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Abstract 

Genetic algorithm has been widely used in different areas of optimization problems. It 
has been combined with renewable energy domain, photovoltaic system, in this thesis. 
To participate and win the solar boat race, a control program is needed and C++ has 
been chosen for programming. To implement the program, the mathematic model has 
been built. Besides, the approaches to calculate the boundaries related to condition 
have been explained. Afterward, the processing of the prediction and real time control 
function are offered. The program has been simulated and the results proved that 
genetic algorithm is helpful to get the good results but it does not improve the results 
too much since the particularity of the solar driven boat project such as the limitation 
of energy production.  
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1. Introduction 

This thesis came from the requirement for a participant of a solar driven boat race, 
Frisian Solar Challenge 2008 in Holland, which is an international solar boat race 
holding every two years and taking place for the second time. The solar race 
completes the grueling course traditionally followed by the Six Cities Race over a 
period of six arduous days since the dependence from weather conditions. According 
to the same running environments and the similar performances of equipments, the 
control program is necessary to win the race. It can reduce the dependences from 
human experiences and increase the efficiency of energy consumption. The 
photovoltaic driving boat related to this thesis emphasizes on the standalone 
photovoltaic (PV) system with backup domain, specialization in PV mobile 
application.  
 
The experience of the boat driver is often the reliable important factor to decide the 
running speed of the boat. The driver in charge of the boat read the real data from 
charge controller directly then determines without precise calculation. Decisions 
concerning the speed are given out by the energy production and are largely based on 
the conditions of weather such as ambient temperatures and irradiance. Such a process 
of artificial thinking is rough and subjective together with human preference are other 
issues. As the consequence, it is desired to calculate running speed by the weather 
forecast with an aim of achieving more reliable results with increased accuracy.  
 
In this paper, GA technique is introduced in renewable energy domain in particular 
PV system area, where AI plays an important and decisive role to progress the 
performances. The appropriate use of intelligent technologies such as GA leads to 
useful systems with improved performance or other characteristics that cannot be 
achieve through conventional methods. 
 

1.1 Aims 

The main aim of this thesis is to design an intelligent control program for a solar 
driven boat. The program has two functions: one is to predict the performance of the 
boat before the race, basing on weather forecast irradiance and ambient temperature, 
the other is to monitor and control the boat during the race, basing on current weather 
condition and distance of the boat. The secondary aim is test the program to use in 
reality. It includes the algorithm performance of the program test and the hardware 
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connection test.  

1.2 Method 

Borland C++ Builder 6 is employed to design the control program. It provides the 
vision form since the application framework is VCL (Visual Component Library). 
C++ is used as the program language. It is one of the most popular languages since it 
is flexible and basic.  
 
The task of testing the program depends on the real-time data of the irradiance and the 
power consumption of the system and the data will be fed through a serial 
communication via the serial port on charge controller and board computer. It needs to 
build an extra circuit to rectify the signals.  
 

1.3 Project introduction 

The race will start in the last week of June 2008 in Leeuwarden, the capital of the 
province of Friesland. The 220-kilometre route passes the towns of Sneek, Stavoren, 
Bolsward, Franeker, Dokkum and back to Leeuwarden. During the six days, 220 
kilometers are divided into 6 different distances. The stages are shown in Table 1.1. 
 

Table 1.1 The schedule of Frisian Solar Challenge 2008 

Date Location Distance Map 

Monday 23 June 2008 Leeuwarden- Sneek 25km 

Tuesday 24 June 2008 Sneek- Stavoren 41km 

Wednesday 25 June 2008 Stavoren- Bolsward 32km 

Thursday 26 June 2008 Bolsward- Franeker 30km 

Friday 27 June 2008 Franeker- Dokkum 45km 

Saturday 28 June 2008 Dokkum- Leeuwarden 25km 

 
The Entrant who need a control program is in the Open Class. It means they are free 
to determine the types of solar panels to be used and the size of the onboard crew. [3] 
The boats are supposed to be made by participants themselves. The most important 
rule of the race is that solar panels must be the sole energy source of the power supply 
system. It is not allowed to charge the battery on the boat by grid electricity. 
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1.4 Similar works 

For a better understanding of GA application in PV standalone systems, some study of 
similar applications respected to another PV system was done in the early phase. 
 
(1) Application of genetic algorithms for sizing grid-connected PV-system: 
Hernadeza et al. [5] presented a systematic algorithm to calculate the optimal 
distribution and sizing of photovoltaic grid-connected systems (PVGCSs) in feeders 
which offer the best overall impact onto the feeder. The optimal solution is attained by 
multi-objective optimization approach. The results achieved with the proposed 
methodology for feeders found in the literature demonstrate its applicability. The 
method has been used to test alternative PVGCSs allocation solutions. Simulations in 
real feeders prove that the allocation is based upon the stability voltage distribution 
achieves the best results. The outcome allows a considerable reduction of computation 
involved in future analysis. [10] 
 
(2) Application of genetic algorithms for sizing hydrogen PV system: 
Richardasa and Conibeerb [6] worked on addressing the seasonal variability of solar 
insolation domain. The performance of three different technologies which are based 
on solar for a standalone power supply (SAPS) are compared— photovoltaic (PV) 
modules with battery storage; PV modules with electrolyser and hydrogen (H2) 
storage; and photo-electrolytic (PE) dissociation of water for H2 generation and 
storage. [10] 
 
