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ABSTRACT 
 

This paper describes a design  of fixed photo-voltaic 
(PV)  system that consists of four modules and two 
mirrors. In the system the  modules and  mirrors are 
installed at angled position of 90o. Experimentally 
the voltage-current characteristics of the module in 
natural conditions and   irradiance – time 
relationship for the modules installed in angled and 
line positions were investigated. Maximum power-
time relationships were obtained showing that this 
system has higher output power as compared to PV 
system with line position of  four  modules. The PV 
system has a DC-DC (12 / 2 V) converter, DC-AC 
(12 / 220 V) inverter and a battery. The modules are 
able to provide an average  power of ~ 100 W, 
which feeds the converter and the inverter. The total 
area of the four modules is 1.26 m2. The inclination 
angle between the modules and the horizontal plane 
is adjustable (34o ± 11o). The designed PV  system   
produced  the daily  output energy  equal to  that of  
a tracking system with line position of the modules.  
The cost analysis data revealed that the proposed 
design is very economical and cost effective. 
 

1. INTRODUCTION 
 

Its undeniable fact that energy is an essential 
element for industrial and socio-economic 
development of a country. However, the linkage 
between energy and environmental pollution is one 
of the biggest challenges the world is facing today. 
In this context, the utilization of solar energy, which 
is environment-friendly, is important for sustainable 
development. 
At present photovoltaic (PV) technology is used for 
conversion of solar energy into electrical energy in 
many countries around the world [1-7]. The solar 
electricity finds applications in a number of systems 

for instance: rural electrification; water pumping; 
satellite communications; grid-connected 
applications and corrosion protection such as 
cathodic protection for bridges, pipeline protection, 
well-head protection, lock gate protection and steel 
structure protection etc.  
The efficiency of a PV system depends on several 
factors such as: a) natural climatic conditions of the 
place where the system is to be used; b) optimal 
matching of the system with the load; c) appropriate 
spatial placement of the modules, i.e., placing the 
modules at an optimal inclination angle to the 
horizontal plane and d) the availability of 
concentrators and / or solar tracking in the chosen 
system [8]. 
The majority of the PV systems used universally are 
the fixed solar modules however; the tracking 
systems are also used for low power applications [1, 
2, and 4]. The tracking solar modules collect higher 
solar energy than that of the fixed solar modules [8]. 
At the same time the tracking systems are less 
reliable and more expensive because of the presence 
of  electrical [9,10] or mechanical motors [4] and 
moving parts  especially for utilization in remote  
areas where everyday maintenance is not present. 
On the other hand the tracking systems are more 
expensive due to additional sensing/driving solar 
modules [11-14]. In addition to that the 
sensing/driving solar modules, they are installed 
perpendicular to the basic modules, which increases 
the wind resistance of the system and thus makes it 
less reliable. In the majority of photovoltaic systems 
there is no mechanism to fix inclination angle of the 
modules in different seasons of a year. Photovoltaic 
systems with fixed in line position of modules are 
reliable but have lower efficiency with respect to the 
tracking systems. In this paper an economical solar 
photovoltaic system with fixed at angled position 



 

 180

modules and mirrors has been designed with high 
efficiency and reliability. 
 

2. EXPERIMENTAL, RESULTS AND 
DISCUSSION 

 

The designed PV solar  system has four modules of 
mono-crystalline silicon cells and two mirrors. The 
dimensions of each module and mirror  are 115 cm x 
27.5 cm, and the total area defined by the four 
modules is thus 1.26 m2. Figure 1 shows the current-
voltage characteristics of one of the modules at a 
solar irradiance, G = 800 W/m2 (AM 1.5 spectral 
distribution) measured at the temperature of 25oC at 
noon time (12 a.m.). From these characteristics, the 
open circuit voltage, Voc = 17.4 V, short circuit 
current, Isc = 2.1 A, maximum power, Pmax = 27.4 W, 
fill factor, FF = 0.75 and efficiency, η = 11 % have 
been determined. Usually the daily output power of 
fixed photovoltaic system with line position of 
modules has maximum at noon time and is not 
uniform [4]. It would be  possible to increase the 
output power of photovoltaic system in the morning 
and in the evening by installation of the modules in 
the angled position. As  output power of the system 
depends on irradiance we investigated irradiance – 
time relationship for the angled (a) and line (b) 
positions  of the receiver of solar radiation (Fig.2). 
The inclination angle (β) of the receiver in the 
direction from south to north was equal to the 
latitude of the GIK Institute ( 34o ). As a receiver the 
digital intensity meter was used. Fig.3 shows daily 
irradiance – time relationship for the angled (1 and 
2) and line (3) positions of receiver schematically 
shown in Fig.2 . It is seen that angled positions (1) 
and (2) show higher irradiance in the morning and in 
the evening respectively with respect of  line 
position (3). In the last case the irradiance  is 
maximum at noon time. On the base of these 
experimental results we designed photovoltaic 
system with angled position of the modules. Taking 
into account that the plane mirrors are cheaper than 
modules and can increase the output  power of the 
system it seemed reasonable to use them as simple 
and static concentrators.  
Fig.4 shows schematic diagram of the photovoltaic 
systems with angled position of modules and mirrors 
combination (a) and with  line position (b) of the 
modules. The four modules and two mirrors were 
divided into three pairs, mounted under angle α = 
90o. It is obvious that modules 1 and 2 as well as 
modules 3 and 4 would have more output power in 
the morning and in the evening time respectively 
and  the modules 2 and 3 – at noon time when 

