 A, implying arsltircuit current ratio of 1.66, while the open

circuit voltage was similar for both systems aiwaeg solar radiation intensity.
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Figure 6.4.8.1 Total radiation, diffuse radiatiamdaambient temperature with time on
the 2 of September 2002.
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Figure 6.4.8.2 Short circuit current and open dircwltage for the flat non-
concentrating and the ACPPVC-50 system with five $8Nhgs connected in series on

the 21" of September 2002.

The maximum power point for both systems variegdity with incident solar radiation intensity as
shown in figure 6.4.8.3. The variation of efficignwith incident solar radiation intensity is shown

figure 6.4.8.4. The maximum power available frone tfiat non-concentrating panel was 10.8 W
compared to 17.2 W for the ACPPVC-50 which indisagepower ratio of 1.59. The values of efficiency
for both systems are reduced because of the shealsiviby the wooden frame at the lower solar in@den
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angles. The efficiency increased exponentially abavsolar radiation intensity of 200 Wnuntil it

attains a nearly constant maximum value of 8.2%tli@ non-concentrating system and 6.2% for the

ACPPVC-50 system. Low values of efficiencies can élained by ohmic losses between the

interconnected solar cells and the cell spacing, whas verified experimentally by using 52-mm and 2

mm inter cell tab spacing for the individual satails and is detailed in chapter 7.
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Figure 6.4.8.3 Maximum power point with incideniasoradiation intensity for the
flat non-concentrating and the ACPPVC-50 systems.
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Figure 6.4.8.4 Electrical conversion efficiency twihcident solar radiation intensity
for the flat non-concentrating and the ACPPVC-56tams.

Figure 6.4.8.5 shows the diurnal variation of maximpower point ratio with incident solar radiation

intensity for the flat non-concentrating and the PR/C-50 systems. The maximum power point was

225



PhD Thesis: Tapas Kumar Mallick

calculated from each individual I-V curve generatddevery set of measurements. A wide range of

incident solar radiation intensities gave a maxinpower point ratio of 1.60.
2 .
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Figure 6.4.8.5 Diurnal variation of maximum powagirg ratio with incident solar
radiation intensity for the flat non-concentratamyd the ACPPVC-50 systems.
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Figure 6.4.8.6 Diurnal variation of solar radiatiand reflector temperature of the ACPPVC-50 on
the 2% of September 2002. The thermocouples were locesthown in figure 6.3.3.

Figure 6.4.8.6 shows the measured reflector teryreraf the ACPPVC-50 system with time on thé' 21
of September 2002. The thermocouples were locatsdd the individual reflector troughs as shown in
figure 6.3.3. The temperature response is simildhé incident solar radiation intensity. The terapare

of the top reflector trough was higher than thathef lower reflector trough because of convectigath
transfer. Figure 6.4.8.7 shows the measured selartemperature with time for the ACPPVC-50 and
figure 6.4.8.8 shows the aluminium back plate te@pee and glass temperature with time. A

temperature difference of 10°C occurred betweemtbeouple locations ‘ts31’ and ‘ts44’. From figure
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6.4.8.8 it can be seen that the average back tglategerature is 28°C higher than the ambient tenyera

This could be 10°C less than in the actual soltusceface temperature.
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Figure 6.4.8.7 Diurnal variation of solar radiatiand solar cell temperatures for the ACPPVCe50
the 2% of September 2002. The thermocouples were locethown in figure 6.3.3.
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Figure 6.4.8.8 Diurnal variation of solar radiaticauminium back plate and cover glass
temperature of the flat non-concentrating systerther2f' of September 2002.

6.4.9 Electrical and Thermal Performance Analysis of a Fit Non-Concentrating PV
Panel and a Concentrating ACPPVC-50 Panel Mounted8&F to the Vertical With
Six PV Strings Connected in Series

An experimental investigation was undertaken on3hef October 2002 for both systems with six PV
strings connected in series. The highest intewditgcident solar radiation was 950 Wrand the ambient

temperature was 18°C as shown in figure 6.4.9.asMieements were carried out at 30 seconds intervals
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throughout the 10 hours of day light. The variatarshort circuit current and open circuit voltagith
time for the flat non-concentrating and the ACPPMLsystems are shown in figure 6.4.9.2. The sudden
reduction in short circuit current seen in figurg.8.2 occurred due to a reduction in incident rsola

radiation resulting from intermittent cloud cover.
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Figure 6.4.9.1 Total radiation and ambient tempeeatvith time on the " of
October 2002.
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Figure 6.4.9.2 Short circuit current and open direaltage with time for the flat non-
concentrating and the ACPPVC-50 system with sixsBWgs connected in series.

