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BACKGROUND 
The concern for energy generation and its role on nation’s economic development has increased throughout the 
years; especially in countries interested on environmental issues mainly caused by pollution.  

 
OBJECTIVE 
Design, simulation and tests of a control algorithm for an alternatively powered vehicle; which shall guarantee 
enough supply of energy to perform a route programmed by the user. 
 

RESULTS 
The algorithm results allow the user to appreciate an approximate behavior of the vehicle; they are not exact, since 
the algorithm considers ideal conditions for both the motors and the travel path. 
The performance of the algorithm under the specifications set on the previous work was stable, ensuring travel of 
up to 2.26 km with a battery charge of 100%. 
 

CONCLUSION 
The algorithm design was achieved; including the implementation circuit necessary for its operation. Throughout 
the project’s development, several tests with the algorithm under different circumstances were carried out; thus 
verifying its proper operation. 

 
KEYWORDS: Solar power, algorithm, photovoltaic module, radiation, battery. 

 

INTRODUCTION 

 

The concern for energy generation and its role on nations’ economic development has increased throughout 

the years; especially in countries interested on environmental issues mainly caused by pollution, and parallel to 

the coming energy crisis due to the slow but significant reduction of the world's oil reserves [1]. 

Governments and various organizations have been promoting innovative projects whose main objectives are 

focused on improving the way natural resources are used. Examples of this can be seen all over the world; for 

example in Africa, different nations have supported a project that would allow to supply 15% of Europe energy 

needs through solar power stations located in countries in the North of Africa. Or without having to go overseas, 

in El Salvador, Chile the construction of the biggest solar power project in the world was announced. To be 

located in the Atacama Desert, it is expected to generate around 200 GWh per year, enough to supply energy to 

60,000 people in the country [3]. 

As a consequence, policies that dictate improvements regarding energy efficiency on all types of equipment 

have been applied, as well as environmental regulations and implementation of social responsibility guidelines 

in the business sector. [4] The goal with all this is that in the future a mass implementation of clean energy 

systems, also known as renewable energies, is achieved. In addition, when dealing with the implementation of 
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any electric generating system, it is important to consider the technical issues without leaving aside the 

socioeconomic and environmental impact, and thus to carry out a complete structure of the project proposal and 

of the design of new devices. 

In regard to photovoltaic systems, it is evident how they have been getting massified; therefore their 

installation costs have lowered; since they represent one of the main alternatives to soften the blow of fossil 

fuels depletion. Photovoltaic systems are commonly used in areas or sectors where it is very difficult to have 

access to the main electric grid, which has led to many applications for these alternative systems with the 

passing of time. [5] 

Having presented a significant growth in recent years, one of the energies that has become more common 

and affordable is Radiant Energy, also commonly known as Solar or Luminous. In our everyday life, countless 

of objects that incorporate devices which run based on this type of energy can be seen; which range from 

outdoor lighting and heaters to multifunctional chargers for electronic devices. 

Innovation in solar vehicles has daily progress; yet the first time ever talked about them dates back to 1982, 

when the racer Larry Perkind along with Hans Tholstrup built and drove the first solar powered car, named the 

"BP Quiet Achiever". They drove a total of 4058 km from Perth to Sydney, taking them 20 days at an average 

speed of 23 km/h. The development of this project basically demonstrated three things: First, that solar energy is 

very important and sufficiently developed to replace fossil fuels; second, that land transport has non-polluting 

alternatives such as electric vehicles; and finally, that it is possible to create interest in the scientific world with 

these kinds of developments [6]. 

The first outcome of this purpose occurred in 1985, when the Swiss Urs Muntwyler created the first global 

competition of solar cars, the "Tour de Sol", which created great expectancy and attracted everyone’s eyes. 

Since then, this race is held annually in Europe. In 1987 General Motors won the “World Solar Challenge” with 

their car, "Sunraycer"; which led them to design and build with a commercial aim, one of the most promising 

electric cars; the "EV1". This car was capable of speeds of up to 160 km/h and had a range of 190 km at a speed 

of 90 km/h [6]. 