reflected irradiance from mirrors 1 and 2 are 
maximum. 
The maximum output power (Pm) of the module may 
be calculated by the following expression [4] 
 Pm = J x S x η                                  (1) 
where J is irradiance, S  is area of the module and η 
is efficiency of the module. 
The maximum total output power (Ptot1) of the 
photovoltaic system with angled position of  
modules and mirrors  may be obtained by the 
formula 
Ptot1 =  S x η [2 J1(t) + 2 J2(t) + ηmr J2(t) + ηmr J1(t) ]   (2) 
where ηmr is mirrors’ efficiency that is in this case  
time dependent and may be taken in the range of 70-
90 % ( in average it is equal to  80 %), J1(t) and J2(t) 
are irradiance of the modules # 1 and 2, and , 3 and  
4 respectively (Fig.4-a). 
For the line position of the four modules the 
maximum total output power (Ptot2) may be obtained 
by the following equation 

Ptot2 = 4 J3 (t) x S x η                     (3) 
Where J3(t)  is irradiance of the line position of 
modules (Fig.4-b). 
Fig.5 shows total maximum output powers (Ptot1 and 
Ptot2 ) – time relationships for the angled and line 
positions of the photovoltaic systems. It is seen that 
during the day Ptot1 > Ptot2, i.e. angled position 
modules has higher efficiency with respect to  line 
position ones. 
The maximum energy generated by photovoltaic 
system in the case of angled (Wtot1) and line (Wtot2) 
positions of modules may be determined by the 
following expressions 
                 Wtot1 = ∫ Ptot1 dt              (4)   
 and           Wtot2 = ∫ Ptot2 dt             (5) 
from the curves of Fig.5 (from t=9-00 to t=16-30); 
Wtot1= 950 (W hr) and   Wtot2=835 (W hr). 
The relative efficiency (Eff) of the angled position of  
modules with respect of line position of ones may be 
determined by  
         Eff = (Wtot1 – Wtot2) 100 % /  Wtot2            (6) 
and it is equal to 14 %. It means that designed PV 
system with angled position of modules shows better 
performance than that with line position of  modules 
and actually its output power is close to that of  PV 
tracking systems [4]. 
Fig.6 shows electric circuit of photovoltaic system in 
the case of  one output (a) and two output (b) 
connections. For the angled position of modules 
circuit of Fig.6-b is preferable because modules M1 
and M2, as well modules M3 and M4 are in the 
similar positions respectively (Fig.4) and illuminated 
under the same irradiance.  
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3. CONSTRUCTION AND BASIC 
ELEMENTS  OF  PV SYSTEM 

 

The construction of PV system (Fig. 7) consists of a 
pyramidal stand whose two upper edges are  made  
with fixed length  and lower edge have movable and 
immovable parts to make them variable in length in 
order to fix the inclination angle (β) of modules at 
23o, 34o (latitude of the G.I.K. Institute) and 45o. On 
the upper edges of the pyramidal stand four modules 
and two mirrors in angled position are installed. 
Fig. 8 shows the block diagram of the PV solar  
system. Charge regulator, DC-DC (12 / 2 V) 
converter and DC-AC (12 / 220 V, 50 Hz) converter 
circuits are conventional ones that are used widely in 
practice [15, 16]. Estimated average output power of 
the system is 100 W. DC output may be used for 
corrosion protection in industry and the AC output 
for domestic applications in remote areas. 
 

4. COST AND BENEFIT ANALYSIS OF 
THE DESIGNED PV SYSTEM 

 

As far as the economics of PV systems is concerned 
there are some special considerations [4, 5] such as; 
the initial expenditure on the equipment which is 
usually high but there is no fuel cost involved, 
maintenance cost is low, reliability of the systems is 
high therefore the replacement cost is also low, and 
the output of the system depends upon the location 
of installation. Accumulated data show that at 
present a PV system is competitive where small 
amounts of energy are required at a place that is far 
away from an electric grid or any other source of 
energy. For the economic evaluation of a system, the 
parameters that are usually considered are [4] life-
cycle cost (LCC), payback period (PP) and rate of 
return (RR). LCC is the sum of all the costs of a 
system over its lifetime, expressed in today’s money. 
In case of the analysis of a PV system, the lifetime 
of the modules is usually taken as 20 years. For a 
detailed analysis it is important to use the following 
parameters; present worth (PW) which is the 
equivalent value in today’s economy of the future 
costs (future cost should be multiplied to discount 
factor calculated from discount rate), period of 
analysis (the lifetime of the longest-lived system 
under comparison), excess inflation (the rate of 
price’ increase of a component above general 
inflation), discount rate (the rate at which money 
would increase in value if invested), capital cost (the 
total initial cost of buying and installing the system), 
operation and maintenance (the amount spent each 
year in keeping the system operational) and 
replacement cost (the cost of replacing each 
component at the end of its lifetime). The 