(3) Application of genetic algorithms for sizing hybrid PV systems: 
Senjyua et al. [7] developed an optimal configuration of power generating systems 
using a genetic algorithm (GA) in isolated islands with renewable energy. The 
methodology is used to calculate the optimum number of solar array panels, battery 
configurations and wind turbine generators. The generating system consists of diesel 
generators, wind turbine generators, PV system and batteries. Using the proposed 
technique, operation cost can be reduced by about 10% in comparison with diesel 
generators only. [10] 
 
(4) Optimal sizing of a standalone PV/ wind-generator systems 
Koutroulis et al. [8] presented a methodology for the optimal sizing of a standalone 
PV/ wind-generator systems. The proposed methodology is based on the GA and 
compared with linear programming. The simulation results justify that the cases 
where either barely the wind-generator or exclusively the PV sources are used higher 
system cost as compared to the hybrid PV/wind-generator systems feature. [10] 
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(5) Control standalone hybrid renewable electrical systems 
A novel strategy is presented [9] to control standalone hybrid renewable electrical 
systems with hydrogen storage which is optimized by genetic algorithms. The 
optimized hybrid system is composed of renewable energy resources (PV, wind and 
hydro), batteries, fuel cell, AC generator and electrolyzer. [10] 
 

1.5 Outline of the thesis 

In this paper, Chapter 2 generally describes the control problem with electrical system 
design and computer system. Besides, the PV system configurations are generally 
introduced. In chapter 3, some considerations of designing the control program are 
explained. It includes the mathematic model of the problem, the general design of the 
program and the algorithm chosen. Chapter 4 and Chapter 5 are focus on the details of 
programming. The assumptions of weather conditions and the procedures of genetic 
algorithm application are explained. In chapter 6, some simulations as demonstrations 
of using the program are shown. The discussion and analysis obtained the results are 
also listed in the chapter. Finally, the conclusion of this thesis is presented.
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2. Description of the control problem 

2.1 General design of the solar driven boat system 

The design sketch of the solar driven boat including the electrical system is shown in 
Figure 2.1.  
 

 
Figure 2.1 Design sketch of the solar driven boat within computer 

 
Figure 2.1 shows the schematic of the PV system in the boat. The PV system consists 
of five panels, four batteries, a charge controller, a board computer, a motor, a GPS, 
several cables and accessories. The input parameters for the PV system are irradiance, 
ambient temperature, measured distance by GPS, wind speed and flow speed. The 
energy consumption of the motor is taken as the only load of the system in the 
algorithm. 
 

2.2 Description of the electrical system of the boat   

İt is significant and necessary to understand the main procedure of the Photovoltaic 
system by electrical design. İt is helpful to build the mathematic model and program.  
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The basic components of a PV standalone system include a PV generator or named 
solar panel, a battery to store energy, a solar charge controller and an inverter to use 
alterantive current applicances, one or more load consuming the energy to meet 
requirements . İn some case, there will be an additional disesl generator for direct use 
and to recharge the battery with an inverter. The use of additional diesel generators 
reduces the dependence from weather conditions and enhances the availablility of 
power. According to the rules of Frisian solar boat race, solar panels must be the sole 
energy source of the power supply system. Therefore, the solar boat has to rely on 
weather condition and the useful available energy in a day is influenced by the solar 
irradiance, the efficiency of the components. 
 
The system is a PV standalone system with a backup storage which must follow the 
technical limitations on boat structure, solar panel and capacity of backup batteries. 
The configuration of the system as an electrical design diagram is shown in Figure 
2.2. 
 

Figure 2.2 Schematic diagram of electrical system 
 
The functions loaded in charge controller will control the energy flow in the PV 
system. The group of switches is only for backup in case the charge controller broken 
during the race.  
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2.3 PV system configuration 

The technical specifications of main components are tabulated in Table 2.1. They 
determine the some boundary conditions of the PV system. 
 

Table 2.1 Devices list for the Solar driven boat system 

Component Product manual factor Technical specification 

Solar Array REC solar SEM 210 1175 Wp (5 * 235 Wp /module) 

Battery MICROLYTE 

‘Red Top Cycling’ 

12V*20Ah*4=960Wh 

Two parallel and two series 

Charge controller Steca “Tarom 245” Maximum load output current is 45A 

Maximum power = 45A*24V=1080W 

Motor OZ Electric Motor Nominal Voltage 24V, Max power = 4 kW 

 
Panels: 
The solar panels used in the system are produced by the company REC ScanModule 
AB (REC Solar Group). There are five solar panels installed in the array. Main 
parameters used in the program are listed in Table 2.2.  
 

Table 2.2 Coefficient of solar panel 

Nominal maximum power Pmpp (W)  235 

Open circuit voltage VOC (V) 35.0 

Short circuit current ISC (A) 7.61 

Temp coefficient of Pmpp (%/℃) -0.43 

Temp coefficient of voltage (mV/℃) -104 

Temp coefficient of current  (mA/℃) 4 

Fill Factor FF (%) 0.73 

 
Batteries: 
The battery is chosen according to the technical regulation of the race and the 
operation voltage of the system. The maximum capacity is 1kWh and operation 
system voltage is 24 volt. The solar batteries used in the boat are four lead acid type 
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batteries, MICROLYTE ‘Red Top Cycling’, with a nominal capacity of 20 Ah, 12 Volt. 
The total capacity is 960Wh. [17]  
 
Charge controller: 
Tarom 245 solar charge controller is chosen based on the maximum current of the PV 
array. The deep discharge protection and recharge setting can be manually changed. In 
general, the discharge and recharge range is from 30% to 50% SOC. In the solar boat 
case, it was adjusted from 20% to 40% in order to be able to use more energy before 
deep discharge protection. [18] 
 