Later on, thanks to the technological advances that took place in Europe and in Japan, a line of cars called 

"Micromachines" were created. They count with small engines, both of internal combustion and electric; and 

additionally, with a great technology infrastructure of easy development. Companies such as Mercedes Benz, 

Chrysler, BMW, Peugeot, Renault, Mitsubishi, Toyota, among others; have established a partnership with other 

manufacturers to develop and produce small vehicles powered by different kind energy sources, where new 

technologies are being developed. [7] In the case of Colombia, evolution of the solar car has been very limited; 

although there have been built some prototypes with the same “micromachine” style, using small engines [7]. 

Analyzing the particular case of Bogotá, the scarcity of solar thermal and solar photovoltaic systems, as 

well as the limited interests toward renewable energies, explains why there are such few specialized 

meteorological stations as well as the limited efforts for exploring and exploiting the available solar resources. 

The lack of incentives from the government and/or energy companies for users to install photovoltaic systems 

connected to the grid in their homes is added to the cause of the problem [8]. 

In Colombia the most recent and significant advances in the field of solar vehicles have been made by 

Universidad EAFIT in association with EPM, who created an ultralight vehicle, named "Primavera", and 

capable of reaching 100 kilometers per hour with the power of a toaster. The vehicle represented Colombia in 

the world Solar Challenge 2013 (Australia), the most important race of its kind in the world. For two years, the 

EAFIT-EPM Solar Car Team worked hard to achieve a prototype made 100% with Colombian materials, but 

that at the same time was competitive at an international level [9]. The academic scope has had an interesting 

approach to the applications of solar energy; from environmentally friendly heaters, used to improve the quality 

of life of a specific population [10], [11], [12], [13] and photovoltaic systems used as support for lighting homes 

[14] and neighborhoods [15], up to the topic of this paper, which is control of solar powered vehicles.  

In [16], a vehicle that runs with a photovoltaic system was designed. By means of the vehicle, algorithms 

for generating trajectories that optimize the energy system of the vehicle, controlled by a built-in CPU, were 

developed and implemented. The algorithm used by the CPU enables autonomous navigation of the vehicle 

through its surroundings, avoiding obstacles until it reaches a finish line; while at the same time it monitors the 

received solar energy, battery charge and consumed energy. This control algorithm manages the vehicle’s 

energy consumption by varying its speed and direction, so as to avoid energy depletion while it is performing a 

travel. 

Another example is presented in [17], where an experimental hybrid vehicle called “Pampa Solar” was 

developed. It was winner of the category “vehicle with the greatest efficient use of solar energy”, with respect to 

the rest of participating vehicles, since 70% of its total used energy came from the sun, 9% from the driver’s 

pedaling connected to a generator, and the remaining 21% supplied by the battery. Another project involving the 

design of a solar powered vehicle for competition was the “Despertaferro”, designed by the Mediterrani team for 

the Sunrace 2000 in Australia. Between 2006 and 2007 the MontSENY team implemented a number of 
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modifications to the vehicle to run the PHEBUS Rally in the Pyrenees. With the conducted studies it was 

determined the various benefits of installing in the vehicle a 7Ah, a 12Ah or a 16Ah battery [18]. 

In [19] the implementation of an electrical system that is powered by solar energy in a single-seater vehicle 

propelled by an electric motor was performed by capturing energy during the day, and then transforming it into 

electricity. The batteries are charged in three to four hours on a sunny day. When the charge is complete the 

chargers stop working, and by means of a switch, the electric motor that gives movement to the car is turned on. 

The vehicle’s gears adapt to the terrain conditions. On a cloudy day the charge is doubled, the stored energy 

allows one hour of autonomy. 

