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Abstract. In this experimental investigation, practical efficiency of semi-flexible 

monocrystalline silicon solar panel used for a solar powered car called “Firat Force” and a 

solar powered minibus called “Commagene” was determined. Firat Force has 6 solar PV 

modules, a maintenance free long life gel battery  pack,  a regenerative  brushless DC electric 

motor  and Commagene has 12 solar PV modules, a maintenance free long life gel battery  

pack,  a regenerative brushless DC electric motor. In addition, both solar vehicles have MPPT 

(Maximum power point tracker), ECU (Electronic control unit), differential, instrument panel, 

steering system, brake system, brake and gas pedals, mechanical equipments, chassis and frame. 

These two solar vehicles were used for people transportation in Adiyaman city, Turkey, during 

one year (June 2010-May 2011) of test. As a result, the practical efficiency of semi-flexible 

monocrystalline silicon solar panel used for Firat Force and Commagene was determined as 

13  % in despite of  efficiency value of  18%  (at 1000 W/m
2
 and 25 °C)  given by the producer 

company. Besides, the total efficiency (from PV panels to vehicle wheel) of the system was 

also defined as 9%.  

1. Introduction 
Scarcity and cost of fossil fuels combined with their greenhouse gas emissions make the development 

of non-fossil fuel based methods of transportation a high-priority task. Therefore, academic studies 

regarding renewable and clean energy like solar energy are rapidly increasing in the last decade. This 

regenerative, clean and free energy could be harnessed in several ways. This energy can be converted 

to electric power by using solar photovoltaic (PV) modules. The produced electricity from solar panels 

can also be stored in the batteries to operate DC motors of solar powered vehicles [1]-[5]. We believe 

that solar powered vehicles are smart solution for transportation of people particularly for small and 

flat location cities that have relatively high solar radiation along the year.  

 Adiyaman City (Latitude= 37,45°, Longitude= 38,17° and Altitude= 672 m) is located in Southeast of 

Turkey. It has a university called “Adiyaman University”. The university campus is about 5 km far 

from the city centre. City population is about 210000 and area of the city is 1700 km
2
. Most of the city 

roads have the gradient (slope) less than 10%. In the city the solar radiation is relatively high enough 

to be efficiently used. The annual total solar energy is about 1600 kWh/m
2
.year.  

In this experimental investigation, practical efficiency of semi-flexible monocrystalline silicon solar 

panel used for a solar powered car called “Firat Force” and a solar powered minibus called 

“Commagene” was determined.   

 2. Materials and methods 
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Firat Force has 6 solar PV  modules (4x30x0.125x0.125+2x10x0.125x0.125=2.19 m
2
), a maintenance 

free long life gel battery  pack (6 batteries: 8 V, 190 Ah, maximum 250 Ah for short period, 9120 Wh),  

a regenerative (can also be used as generator) brushless DC electric motor  (4.5 kW,  maximum power 

6 kW) and Commagene has 12 solar PV modules (8x14x0.125x0.125+2x12x 

0.125x0.125+2x72x0.125x0.125=4.38 m
2
),  a main-tenance free long life gel battery  pack (12 

batteries: 6 V, 190 Ah, maximum 250 Ah for short period, 13680 Wh),  a regenerative (can also be 

used as generator) brushless DC electric motor  (6.3 kW,  maximum power 8 kW)). In addition, each 

vehicle has MPPT (Maximum power point tracker), ECU (Electronic control unit), differential and 

external automatic charge device. Each vehicle was also equipped with a mechanical steering system, 

a free front and rear mechanical  suspension system, the chassis constructed from stainless steel pipe 

covered with special paint, the frame constructed from impact-resist fiber composite material, an 

instrument panel, a brake and a gas pedal, all standard systems such as signaling, lighting and warning 

systems.  

Some needed technical specifications concerned with Firat Force and Commagene are given in Table 

1. In addition, schematic presentation of PV module location, electrical system and power supply for 

the vehicles are also given in Figure 1, 2 3, 4 and 5.  