Motor:  
A direct current motor is chosen for simplicity of the system avoiding the use a 
DC/AC inverter and it meets the electrical specification of the system and supply a 
high speed. OZ Electric Motor is a permanent magnet 24 volt DC motor and the 
power consumption at maximum speed is 4 kilowatt. Its efficiency ranges from 82 % 
to 93 %. [19] 
 
One of the most important calculations is boat speed versus power consumption. Two 
tests of different conditions are done to confirm the power function of boat speed. 
First test is without panels and with extra weight while the second one is with panels. 
The differences of weight between the two systems are around 160 kilograms. For the 
program, the reasonable assumption is calculated by the average of two testing results. 
Figure 2.3 shows the testing results and the final assumption. 
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Figure 2.3 Boat speed versus power characteristic curve 

 
The power consumption can be calculated with the coefficient from the exponential 
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profile of the speed versus power curve and the speed using Equation 2.1. 
 

0.3487_ 18.805 speedpower consumption e=                                  (2.1) 

 
In the program, the speeds are only integers and the corresponding energy 
consumptions in 10 minutes are shown in Table 2.3.  
 

Table 2.3 Certain speed and corresponding energy consumption 

Speed(m/s) Energy(Wh) Speed(m/s) Energy(Wh) Speed(m/s) Energy(Wh) 

0 0 5 108 10 615 

1 27 6 152 11 871 

2 38 7 216 12 1235 

3 54 8 306 13 1750 

4 76 9 434 14 2480 
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3. Program design Consideration  

3.1 Basic principles to follow when designing a control program 

1. Build a tractable user window and usable program that meets the user’s needs. 
Customer criteria for the control program include win the race during the six days, 
monitor and record the status of the system in real-time, desire for saving 
necessary energy, etc. 

 
2. The components of the PV system are provided the available information 

supplying for the program. The space on the boat limits the hardware for loading 
the program. Except for the input data set by the driver, they will be fed through a 
serial communication via the serial port on charge controller. 

 
3. The using time and environment decided the processing and procedures of the 

program. The race lasts 6 days and everyday will restart the control program. As a 
consequence, some files have to be generated to save the useful information for 
the remaining days.  

 
4. The custom requirements decide the generated files for recording the data. On one 

hand, these files can be used for update and progress the program. On the other 
hand, some calculations can be done with recorded data to evaluate the 
performance of the control program.  

 
Some software such as Matlab is available to facilitate the program simulation and 
include convenient models and database. But C++ is the best choice for program 
language as the applicability and the hardware installed.  
 

3.2 Considerations for modeling the PV system  

The goal of the program is to fulfill the race in minimum sum of the time in six days 
according to rule of technique and conventionality. The constraints are listed in two 
aspects:  
 
1. Distance of daily race 
2. Energy production from modules and energy recharge which influences the SOC 

of the batteries. 
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Mathematical model:  
 

1 2 3 4min( , , , )popf f f f f   ......                                            (3.1) 

144

0
1

[ ][ ] [ ][ ]*
j

S n j v n j t
=

= ∑                                                   (3.2) 

0[ ][ ] ( [ ][ ]* [ ][ ] )*pi scE i j U i j I i j coef t= −                                     (3.3) 

1[ ]
[ ]

n n
step

p

SOC SOCE n
t n
− −

=                                                 (3.4) 

[ ][ ] [ ][ ] [ ]po pi step tE n j E n j E n coef> + −                                       (3.5) 

, ,a final n start nf t t= −                                                        (3.6) 

6

, ,( )b final k start k
k n

f t t
=

= −∑                                                    (3.7) 

1 2* *a bf coef f coef f= +                                                  (3.8) 

 
The parameters of equipments have been introduced in chapter two. Some variables 
of the mathematical model are listed in Table 3.1.  
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Table 3.1 Variables used to explain the mathematical model 

i Index of the day 

j Index of the monitored time period 

n Index of the current day 

f Fitness values of the individuals 

pop Population of the individuals  

S Distance 

v Speed of the boat 

t0 Time period of 10 minutes 

Epi Energy production of the PV system 

Estep Energy supplied by batteries in each time period 

Epo Energy consumption by motor 

tstart,n The starting time of current day race 

tfinal,n The finishing time of current day race 

tp Predicted finishing time by prediction 

fa Time consumed for current day 

fb Accumulative time consumed for current the future day 

coefsc Energy of self-consumption by charge controllor 

coeft The boundary of differences between energy supplied and consumed 

coef1 The proportion of importance for fa 

coef2 The proportion of importance for fb 

 
As the time period to monitor the system status and to run the program is 10 minutes, 
the number of time periods in each day is 144 since there are 24 hours in a day and 6 
time periods in an hour.  
 
Equation 3.1 is the objective function of the program and it will produce the best 
solution by using inputs from criteria functions. In the serial equations of criteria 
function, the general mathematical notations to optimize objective are presented. 
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Equation 3.2 is the distance requirements for daily race. 
 
From Equation 3.3 to 3.5, they are relevant to energy limitation. Epi is the energy 
production and data comes from serial port by serial communication. coefsc is a 
parameter which is self-consumption by charge controller. Estep is determined by state 
of charge (SOC), strategy which is already calculated in prediction part and predicted 
running time. coeft is a tolerant parameter to set the boundary of acceptable the 
differences between energy output and input. If coeft is large, more energy can be 
taken from the batteries to use whereas if coeft is small, the probability of picking up 
the best solution is small. 
 