This paper focuses on an efficient use of solar energy through photovoltaic panels applied on powering 

vehicles; which is why throughout the document everything related to this type of renewable energy is 

discussed, such as its transformation into electrical energy, and up to the explanation of the design and operation 

of a control algorithm for vehicle batteries that mainly operate with alternative energies. The objective of the 

algorithm is to ensure enough power for the vehicles to perform a complete route previously defined by the user; 

and thus, to prevent shut down during the travel; and also because a shutdown could cause serious damage to the 

battery and to the electric circuit. This is done through an additional circuit which assists the energy supplied by 

the panel with conventional DC power. 

This project aims to contribute to solve the problem that users of this technology have, by telling the user 

the exact remaining energy, as well as an estimate of the range in real time. The importance of the project lies in 

preventing the car turning off in the middle of the route, which would impede the user to get to his destination. 

 

Method and Design: 

The starting point of this project was the work carried out by the GAV research group of the mechatronics 

Engineering program of Military University Nueva Granada. In this paper, the design and implementation of a 

solar powered vehicle is detailed. The functional prototype contains an energy storage system capable of 

powering two motors to produce movement of a body during a given time [20]. The design specifications are 

described in table 1 

 
Table 1: Specification of the design 

Element 
Specification 

Feature Value 

Wheels  Diameter 6.5 cm 

Photovoltaic Module  
Rated Power 50 w 

Efficiency 11.56% 

Gear Train 

Voltage 12 V 

Stall Torque 18 Kg*cm 

Stall Current 5:00 a. m. 

Free running Current 300 mA 

Speed 80 RPM 

Battery 
Voltage 12 V 

Capacity 7 Ah 

 

1.1. Photovoltaic Module Characterization: 

In order to completely determine a response model for the panel, it is necessary to perform a 

characterization by varying the incident radiation; this allows finding the characteristic curves of the panel as 

well as its maximum output values of current and voltage. Therefore, a sampling of Voltage vs Current at 

different levels of radiation was performed. Figure 1 and 2 shows the behavior of the panel taking into account 

different values of power. 
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Fig. 1: Panel Characteristic Curve (200 w/m2) 

 

 
Fig. 2: Panel Characteristic Curve (600 w/m2) 

 

1.2. Panel Output Power vs Radiation: 

With the purpose of having an appropriate handling of the control algorithm with respect to the incident 

radiation at a given time, it is needed to calculate the power which the panel is capable of generating given the 

value of incident radiation. For this, the following equation can be used, solving for power: 

 

𝜂(%) =
𝑃 (W)

𝐺 (W/m2) ∗ 𝐴(m2)
 

(

1) 

 

𝑃(W) =  𝜂 ∗ 𝐺 ∗ 𝐴 
(

2) 

For this particular case: 𝜂 = 11.56%, 𝐴 = 0.3456m2 and 𝐺 is the value of the sensed radiation. Since at 

this time the instant radiation information is not available, the Solar Radiation Atlas of Colombia was consulted 

[21], as well as the data sensed by the IDEAM; in order to have an approximate value of radiation for this time 

of year in Bogotá. 
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Fig. 3: Average of monthly global radiation in Bogotá, Colombia. 

 

As shown in Figure 3, the solar radiation in Bogota during the month of November varies in the range [3.0 - 

3.5] kWh/m2. Considering that on a sunny day it can easily get to 1 kWh/m2, the power output of the panel for 

the radiation interval [1 - 3.5] kWh/m2 was plotted, which was generated with a random behavior to resemble 

the presence of clouds or rain. 

 
Fig. 4: Power generated by the FV module when the radiation varies. 

 

This way, the power generated by the panel at an instant of time, given the incident radiation on the 

Photovoltaic module, is theoretically calculated. In the actual device the radiation values are taken from the 

information of the radiometer. 