The electric energy for charging battery pack is supplied by the PV modules. The energy is converted 

from the solar energy to electric power through the installation of solar photovoltaic modules located 

on top of the vehicles (Figure 6a, 6b) [6]-[9]. The supplied electric energy is stored in batteries that 

feed the DC motor.  

Table 1. Technical specifications of solar vehicles. 

Specifications 

Vehicle Type 

Firat Force Commagene 

Class Prototype Prototype 

Axle number 2 2 

Wheel number 4 4 

Powered axle 1 (rear) 1 (rear) 

Unloaded mass 705 kg 1550 kg 

Maximum loaded mas. 1025 kg 2600 kg 

Motor type Regenerative brushless DC Regenerative brushless DC 

Motor efficiency 88% 90% 

Motor nominal power 4.5 kW 6.3 kW 

Motor nominal rpm 3000 rpm ± %10 3000 rpm ± %10 

Motor nominal torque 25 Nm 34 Nm 

Suggested speed 40 km/h 40 km/h 

PVmodule  type Semiflexible Monocrystal Si Semiflexible Monocrystal Si 

Module efficiency 18% @ 1000 W/m
2
, 25 

o
C 18% @ 1000 W/m

2
, 25 

o
C 

 

Module area 

[4(6x5)  + 2(2x5)]  x 

[0.125x0.125] = 2.19 m
2
 

[8(7x2) + 2(6x2) +2(6x12)]x 

[0.125 x 0.125] =  4.38 m
2
 

MPPT efficiency 95 % 95 % 

Battery pack 6 batteries, 8 V, 190 Ah 12 batteries, 6 V, 190 Ah 

Battery type Maintenance free long life gel Maintenance free long life gel 

Battery energy 9120 Wh @ C20 discharge 13680 Wh @ C20 discharge 

Battery voltage Nominal 48V Nominal 72 V 
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Figure 1. Schematic presentation 

of PV module location for Firat 

Force. 

 
 

 

Figure 2. Schematic presentation of PV module location  for 

Commagene. 

 

Figure 3. Schematic presentation of  Firat Force 

electrical system. 

 

Figure 4. Schematic presentation of  Commagene 

electrical system. 

 

 
Figure 5. Schematic presentation of power supply for Firat Foce and Commagene. 

 

 
Figure 6a. A view of Firat Force PV panel 

location.  

 
Figure 6b. A view of Commagene PV panel 

location. 
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The needed total area of solar photovoltaic module was determined based on the DC motor power. In 

order to calculate the approximate power needed for any vehicle, the average incident solar radiation 

and daytime of the city (mean of about 40 years), vehicle speed, efficiency of the PV panels, road 

features and grade, carrying number of people, needed daily road distance for transportation and the 

efficiency of all equipments have been considered. To determine the total needed force and power for 

any vehicle to overcome all resistances, Equations 1, 2, 3, 4 and some coefficients were used.   In 

addition, the power supplied by PV panels, the efficiency of PV panels (from PV panel to ECU), the  

efficiency of total system (from PV panel to vehicle wheel) were calculated by using Equations 5, 6, 7 

and 8 [10]-[16]. As seen from Equation 7 that basically, the efficiency of PV panel equals to electric 

power produced by PV panels divided by solar power that comes to the total surface of the PV panel. 

All symbols used in equations are described in the Nomenclature.  

.............................................(1)TT AC GR AE RRF F F F F     

20.5 ..........................(2)TT w C RF ma mgp c A v mgf      

........................................................................(3)TP TTq F v  

sin .................................................................(4)p tg    

1.03...1.45; 
20.3...0.5 / ;a m s

 
2 4 01.226 / (@1.0133 &15 );Ns m bar C  0.30;wc  21.85 ;CA m 0.01...0.02Rf 

......................................................................(5)SR R PVq I A  

..........................................................................(6)PVq VC  

........................................................................(7)PV
PV

SR

q

q
 

 

..........................................(8)SY PV MPPT BA ECU DC TR        

0.18;PV  0.95;MPPT  0.80...0.90;BA  0.90...0.95;ECU 
 

0.88;DC  0.98;TR   

The solar vehicles were used for people transportation in the city to see the unexpected problems 

regarding design, manufacture and vehicle systems during one year (June 2010-May 2011) (Figure 7a, 