Equation 3.6, 3.7 and 3.8 represent the fitness which evaluates the solution depending 
on the number of time period consumed during the race. The idea about winning the 
race is using the shortest time to get the final not only in the current day but also in 
the future days. There is a debate that which time consumed is more significant on 
earth. Comparing with the future, only the current day can be controlled and managed 
better. The future time consumed relies on the weather forecast. However, the future 
weather can not be predicted most exactly. In other words, the time consumed based 
on the inaccurate weather conditions is unreliable. Consequently, the fa is much more 
important than fb and it will be emphasized in Equation 3.8 represented by the values 
of coef1 and coef2. It suggests that coef1 must be larger than coef2. The differences 
depend on the tactics. 
 

3.3 Computer program design 

According to the requirements and the electrical design of the PV system, the program 
should include two main functions, prediction and real-time control. The flow chart of 
the control program installed in the board computer is presented in Figure 3.1.  
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Figure 3.1 Flow chart of the control program 
 
The prediction always starts before the race. The boundary condition in prediction is 
that energy related to the maximum output speed is less than or equal to the energy 
production from the panels plus the certain amount of the backup energy in each time 
period. The calculation in prediction uses a theoretical way presented in the book 
Solar Electricity by Tomas Markvart [14]. The Method bases on the irradiance, the 
ambient temperature, the expected speed and some technical specifications mentioned 
in the handbooks of each component. The irradiance and ambient temperature are 
from weather forecast. The expected average running speed is set by driver. The data 
needs to type manually are the categories of irradiance such as sunny, half sunny or 
cloudy, the value of maximum and minimum ambient temperatures and the expected 
average running speed for the coming day. Prediction part calculates strategies which 
determine the certain amount energy can be used from the batteries and the finishing 
time of the coming day. The predicted finishing time is regarded as an important input 
data for genetic algorithm.  
 
The real-time control runs after the starting time on the current day in each 10 minutes. 
It uses genetic algorithm depending on the real-time data of voltage, current of the 
panels, state of charge of the batteries via serial communication and the current 
distance from GPS. The changeable manual inputs are the current distance and the 
expected energy reserved in the batteries for the next days. It generates the energy 
consumption for time periods randomly as the individual and evaluates the fitness 
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depends on the energy and distance restrictions. The best consumption plan will be 
selected and the plan includes respective consumption rate to each time period. The 
selected rate for the next time period will be displayed. Afterward, the running speed 
relative to energy consumption is selected and it is regarded as the best solution. 
 

3.4 Algorithm chosen 

Two main functions in the program decide two algorithms behind. The main function, 
real-time control model, includes a few uncertain factors such as the weather 
conditions, the value of SOC, the consumed energy and the distance. The values of 
them will not be controlled although all of them can be predicted. There are some 
errors between theory and practice. With the particularity of the problem, genetic 
algorithm is the first choice took into account.  
 
The major advantage of genetic algorithm is the flexibility and robustness as a global 
search method. It can deal with highly nonlinear problems and non-differentiable 
functions as well as functions with multiple local optima. They are also readily 
amenable to parallel implementation, which renders them usable in real-time. The 
evaluation function is simply measure the value of the function as many problems, 
particularly function optimization. [11]   
 
The primary drawback of genetic algorithm results from their flexibility. The designer 
has to come up with encoding schemes that allow the GA to take advantage of the 
underlying building blocks. One has to make sure the evaluation function assigns 
meaningful fitness measures to the GA. It is not always clear how the evaluation 
function can be formulated for the GA to produce an optimal solution. GA is also 
computationally intensive and convergence is sometimes a problem. [11]  
In this case, the target is to get the suitable running speed under the weather condition. 
Additionally, the distance and the energy produced limitation can be organized as 
evaluated functions. Therefore, genetic algorithm is available.  
 
For the second function, prediction, it should not be expected to get an accurate result 
since it bases on the forecast value. A perfect result can be gotten through a serial of 
calculation. However, as long as the condition changed, the previous work is 
meaningless. To avoid time wasting, the algorithm of prediction should be simple and 
tractable.  
 
Fuzzy logic method and heuristic function have been taken into account. Fuzzy logic 
is to deal with reasoning that is approximate rather than precise, while the solar driven 
boat only needs to spend energy as much as possible for running fast. [21] For the 
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speeds, they can be defined as the minimum, maximum and complement or called 
slow, normal, a little fast, very fast, etc. But if considered from energy aspect, a 
certain amount of energy affords a range of speed. However, only the maximum 
running speed is expected and will be chose. The less speed can be chosen and is 
unnecessary to take into account. Hence, fuzzy logic is unsuitable for the project.  
 
The heuristic function is explained in Wikipedia as “a heuristic function or simply a 
heuristic is a function that ranks alternatives in various search algorithms at each 
branching step basing on available information in order to make a decision which 
branch is to be followed during a search.”[12] 
 
In this project, the searching problem is analogous to choose a speed. The number of 
time period is the branch factors. The depth is assumed to represent accumulative 
distance and the energy limitation. It is always trying to find the smallest amount of 
time periods. Heuristics giving lower branch factors at every node in the search tree 
are preferred for the resolution of a particular problem, since they are more 
computational efficiency. Considering the particularities of the project and the 
requirements of the customer, heuristic function can not be used completely. It 
provides a general idea to implement the prediction part. The implementation will be 
explained in the next chapter. 
 
In the control program, genetic algorithm is the crucial idea of real-time control 
function and heuristic function is considered as the main idea for prediction part. 
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4. Prediction function design 

The prediction function provides a rough plan to the driver and the result of this part 
is regarded as an input parameter fed to the genetic algorithm. In this section, the 
implementation of the prediction program and the parameters determined by the solar 
driven boat problem are explained. 
 