Figure 6.4.9.3 shows the effect of maximum powethwncident solar radiation intensity for both
systems. The change in electrical efficiency withident solar radiation intensity is shown in figur

6.4.9.4. The maximum efficiency achieved by theé flan-concentrating system was 8.2% whereas the

maximum efficiency for the ACPPVC-50 is 6.5 %. Tlhgsdue toi’r losses in the interconnections

between solar cells. The maximum power from the rilan-concentrating system is 15 Watts and the

maximum power for the ACPPVC-50 system is 23 Watten the intensity of incident solar radiation

was 950 Writ. Figure 6.4.9.5 illustrates the change of the maxn power point ratio of the ACPPVC-50
228



PhD Thesis: Tapas Kumar Mallick

to the flat non-concentrating system with incideatar radiation intensity. At lower incident radiat

intensities, the minimum values of the maximum poweint ratio are due to shading and the solar

incidence angles. At lower solar incidence andlesaptical losses are higher as detailed in ch&pter
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Figure 6.4.9.3 Maximum power against incident sdaladiation intensity for the flat non-
concentrating and the ACPPVC-50 systems.
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Figure 6.4.9.4 Electrical conversion efficiency iagaincident solar radiation intensity for
the flat non-concentrating and the ACPPVC-50 system

Variation of the ambient temperature, the averagekbplate temperature, the average reflector

temperature and the average solar cell temperatithetime on the #' of October 2002 are shown in

figure

6.4.9.6. A 30°C maximum temperature rise wasasured inside the reflector trough. A 10°C

temperature difference was measured between tmeiralum back plate and the reflector trough. The

wind speed at the back of the aluminium back platesed a convective flow. For a wind speed of 4 ms

or higher the flow becomes turbulent and a higest liransfer coefficient of 20 Whtan be expected,

thereby lowering the PV cell operating temperature.
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Figure 6.4.9.5 The variation of the maximum poweinpratio for the flat non-
concentrating and the ACPPVC-50 system with indidetar radiation intensity.
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Figure 6.4.9.6 Diurnal variation of solar radiaticmmbient temperature, average back plate
temperature, average reflector temperature andatleage solar cell temperature for the
ACPPVC-50 system.

6.5 Conclusions

A detailed experimental investigation into the pemiance of an asymmetric compound parabolic

photovoltaic concentrator has been detailed in¢hagpter. System 1, comprised of eight PV striragshe

of five cells connected in series, was investigdtedlectrical performance and system temperatimes

an average of 10 hours for twenty days with anthavit the concentrators presents. Different numbkrs

PV strings were connected in series to investitfaeeffects of edge shading on electrical and tahkerm
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performance. The reflector troughs were removedh f@ystem 1 to give a flat non-concentrating PV
panel for comparison to the ACPPVC-50. In both sabe active solar cell area was the same i.e. the
electrical output was generated from the same M¥. &ith less than a 1% fluctuation in incidentaso
radiation intensity for the experimental investigatthe power increased by more than 1.62 whengusin
the concentrator compared to the flat non-conceéngraystem. The aluminium back plate temperatdire o
the ACPPVC-50 system was only 12°C higher than tfathe flat non-concentrating system. This
indicates significant convective flow at the badkatuminium back plate decreasing the operatingrsol
cell temperature. The flat non-concentrating syséemeved nearly 8.5% electrical efficiency whea th
reflector troughs were removed compared to anr&attonversion efficiency of 6.8% for the ACPPVC-
50 with a fill factor of 65%.

A second asymmetric compound parabolic photovoltaitcentrator was constructed to compare
concurrently electrical and thermal performancepdeiments were undertaken for twenty five days with
an average of 10 to 12 hours sunshine. System lawiest non-concentrating system with identical
dimensions to System 2 i.e. the concentrating sys&oth systems were investigated for 0° and 18°
inclination angles to the vertical. Different numbef PV strings were connected in series for both
systems and their electrical and thermal performanonitored. In addition to the east-west shadost ca
by the wooden frame for both systems, a third paghadow was observed when the systems were
mounted vertically. Short circuit current increassdl.66 times for the ACPPVC-50 compared to the fl
non-concentrating system whereas the open circlihge was similar for both systems. The maximum
power increased by approximately 1.65 for the ACEBP® compared to the flat non-concentrating
system however the maximum back plate temperanreased by only 6.5°C for the ACPPVC-50
compared to the flat non-concentrating system. Thdicated significant heat loss from the back
aluminium plate. The highest efficiency achievedthy flat non-concentrating panel was 12% when a
single PV string was considered and that of the R@B-50 was 10.5%. However an average of 8%
electrical conversion efficiency was achieved bg flat system compared to the electrical conversion
efficiency of 6.8% for the concentrator. The tiatlecoated copper tab between individual solar beltsa
resistance of 1@ which implies a power loss of 1?8Vatt (wherd is the instantaneous current produced
by the PV panel) which is more significant when tao more PV string connected in series. This
indicates that significant power losses occur m tiib between consecutive solar cells in additothé
optical losses at the reflector as detailed in tap. From the CFD analysis a 6°C temperatureignad
inside the solar cells along the vertical directioas predicted. This will cause electrical mismdtits
between individual solar cells and may explainltveer electrical conversion efficiency of the ACPEY

50 compared to the flat non-concentrating system.
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