 

1.3. Load of the Motors: 

Before making the calculations regarding the battery, the current on the vehicle’s motors should be 

determined, since the battery discharge time is directly affected by this value. The greater the current, the less is 

the discharge time, i.e. there will be a smaller useful charge time. To calculate the engines’ load it is necessary 

to know certain variables that are required to determine the electric power of the engines, these variables are the 

torque and angular speed. 

The mechanical power is calculated by means of the following equation:  

 

𝑃𝑚 = 𝜏 ∗ 𝜔 
(

3) 

 

Where 𝑷𝒎 is the motors’ mechanical power, 𝝉 is the torque and 𝝎 is the angular speed.  

The electric power is consequently calculated with the following equation: 

 

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦(𝜂) =
𝑀𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 𝑃𝑜𝑤𝑒𝑟

𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑃𝑜𝑤𝑒𝑟
 

(

4) 

 

𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑃𝑜𝑤𝑒𝑟 (W) =
𝑀𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 𝑃𝑜𝑤𝑒𝑟

𝜂
 

(

5) 

Given the motor’s electric power, the charge consumed by the motors can be calculated by solving for the 

current from the definition of electric power: 
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𝑃𝑜𝑤𝑒𝑟 (W) = 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 (V) ∗ 𝐶𝑢𝑟𝑟𝑒𝑛𝑡 (A) 
(

6) 

 

𝐼𝑚(A) =
𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑃𝑜𝑤𝑒𝑟(W)

𝑉𝑜𝑙𝑡𝑎𝑔𝑒(V)
 

(

7) 

 

This is the current on each of the motors. If for example the vehicle counts with two motors then this value 

should be multiplied by 2. 

 

1.4. Battery Characterization: 

As mentioned earlier, a direct control of the battery that stores the panel’s energy is needed to accomplish 

the objective of this project; therefore, it is of utter importance to calculate its charging and discharging times, 

since they vary according to the changes of the incident radiation on the PV module. The starting point to do this 

is to consider the table that gives the relationship between the voltage and the charge percentage for liquid and 

solid batteries, both of 12V and 24V, given by the manufacturers. [22] 

 

 
Fig. 5: Measurement of the charge level trough the voltage in the terminals of the battery. 

 

With this information a regression was performed (considering the system as linear) so as to determine the 

charge level of the battery at a specific output voltage, and this way avoiding being limited to the values of the 

table given by the manufacturers. After performing the regression the following equation was determined: 

 

%𝐵𝑎𝑡𝑡𝑒𝑟𝑦𝑐ℎ𝑎𝑟𝑔𝑒 = 125 ∗ (𝑉𝑏𝑎𝑡) − 1478.5 
(

8) 

 

There is no specific equation to determine the discharge time of a battery, as it is affected by many factors 

such as the fabrication materials, the standard by which it was manufactured, the rated load for which it was 

designed and of course, the consumption of the system the battery is feeding. In practice, it may best to 

experimentally characterize the battery by measuring its discharge time; but in this case for the development, 

implementation and execution of the algorithm and the simulation, it was necessary to determine these times 

theoretically. 

Based on the graphs provided by the manufacturer [23], a collection of data was made in order to perform a 

regression and to find the discharge equation for a 12V, 7Ah battery. 

The resulting discharging time equation for a NP7-12 Battery is: 

 

𝑡𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒  (min) = 357,5 ∗ (𝐼𝑑𝑟𝑎𝑖𝑛𝑒𝑑)−1.263 
(

9) 

 

The only thing left at this point was to calculate the charging time; which, unlike the discharging time, it 

does have a definite equation, which is: 

 

𝐶ℎ𝑎𝑟𝑔𝑒 𝑡𝑖𝑚𝑒 (h) =
𝑄 (Ah)

𝐼𝑐 (A)
 

(

10) 

 

Where Q is the battery capacity in Amperes-hour (Ah) and Ic is the current provided by the charger 

connected to the battery. 