4.1 Flow chart and function explanation 

Irradiance, ambient temperature and strategy for energy consumption are taken into 
account. The idea of prediction is to assist the boat driver for running the power 
system in the boat to use the generated energy without risk. The steps follows the idea 
considering the amount energy generated by solar panels the next days, the strategy 
chosen for the next day race to save backup energy in batteries and amount of energy 
available to use the maximum speed. The flow chart of prediction is presented in 
Figure 4.1. 
 

Read weather condition

Calculate energy consumption

Pick up corresponding speed

Real time distance
=

Race distance 

Y

N

Record the time period

Time period++

Calculate energy production 
and SOC step

Read weather condition

Calculate energy consumption

Pick up corresponding speed

Real time distance
=

Race distance 

Y

N

Record the time period

Time period++

Calculate energy production 
and SOC step

 
Figure 4.1 The flow chart of prediction function 

 
The weather condition is used to calculate the energy production from solar modules 
and SOC step energy from batteries. The function evaluates the solution whether the 
real-time distance equal to the race distance of that day or not. If the distance meets 
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the requirement, the current time period is recorded as the result of the prediction part. 
Otherwise, the next time period’s data is fed and the iterative process runs until the 
requirement is met.  
 

4.2 Weather condition assumptions 

If the weather condition is not cloudy but sunny or half sunny, the available energy 
will be enough for finishing one day as long as the boat runs under 8 km/h which is 
the recommended speed of the boat. Therefore, the input weather data has a great 
influence on the finishing time of the race. The inclusive factors are ambient 
temperature and solar radiation. 
 

4.2.1 Location of the race 

Solar irradiance is a crucial factor for a PV system and it depends on the geographical 
coordinates, orientation of the solar panel and the actual weather conditions. Latitude 
has an important effect on the amount of solar irradiance and the length of day is a 
function of latitude and day of the year. [15]  
 
The length of the day is an important parameter to identify the possible recharge time 
for the batteries after the race. The open circuit voltage of the system is influenced by 
the operating cell temperature and short circuit current depends on the irradiance. 
They are significant parameters for predicting the power production from solar panels. 
The locations of the race cities are presented in Table 4.1. 
 

Table 4.1 Location and day length of towns 

Location Latitude Longitude Length of the day  

Leeuwarden 53° 13' 5° 46' 16.7 hours 

Sneek 53° 02' 5° 39' 16.66 hours 

Starvoran 52° 53' 5° 21' 16.65 hours 

Bolsward 52° 55' 4° 59' 16.67 hours 

Franeker 53° 12' 5° 32' 16.70 hours 

Dokkum 53° 19' 6° 00' 16.68 hours 
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The algorithm for the solution is as follows [20]: 
1. The day number is counted from 1st January. For example, 23rd June is the 175th day 
in 2008. 
 
2. The declination is calculated using Equation 4.1.  
 

360*(284 )23.45*sin
365

nδ +=                                         (4.1) 

 

3. The sunset hour angle 
sω  can be solved when the angle of incidence is the zenith 

angle of the sun, zθ =90° .  

 

cos tan * tansω φ δ= −                                                (4.2) 

where φ  is the latitude of the towns. 

 
4. The sunrise hour angle is the negative of the sunset hour angle. As we all known, 

the sun takes one hour to transverse 15°  of longitude. The number of daylight hours 

is given by Equation 4.3. 
 

2 arccos( tan * tan )
15

N φ δ= −                                          (4.3) 

 
The latitudes of cities in the race are a little different and it leads to unequal sunset 
and sunrise hours. Therefore, the daylight hours have to be calculated with different 
latitudes for each cites and Equation 4.3 is modified.  
 

1 2
1 1arccos( tan * tan ) arccos( tan * tan )

15 15
N φ δ φ δ= − + −                    (4.4) 

where 1φ , is the latitude of departure city and 2φ  is the latitude of arrival city. 

 
The results of daylight hours are shown in Table 4.2. 
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Table 4.2 The calculation of daylight hours of race day 

Origin n δ  cos sω sunrise 'δ  sunset Daylight hours 

Leeuwarden 175 23.42 -0.58 8.36 -0.58 8.34 16.70 

Sneek 176 23.40 -0.57 8.34 -0.57 8.33 16.66 

Stavoren 177 23.37 -0.57 8.32 -0.57 8.33 16.65 

Bolsward 178 23.34 -0.57 8.32 -0.58 8.35 16.67 

Franeker 179 23.29 -0.58 8.34 -0.58 8.35 16.70 

Dokkum 180 23.24 -0.58 8.35 -0.57 8.34 16.68 

 

4.2.2 Solar irradiance  

To find reliable weather data of the six race locations, a branch of weather websites 
have been searched. The weather website http://www.weeronline.nl/Nederland [16] 
produces at most 6-day weather forecasts including maximum and minimum ambient 
temperatures, wind speed and UV-index. In addition, the whole year weather typical 
meteorological year data of six cities in Holland—Amsterdam, De Bilt, De Kooy, 
Groningen, Limburg and Vlissingen, were taken from sets of typical meteorological 
year weather data. 
 
Since the cities in the race are very close to each other and the weather data are not 
available for all cities, the solar irradiance of other sample cities are chosen to find out 
the possible maximum, minimum and average irradiance in June. Four cities with 
latitudes of around 53° are close to the race cities. The locations of the sample cities 
are shown in Table 4.3 and Groningen, De Kooy, De Bilt, Amsterdam are the chosen.  
 