7b). During this period we have made some preliminary tests. These preliminary experiments showed 

us that the best way to see the exact performance or efficiency of any solar powered vehicle under city 

normal traffic conditions is to use the solar vehicles nonstop with full charged batteries while PV 

panels off and PV panels on. Therefore, the vehicles were tested while PV panels off (battery pack was 

charged with electricity only), PV panels on (battery pack was charged with PV panels during use) on 

the standard road (asphalt-paved road with gradient of about 0%) and on the mixed road (asphalt-

paved and unimproved roads with different gradients of 0%...20%) during 3 months (June, July and 

August 2011) under normal city traffic flow. All tests were made between the times of 10:00 

(morning)-17:00 (afternoon).  Firat Force was loaded with 2 and 5 persons (driver included) while 

Commagene loaded with 5 and 10 persons (driver included) during all tests for their total 

transportation distance. The difference of transportation distance between PV panels off and PV panels 

on positions was recorded as transportation distance supplied by solar energy. As known, this energy 

is renewable and clean energy. On this account, Firat Force and Commagene apparently can be called 

clean or green vehicles. However in many literatures, all electric vehicles are called green or clean 

vehicle. It should be noted that it completely depends on the energy sources that electric produced 

from. It is not possible to say that all electric vehicles are green or clean. 
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Figure7a. A view of Firat Force test activities. 

 
Figure 7b. A view of Commagene test activities. 

Besides, the term “efficiency” should be used instead of term “performance” for PV cell, module or 

panel, in despite of given by some literatures. Because, term “efficiency” is very appropriate to explain 

the amount of energy conversion from one form to another (form light or solar to electricity for PV 

cell). However, the term “performance” is particularly suitable to clarify the speed comparision of any 

activity, process or work. 

3. Results and Observations 
Firat Force and Commagene were tested on the standard road (asphalt-paved road with gradient of 

about 0%) and on the mixed road (asphalt-paved and unimproved roads with different gradients of 

0%...20%) during 3 months (June, July and August 2011) under normal city traffic flow for practical 

efficiency of PV panels. All data regarding solar radiation intensity and PV panels were given in Table 

2 and 3 for Firat Force and Commagene, respectively. Average values of these data can also be seen 

from these tables. The average practical PV panel efficiency was seen as approximately 13% from 

Table 2 and 3 for Firat Force and Commagene. The total system efficiency (from PV panel to vehicle 

wheel) was also seen as approximately 9% (calculated from Equation 8) for both solar vehicles. In 

addition, the average solar radiation and daily sunshine hours were determined as 525.22 W/m2
 and 

8.11 h/day for Adiyaman city, Turkey (Figure 8). The average calculated transportation distance, 

amount of saved fuel, amount of saved money and percentage of full charged with PV panel for one 

year were also given for Firat Force and Commagene (Figure 9a,9b and 10a,10b)  [9], [17]. 

Table 2. Data regarding Firat Force 

Road Fea. P.No S.I.(W/m
2
) A (m

2
) S.P.  (W) PV-P(W) PV-E(%) 

Stdrd.  road 

 

2 

 

980 

 

2.19 2146
 

 

245 11.4
 

Stdrd.  road 

 

5 

 

975 

 

2.19 2135
 

 

250 11.7
 

Average efficiency of PV + MPPT 11.5 

Average efficiency of PV ≈ 13 

System total efficiency (from PV to wheel) ≈ 9 

PV module efficiency at 1000 W/m
2
 and 25 °C 18 

Road Feat:  Road feature; P.  No. : Passsenger number; S.I. :Solar radiation intensity;  A : PV panel 

surface area; S.P. : Solar power; PV-P : PV panel power;  PV-E : PV panel efficiency.  