 

1.5. Alternate Circuit Design: 

It is well known that one of the disadvantages of using PV systems is that solar energy is very diffuse. And 

in the case of Bogotá, this energy is not available for more than 6 hours; so supposing the vehicle has to be used 

in the afternoon (after the time of maximum radiation) and there is no longer enough radiation for the PV 
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module to generate the minimum power to charge the battery, the only option left to the user is to wait until the 

next day and expect a nice sunny day so that the vehicle battery could be charged. 

So as to prevent this from happening and taking advantage of the autonomy of the algorithm, this paper 

proposes adding to the original charging circuit (with the PV system), a conventional DC charging system; 

which would be activated when the power provided by the panel stops charging the battery, thus supplementing 

the PV module’s job; and therefore, allowing to charge the battery even when there is no sunlight. 

The schematic diagram of the connection of the two systems is as follows 

 
Fig. 6: Block diagram of the proposed system. 

To accomplish this, a switching circuit or switched-mode power supply is proposed; which will activate the 

DC charging circuit and deactivate the PV system, when the voltage generated by the panel is lower than a 

reference voltage. The electrical characteristics of the alternative charging system are shown in table 2. 
 

Table 2: Features of the charging system. 

Feature Value 

Voltage 19 V 

Current 3.16 A 

Power 60 w 

 

 

1.6. Route Duration: 

It is of utter importance to calculate the travel time, since it will be the benchmark of comparison with the 

remaining time of the battery’s charge, so that the user could be notified if with the available charge the 

programmed destination could be reached. 

To calculate this time, two variables are taken into account: The travel distance and the speed of the vehicle, 

which would be constant in this particular case. 

The uniform motion definition of speed would be used to solve for time in terms of the previously 

mentioned variables: 

 

𝑇𝑟𝑎𝑣𝑒𝑙𝑇𝑖𝑚𝑒 (𝑠𝑒𝑔) =
𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑡𝑜 𝑇𝑟𝑎𝑣𝑒𝑙 (m)

𝑆𝑝𝑒𝑒𝑑 𝑜𝑓 𝑡ℎ𝑒 𝑉𝑒ℎ𝑖𝑐𝑙𝑒 (m/s)
 

(

11) 

 

1.7. Control Algorithm: 

The control algorithm is what allows the user to know the charge status of the vehicle, as well as to 

determine if there is enough energy to perform the programmed travel and to regulate the energy of the 

supplementary charger, taking into account the incident radiation. The flow diagram of the proposed algorithm 

is shown below. Based on this diagram, the algorithm’s operation will be explained. 
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Fig. 7: Flowchart of the control algorithm 

 

The algorithm was designed to work with the specifications of any solar vehicle, so it is essential that the 

user enters the data required by the program to perform such calculations. Moreover, it should be noted that 

“ideal calculations” are considered; therefore, it is assumed that the vehicle speed remains constant during all 

the travel, ignoring friction and load variations. 

In the first stage of the algorithm the user should define each of the specifications of the vehicle as well as 

for the PV system. After entering the required data, the user needs to do a confirmation so that the algorithm 

starts processing the information. The following stage is the signal acquisition (DAQ). At this stage, the 

algorithm carries out the entire process of sensing, storing and updating of signals according to the specified 

sampling frequency for each acquisition. 

 

1.8. Guaranteeing Energy Sufficiency: 

Once the algorithm has the information related to: battery charge level, incident radiation on the PV module 

and the travel distance; it determines whether the available energy in the battery is sufficient to perform the 

complete route. 

If it is determined that the battery charge is enough for performing the travel, then the vehicle starts moving 

(continuously acquiring signals); and once it completes the programmed route, it notifies the user that the 

destination has been reached. The system allows the user to check the charging or discharging status of the 

battery throughout the travel.  

On the other hand, if the battery is not sufficient for the travel, the algorithm prevents the vehicle from 

moving and immediately alerts the user about it, letting the user know the time needed for the battery to charge 

to an appropriate level for performing the route. Once this time has elapsed, the charge level is rechecked and 

the user can begin his travel. 