Table 4.3 Latitude of referenced cities 

City Groningen De Kooy De Bilt Amsterdam Limburg Vlissingen

Latitude 53.13° 52.55° 52.60° 52.38° 50.92° 51.45° 

 
The irradiances of 30 days in June are summarized and calculated for each city. The 
best and worst solar radiance are listed in Table 4.4. Then the maximum and minimum 
irradiance from these cities will be used for irradiation prediction as sunny and cloudy 
day. 
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Table 4.4 Daily irradiations of selected cities 

 Groningen De Kooy De Bilt Amsterdam 

The worst radiance (Wh/m²/d) 1083 3181 1300 1879 

The best radiance (Wh/m²/d) 7918 7991 7773 8019 

 
The average of maximum and minimum irradiation selected is used to sample the 
irradiation data as half sunny. The hourly solar horizontal–radiations used in the 
control program are tabulated in Table 4.5. 
 

Table 4.5 Weather data samples for irradiation prediction [Wh/m2] 
Hour Sunny Half sunny Cloudy Hour Sunny Half sunny Cloudy 

1 0 0 0 13 865 566 48 
2 0 0 0 14 842 675 157 
3 0 0 0 15 805 658 125 
4 0 0 0 16 731 316 82 
5 0 0 3 17 592 126 89 
6 70 67 32 18 443 115 7 
7 141 142 77 19 265 149 39 
8 329 112 72 20 114 41 25 
9 532 399 86 21 20 33 7 

10 656 397 63 22 0 0 0 
11 761 482 85 23 0 0 0 
12 853 581 86 24 0 0 0 

 

4.2.3 Ambient temperature assumption 

Since ambient temperature can usually be supplied by the form of minimum 
temperature and maximum temperature, the task focus on how to calculate each 10 
minute temperature from the temperature provided. Figure 4.2 shows that minimum 
temperature at around 4:00 am and the maximum temperature at about 4:00 pm and 
the curve is non-linear.  
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Figure 4.2 Temperature curve of reference sample 

 
The slope along the line is difficult to predict to get exact value as the data of a 
temperature curve is randomly changing. However, the trend between minimum and 
maximum point is increasing and in a shorter time interval such as an hour, it can be 
regarded as a linear progression. Therefore, linear regression is selected to calculate 
the slope of temperature in an hour in the simulation and can be calculated by 
Equation 4.5. Days are represented by i and hours are represented by j which are 
divided into two periods by 4 a.m. and 4 p.m. The interval from 00:00 to 04:00 is not 
accounted as the radiation is usually unavailable during the period. 
 

max( ) min( ) [4 : 00,16 : 00]
6*12( , )

max( ) min( 1) [16 : 00,24 : 00]
6*12

i i

slope i j
i i

−⎧ ∈⎪⎪= ⎨ − +⎪− ∈
⎪⎩

 j

 j

                     (4.5) 

 

4.3 Implementation 

4.3.1 Energy production 

The calculation of energy production used in the prediction program uses a theoretical 
presented in by Tomas Markvart [14]. The solar panel, short-circuit current, 
open-circuit voltage and the maximum power point are the most three significant 
electrical characteristics. These are functions of cell temperature and irradiance.  
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The short-circuit current of a solar module is proportional to the irradiance. But the 
voltage depends logarithmically on the irradiance since the voltage is a logarithmic 
function of the current. The voltage will therefore vary less than the current. In 
theoretical calculations, it is customary to neglect the voltage variation and to set the 
short circuit current proportional to the irradiance.  
 

2
sc

2

Irradiance[W/m ] * I [A] I_module[A]=
 1000[W/m ]

                               (4.6) 

 
Equation 4.6 is to calculate the current of the solar module from irradiance. 
 
The voltage variation is sensitive to the cell temperature. The temperature coefficient 
for the open-circuit voltage is negative which means the voltage goes down with 
increasing cells temperature and the slope is large as 36 solar cells are normally 
connected in series in a module. On the other hand, the current coefficient is positive 
and the variation is small. Consequently, only the voltage variation with temperature 
is considered in practical calculations.  
 

2

2

( 20)[ ]*Irradiance[W/m ][ ] [ ]
800[W/m ]c a

NOCT CT C T C − °
° = ° +                     (4.7) 

OC
( 25)[ ]_ module[V]=V [ ] 104[ / ]

1000
CT CV V mV C − °

− °                        (4.8) 

 
The operating cell temperature (Tc) is calculated from ambient temperature (Ta), the 
nominal operation temperature of the cells (NOCT) and irradiance by Equation 4.7. 
The module voltage of is calculated from open circuit voltage and the operating cell 
temperature.  
 
Since the five solar panels are connected in parallel in the system, the voltage of the 
array is equal to module voltage and the current of the array is five times the module 
current. The maximum power of the array is not generated under short or open circuit 
but produced by above array data multiplied by fill factor.  
 
I_array[A] = I_module[A] * 5                                         (4.9) 
V_array[V] = V_module[V]                                         (4.10) 
P_array[W] = V_array[V] * I_array[A] * FF                            (4.11) 
W_array[J] = P_array[W] * time period[s]                              (4.12) 
 
The irradiance samples have been summarized in section 4.2.2. Following the 



Jiya Ma Degree project November 2008 
 E3706D 
 

 
Högskolan Dalarna 24 Tel: +46-23-778800 
Röda Vägen 3, 781 88   Fax: +46-23-778050 
Borlänge, Sweden  Http://www.du.se 

 

calculation processing above, prediction of the energy production for each time period 
in whole day will be calculated. 
 