Table 3. Data regarding Commagene 

Road Fea. P.No S.I.(W/m
2
) A(m

2
) S.P.(W) PV-P(W) PV-E (%) 

Stdrd.  road 

 

5 

 

980 

 

4.38 4292
 

 

510 11.8
 

Stdrd.  road 

 

10 

 

980 

 

4.38 4292
 

 

485 11.3
 

Average efficiency of PV + MPPT 11.5 

Average efficiency of PV ≈ 13 
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System total efficiency (from PV to wheel) ≈ 9 

PV module efficiency at 1000 W/m
2
 and 25 °C 18 

Road Feat:  Road feature; P. No. : Passsenger number; S.I. Solar radiation intensity; A: PV panel 

surface area; S.P. : Solar power; PV-P : PV panel power;  PV-E : PV panel efficiency.  

 

 

Figure 8. Solar radiation (right axis: W/m
2
) and average daily sunshine duration (left axis: h)  related 

to months. 

 
 

Figure 9a. Charge of solar PV panels as a percentage 

of full charged battery pack (right axis: %) and 

calculated transportation distance (left axis: km) 

related to months (for Firat Force). 

 
 

Figure 9b. Charge of solar PV panels as a percentage 

of full charged battery pack (right axis: %) and 

calculated transportation distance (left axis: km) 

related to months (for Commagene). 

 

 
Figure 10a. Amount of saved fuel (right axis: L) and 

amount of saved money (left axis: $) related to months 

per year (The fuel consumption of an internal 

combustion engine (ICE) was accepted as 5L/100 km 

and Turkey fuel sale price (March 2013, 2.65 $/L) was 

considered for the calculation) (for Firat Force) 

 
Figure 10b. Amount of saved fuel (right axis: L) and 

amount of saved money (left axis: $) related to months 

per year (The fuel consumption of an internal 

combustion engine (ICE) was accepted as 5L/100 km 

and Turkey fuel sale price (March 2013, 2.65 $/L) was 

considered for the calculation) (for Commagene).  
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4. Conclusions 
The main conclusion of this experimental investigation is that solar power vehicles should be used 

with nonstop use under city normal traffic conditions to define the practical (most realistic) efficiency 

of solar panels. The results showed us that the average practical efficiency of semi-flexible 

monocrystalline silicon PV panel is approximately 13% in despite of 18% given by the manufacturer 

company for standard test conditions of 1000 W/m2 and 25 °C.  The solar vehicle total system 

efficiency form PV panel to the vehicle wheel was also seen about 9%. Therefore, in order to design 

any solar vehicle with minimum mistake the practical losses of the PV panels and vehicle power 

supply system should be considered. Otherwise, theoretical approximation should not meet the 

practical needed.   
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6. Nomenclature 
2 : , /Acceleration m sa

2:      ,  C Frontal area of the vehicle mA

2:    ,  PV Photovoltaic PV area mA
 

:   ,  Average currentC A  
:    w Coefficic ent of drag

 
:     ,  AC Needed force for accelerationF N

 
:      ,  AE Needed force for aerodynamic resistancesF N

 
:      ,  GR Needed force for grade resistanceF N

  
:     R Coefficient of rolling ff riction

  
:      ,  RR Needed force for rolling resistanceF N

  
:        ,  TT Needed total force to overcome all resistancesF N

 
2:   ,  /Gravitational acceleration m sg

  
2:    ,  /R Incident solar radiation W mI
  

:   ,  Vehicle massm kg
  

 :    ,  PV Photovoltaic PV powerq W

:    ,  SR Incident solar powerq W

:       ,  TP Needed total power of the vehicleq W

:     ,  /Speed of the vehicle mv s  
:   ,  Average voltageV V

  
 

Greek 

:?Road grade
        

:   ?BA Battery efficiency
        

:    ?DC DC motor efficiency
       

 :      ?ECU Electronic control unit ECU efficiency
   

 :       ?MPPT Maximum power point tracker MPPT efficiency
 

 :    ?PV Photovoltaic PV efficiency
        

:   ?SY System efficiency
       

:   ?TR Transmission efficiency
       

 
:?  Rotational inertia factor

    
3:? ,  /Air density kg m

 
 

 

 

7. References 

 [1]    Dayem, A. M. A. 2011. Set-up and performance investigation of an innovative solar vehicle. 1st 

International Workshop on Diffusion of New Energy Technologies in Chine, March 25-27, 

Shanghai, China. 