 

1.9. Complementary Charging Circuit Activation: 

Parallel to the process of battery level verification, an analysis of the incident radiation on the PV module is 

carried out. This is done, as mentioned before, in order to calculate the power generated by the PV module. 

When the incident radiation on the panel generates less power than what is generated with the auxiliary 

charger (according to its specifications), the algorithm automatically activates supply through the 

complementary circuit. Likewise, if the radiation increases and the module generates sufficient power to charge 

the battery, the algorithm disables the complementary charger.  

 

2. Results: 

The algorithm results allow the user to appreciate an approximate behavior of the vehicle; they are not 

exact, since the algorithm considers ideal conditions for both the motors and the travel path; nevertheless, they 

serve as reference for the systems’ simulation. Similarly, all the data has a direct dependency on the developed 

mathematical models, which is why the algorithm’s results can change significantly when the vehicle and its 

configuration are subjected to disturbances. 
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The performance of the algorithm under the specifications set on the previous work was stable, ensuring 

travel of up to 2.26 km (without changing the load or speed for flat surfaces and linear paths) with a battery 

charge of 100%, which corresponds approximately to 1h15min of battery payload. 

Data display delays were presented during the tests with the algorithm, this is due to the timers on each of 

its stages. This happens because the system is a slave of the period by which the signals are acquired; in 

addition, the pertinent variables depend on other variables that are updated on different cycles. 

 

3. Advise and Conclusions: 

The main objective of this work was to design a control algorithm that ensured enough energy for different 

routes; nevertheless, in order to get to the final design and programming of it, an arduous investigative work in 

the field of alternative energies had to be done, especially about battery operation. 

One of the main challenges and the starting point for the development of the algorithm was to characterize 

the PV module in terms of the radiation in Bogota; because in spite of counting with an equation that related the 

variables directly, the panel with which the vehicle was built didn’t have a manufacturer established value of 

efficiency. 

Once it was managed to obtain the module’s efficiency, the characterization process was simplified and the 

main concern changed to the measurement of solar radiation: how exact the chosen sensor was, and if the 

radiation level was enough for the module to generate sufficient power for charging the battery. With the carried 

out procedures, it was concluded and confirmed that the best unit to perform calculations involving PV systems 

is the kWh; since it is directly affected by radiation, rather than by the incident light intensity on the panels. 

Subsequently, in order to understand the behavior of the battery, it was essential to study its concepts and 

manufacturing standards; by verifying that despite presenting a variation of the voltage throughout the discharge 

(minimum for liquid batteries), what is directly affected is the level of current at its terminals. Likewise, it is the 

current what directly determines the battery’s charging and discharging times. 

At last, with all the gathered information, the algorithm design was achieved; including the implementation 

circuit necessary for its operation. Throughout the project’s development, several tests with the algorithm under 

different circumstances were carried out; thus verifying its proper operation. The algorithm ensures that the user 

does not begin a travel without sufficient charge to complete it, and it determines whether or not the PV system 

power generation is enough to charge the battery. It also reduces the charging time by activating the 

complementary circuit. 

It is important to point out that discharge levels in batteries should be carefully monitored. PV systems that 

present very low levels of voltage and current must have direct control over these variables so as to avoid 

serious damage to the storage devices. 

To measure the level of radiation, it is essential to have an instrument that is reliable and accurate, with no 

noticeable measurement deviations and with appropriate units for presenting the data for the application. 

As a future work, it is suggested to base the algorithm on acquisition of real-time signals and to improve 

some features of the vehicle design, such as the diameter of the tires and to include brakes on the prototype; so 

as to develop a more robust mathematical model that allows the possibility of carrying out some energy 

regeneration. 

Likewise, it is suggested to replace the switching circuit for a regulation circuit that allows the energy 

provided by the complementary circuit to be added to the energy being generated by the PV system. But to 

achieve this, it would be ideal to add another PV module; further decreasing the fraction of energy captured by 

the other circuit. 
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