4.3.2 Energy provided by batteries 

The strategy decides how much energy in the batteries will be saved as backup energy 
for future race and it will be chosen depending on the amount of input energy and 
consumption each day. The strategies are only estimations and it can be reseted by the 
driver during the race. Considering the probability to recharge the batteries after the 
race since the sunlight is still available late afternoon in June, the most important task 
is to ensure how much backup energy is enough depending on the weather and the 
distance of next day. In the program, the strategy is defined as the ratio of the energy 
production and the energy consumption next day as shown in Equation 4.13. 
 

_ [ 1]_
_ [ 1]

energy input ncoefficent strategy
energy output n

+
=

+
                            (4.13) 

 
Energy is usually the function of time and power. The time depends on the running 
time during the race and the power is relevant to irradiance. According to the average 
speed set by the driver, Equation 4.14 is used to get the running time of separate day.  
 

[ 1]_ [ ]
_ [ 1]

distance irunning time i
average speed i

+
=

+
                               (4.14) 

 
The race starts at 8 am everyday. According to the irradiance and the ambient 
temperatures from the weather forecast, the power production during the running time 
is calculated using equations from 4.6 to 4.12. The energy production is the 
accumulative value calculated by Equation 4.15.  
 

_
_ [ ] ( ,T )* _ /6

running time
energy input i P I a time period= ∑                      (4.15) 

 
The power corresponded to the average speed in Table 2.3 is used to calculate the 
energy consumptions for each day. The energy output from the system is calculated as 
shown in Equation 4.16.  

_ [ ] _ [ ]* _ [ ]energy output i corresponding power i running time i=             (4.16) 
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Strategy is represented by the coefficient resulted from Equation 4.13 and it is 
classified into three categories as risky, moderate and careful. Larger coefficient 
represents that available energy production will be high and therefore more energy 
from the batteries will be allowed to use. On the last day, there is no need to save any 
energy in batteries. So the whole energy left in the batteries can be used up. In Table 
4.6 the percentages show the SOC boundary of strategies. 
 

Table 4.6 Energy percentage of different strategy 

coefficient_strategy >0.6 [0.4, 0,6] <0.4 

Chosen Strategy Risk Moderate Carefulness 

Normal day (SOC) 45% 60% 75% 

Last day (SOC) 5% 5% 5% 

 
The certain amount of available battery capacity is assumed to be consumed for each 
day. For each time period, the important parameter is the energy used from the 
batteries in each time period called energy step, which is defined by Equation 4.17. 
 

(1 [ ])* [ 1]_ [ ]
_ [ ]

strategy i SOC ienergy step i
running time i

− −
=                            (4.17) 

 

4.3.3 Energy consumption  

The available energy to be consumed by the motor is the sum of the energy input and 
the energy step during each time period. Real time distance will be calculated by 
selected speed and accumulated from each 10 minutes. At the same time, the running 
time will be updated as well. When the real time distance meets the required distance 
of the day, the finishing time for the day race is predicted and the process repeats for 
the remaining days.  
 
The results from prediction function are provided for real-time control function to 
calculate the real-time SOC step. The suggested strategy is shown as well. 



Jiya Ma Degree project November 2008 
 E3706D 
 

 
Högskolan Dalarna 26 Tel: +46-23-778800 
Röda Vägen 3, 781 88   Fax: +46-23-778050 
Borlänge, Sweden  Http://www.du.se 

 

5. Real-time control design 

In this section, the procedure to make a real-time control in the program within 
genetic algorithm for the PV system is presented. The main reasons and advantages of 
choosing Genetic Algorithm are explained in section 3.4. Subsequently how to 
arrange every data from different components of the PV system is elaborated.  
 

5.1 Flow chart and function explanation 

The Figure 5.1 is described the procedures of the genetic algorithm in the project.   
 

initialization

Randomly choose r1, r2

r1<0.8

r2<0.4

crossover

mutation

callfitness Roulette

Fitness=inf.
Y

N
Best individual

Suggested speed

initialization

Randomly choose r1, r2

r1<0.8r1<0.8

r2<0.4r2<0.4

crossover

mutation

callfitness Roulette

Fitness=inf.
Y

N
Best individual

Suggested speed
 

Figure 5.1 The flow chart of real-time control function 
 
Main function of GA 
Begin 
Initialization  the number of population size; 
for (counter=0; counter<iteration number; counter++) 

{ 
randon1, random 2 
if random1<crossover rate 

         {Crossover;} 
if random2<mutation rate 

         {Mutation;} 
Callfitness; 

      if (the whole population is useless) 
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         {Initialization;} 
else 

{Keep the best individual’s fitness in current population; 
Output the best individual’s certain elements as the result; 

         } 
    } 
End 
 
The operation of the genetic algorithm is sort of intricate, especially hardly managed 
every change in offspring. It cost more time to get the good results because it makes 
relatively few assumptions about the problem that is being solved. 
 

5.2 Genetic algorithm 

Genetic algorithm or evolutionary algorithm is regarded as a branch of heuristic 
algorithm based on a biological metaphor. The main feature of GA is competing 
among a population of evolving candidate problem solutions. A “fitness” function 
evaluates each solution to decide whether it is good enough to reproduce the next 
generation. The operator “crossover” and “mutation” are used to increase chance to 
get the better “chromosome”, which is the solution of the problem given. 
 