[2] Garrison, M. 2008. The 2007 solar D house. 5th International Conference on Urban 

Regeneration and Sustainability, Skiathos Isl., Greece, September 24-26. 

[3] Hazami, M.,  Kooli, S., Lazaar, M., Farhat, A. and Belghith, A. 2005. Performance of a solar 

storage collector. Desalination, (183): 167-172. 

[4] Tsai,  C. S. and Ting, C.H. 2010. Evaluation of a multi-power system for an electric vehicle. 

International Conference on Control, Automation and Systems (ICCAS 2010),  p.p. 1308-1311, 

Gyeonggi do, South Korea, October 27-30. 

[5] Ustun, O., Yilmaz, M., Gokce, C. et al., 2009. IEEE International Electric Machines and Drives 

Conference (IEMDC 2009), Miami, FL., USA. , May 03-06. 

[6] Ageev, MD., Blidberg,,,DR., Jalbert, J. et al., 2002. Results of the evaluation and testing of the 

solar powered AUV and its subsystems. IEEE Workshop on Autonomous Underwater Vehicles, 

San Antonio, TX. , June 20-21. 



8

1234567890

2nd International Conference on Green Energy Technology (ICGET 2017) IOP Publishing

IOP Conf. Series: Earth and Environmental Science 83 (2017) 012001    doi   :10.1088/1755-1315/83/1/012001

[7] Egiziano, L., Giustiniani, A., Lisi, G. et al., 2007. Experimental characterization of the 

photovoltaic generator for a hybrid solar vehicle. IEEE International Symposium on Industrial 

Electronics.   Vigo, Spain,  June 04-07. 

[8]     Lu, W., Yamayee,  Z. A., Melton, A. et al.,  2007. A solar powered battery charger for a hybrid 

electric vehicle. 37th Annual Frontiers in Education Conference, Milwaukee, WI. , October 10-

13. 

[9] Redpath, D.A.G., Mcllveen-Wright, D., Kattakayam,T., Hewitt,  N.J. and Karlowski, J. 2011.  

Battery powered electric vehicles charged via solar photovoltaic arrays developed for light 

agricultural duties in remote hilly areas in the Southern Mediterranean region. Journal of 

Cleaner Production, (19): 2034-2048. 

 [10]  Koyuncu, T., Engin, K.E. and Lule,  F.  2014. Design, manufacture and test of a solar powered 

minibus (Commagene) for transportation of people in Adiyaman city, Turkey.  29th
 European 

Photovoltaic Solar Energy Conference and Exibition (EU PVSEC 2014),  Amsterdam, The 

Netherlands, September 22-26. 

 [11] Koyuncu, T. 2015. Design, manufacture and test of a solar powered car (Firat Force) for 

transportation of governmental officers in Adiyaman city, Turkey.  The 6
th
 International 

Congress of Energy and Environment Engineering and Management (CIIEM15),    Paris, France, 

July 22-24. 

[12] Cengel, Y.A. and Boles, M.A. 1994. Thermodynamics: an engineering approach (Second 

edition). McGraw-Hill, Inc., New York. 

[13] Gibson, T.L. and Kelly, N.A. 2010. Solar photovoltaic charging of Lithium-ion batteries. 

Journal of Power Sources, (195): 3928-3932. 

[14]   Goktan, A.G.,  Guney,  A. and Ereke, M. 1995. Tasıt frenleri (vehicle brakes: in Turkish). ITU 

Machine Faculty, Automotive Main Science, Istanbul. 

[15]   Holman,  J.P.  1994. Experimental methods for engineers (Sixth edition). McGraw-Hill Inc., 

New York. 

[16]   Poulek, V.  and Libra, ,M. 2006. Solar energy: photovoltaics-promossing trend for today and 

close future. Czech University of Agriculture in Prague, Prague, Czech Republic. 

[17]  Sorrentino, M., Rizzo,  G. and . Arsie,  I. 2011.  Analysis of a rule-based control strategy for on-

board energy management of series hybrid vehicles. Control Engineering Practice, (19): 1433-

1441. 

 