calculations were made on the basis of the approach 
described in reference [4]. 
For the comparison of a PV and TEG systems it 
would be reasonable to take into account the time 
that is needed before the energy is generated and is 
available for utilization from these systems. For a 
PV system that time is around 6 hours and 24 hours 
for the TEG system: however, a PV system in fact 
can supply power 24 hour a day due to the flexibility 
of storing energy in a battery. Considering this the 
total life-cycle costs of the two systems may be 
considered as ~ $1592 and ~ $2817 respectively. 
The cost of a ‘unit’ of the generated electricity is one 
of the valuable figures for electricity-generating 
systems. This can be determined by the relationship 
given in reference [4].  
Our results of estimated electricity cost matched 
with those reported in reference [4] for the PV, 
diesel generator and grid-extension systems. Our 
analysis shows that the cost of electricity from a PV 
system is approximately equal to that from a diesel 
generator and cheaper than a grid extension. The 
analysis also shows that the PV system is cheaper 
than the thermal electric generator as well, which is 
used for corrosion protection. This PV system may 
be used for domestic applications especially in 
remote areas. 
Keeping in view the environmental impact and 
economical assessments of the designed PV system, 
it is evident from the listed data that that the PV 
system even at present is a competitive choice for 
small power requirements. As predicted in [4] the 
expected reduction in the cost of solar modules to 
$3/Wp in future, a PV system may also become  
economically more attractive option for the higher 
loads as well. 
 

5. CONCLUSION 
 

A fixed photo-voltaic (PV) system was designed 
which consisted of four modules and two mirrors. In 
the system the  modules and  mirrors are installed at 
angled position of 90o. The angled modules/mirrors 
combination was mounted on pyramidal stand. 
Experimentally the voltage-current characteristics of 
the module in natural conditions and   irradiance – 
time relationship for the receivers of solar radiation 
installed in angled and line positions were 
investigated. Maximum output power-time 
relationships was calculated for the PV system with 
angled position of  modules and mirrors, it also 
showed that this system has higher output power  as 
compared to PV system with line position of  four  
modules. The PV system has a DC-DC (12/2 V) 
converter, DC-AC (12/220 V) inverter and a battery. 
The modules are able to provide an average power 
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Fig. 2 Angled (a) and line (b) positions  
of  the receiver of solar radiation. 

of ~ 100 W, which feeds the converter and the 
inverter. The total area of the four modules is 1.26 
m2. The inclination angle between the modules and 
the horizontal plane is adjustable (34o ± 11o). The 
designed PV  system   produced  the daily  output 
energy which is actually close to  that of a tracking 
system with line position of the modules.   
The PV system  may be used in rural and remote 
areas as a power supply for low power applications 
such as cathodic protection system and domestic 
power requirements. Cost analysis of the proposed 
photovoltaic solar tracking system showed that it is 
cheaper or comparable than any other power 
generation system for low power applications.  
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Fig. 1 Current-Voltage characteristics 

of a solar module.

Current (A) 

0 

0.5 

1 

1.5 

2 

2.5 

0 5 10 15 20

Voltage (V) 



 

 183

(a) 

D1 D2 D3 

V0 

D4 

M1 M2 M3 M4 

V0

(b) 

D4 D1 D2 D3 

V0

M1 M2 M3 M4 

Fig. 6 Electric circuit of PV solar  system in the 
case one output (a) and two outputs (b) : M1-
M4 – modules, D1 - D2 – blocking diodes. 
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Fig. 7 Construction of PV solar system.
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Fig. 8 Block-diagram representing PV 
solar  system. 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

360 810 167 16.5 

700 900 195 15.5 

875 990 295 14.5 

917 790 640 12.5 

905 740 678 12 

900 600 810 11 

800 395 960 10 

600 210 900 9 

Position 3Position 2 Position 1 Time 

0
500

1000
1500

0 5 10 15 20

Time , hr

Irr
ad

ia
nc

e 
, 

W
/s

q.
m 1 2

3
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Fig.  4 Angled position (a) of four modules  
and two mirrors and line position (b) of four 

modules in PV system: 1-4 are modules, MR1 
and MR2 are mirrors. 
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Fig. 5  Maximum output power – time relationship for 
the PV system in the case of  angled (1) and line (2) 

position of  modules . 