A genetic algorithm starts with an initial population which is encoded for the model of 
problem by some methods. The search is an iterative process over the following steps: 
 
1. Generate numbers randomly and choose genetic operators to do crossover or 

mutation according to these random numbers;  
2. Evaluate the cost of each string by using the fitness function; 
3. Redo initialization and the whole iterative process if no available solution in the 

whole population; 
4. Select highly fit individuals by using roulette if available solution exits and 

generate the next population by replacing some of the existing string with the new 
strings generated after crossover and mutation; 

5. Select a number of the fittest strings by using a selection restriction; 
6. If a solution is found or up to the iteration numbers which is set by user, then stop; 

otherwise return to step 1. 
 
Essentially, the above steps describe a selection procedure and how the fitness 
function works. The fitness function is devised for the driving solar boat problem. 
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Given a particular chromosome, the fitness function returns a single numerical 
“fitness”. The value of fitness is supposed to be proportional to the “utility” or 
“ability” of the individual which that chromosome represents. [11] The best solution 
has the least fitness value.  
 
For a period of 10 minutes, it generates a population. In the whole population, the 
number of the individuals is set by program. It is also the number of possible solution 
for searching the best solution. Iteration number is the number of times running 
crossover and mutation functions to get new offspring. It is equal to the number of 
generations as well. For example, the number of population is 80 and iteration is 50. 
The fitness function is going to evaluate the 80 individuals 4000 times which is the 
production of 80 and 50. Consequently, the final result is the best one in 4000 
solutions.  
 
The differences between prediction and genetic algorithm are not only the ideas and 
procedures of the algorithms but also running time of program. The running time 
depends on the actions of program. Obviously, the running time of prediction is 
shorter than genetic algorithm. The ideas of two functions have large difference is the 
tolerant factor. In the prediction, the energy consumption is assumed to be always no 
more than the energy output but it may either lower or higher than in genetic 
algorithm. The tolerant factor will be explained in section 5.2.4.1. 
 

5.2.1 Population generation 

Since expanding the search space over the infeasible region can provide to reach an 
optimal solution with the search, it is flexible to randomly generate the elements of 
individuals. But then, fitness value should be capable of handling infeasible solutions 
with a penalty term according to how many the constraints are exceeded. The penalty 
term is insignificant at the early iterations, but the end to force the final solution to be 
feasible it is important. In the program, the solutions can be consumed energy or 
running speed for suggestion. Since it is more convenient to compare the energy 
production and consumption, the elements in individual are represented by the energy 
consumed. They are converted into speed by speed power profile explained in section 
2.3. 
 
The logic to generate feasible solutions in the initialization is based on the idea 
explained below. The representation of the individuals is in the form of an list {d1, 
d2, … , d6 } where di represents the day of the race (i=1,2, n, 6; n is the index of the 
day passed so far) and the contains energy assigned to it, di = { p1, p2, p3, …, p144} (pj is 
the time period). The structure of the individual is shown in Figure 5.2. 
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Figure 5.2 The structure of one individual 

 
According to the starting time and predicted result, the elements of running time are 
nonzero. The range of the nonzero elements is from 0 to 1488 according to speed 
power profile. The elements before starting time and after predicted finishing time are 
always zero. Starting time is set by the user in user window and the predicted 
finishing time is the output of prediction function. All the elements of the past day are 
set to zero since it is unnecessary to calculate for the finished days. In the program, 
the array is used to keep individuals. The size of the array is 6 rows and 144 columns.  
The example of one individual in the first day race is shown in Figure 5.3. 
 

0 ... 49 ... 70 0 0 ... 0 0
0 ... 0 89 ... 279 0 ... 0
0 ... 0 749 ... 550 0 0 ... 0 0
0 ... 0 0 1057 ... 1297 0 ... 0
0 ... 108 ... 889 0 ... 0 0
0 ... 0 345 ... 99 0 ... 0

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎣ ⎦

0 ... 49 ... 70 0 0 ... 0 0
0 ... 0 89 ... 279 0 ... 0
0 ... 0 749 ... 550 0 0 ... 0 0
0 ... 0 0 1057 ... 1297 0 ... 0
0 ... 108 ... 889 0 ... 0 0
0 ... 0 345 ... 99 0 ... 0

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎣ ⎦

starting point finishing point
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Figure 5.3 The example of one individual in the first day race 
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5.2.2 Crossover 

Crossover operates on selected genes from parental chromosomes and creates new 
offspring. Having selected two parents, their chromosomes are recombined, typically 
using the mechanisms of crossover and mutation. Crossover is not usually applied to 
all pairs of individuals selected for mating. If crossover is not applied, offspring are 
produced simply by duplicating the parents. This gives each individual a chance of 
passing on its genes without the disruption of crossover. There are several methods to 
implement crossover operator like one-point crossover, two-point crossover and “cut 
and splice” crossover. Considering the logic of the structures of the solutions, larger 
change in serial offspring will be harmful and delay the calculating time. Hence, less 
crossover point, such as one-point crossover is suitable for the case. In addition, “cut 
and splice” is progressing a one-point crossover. It is more flexible of crossover point 
but it changes the number of elements after crossover. Therefore, the combination of 
“cut and splice” and one-point crossover is chosen. The schematic diagram is given in 
Figure 5.4. 
 

Figure 5.4 Crossover process in the program 
 
It replaces the elements from different positions and keeps the size of each individual. 
The crossover only works on the current day, which means the crossover positions are 
always in current day row. According to the idea, two of the individuals in the third 
day race are taken as an example shown in Figure 5.5. 
 



Jiya Ma Degree project November 2008 
 E3706D 
 

 
Högskolan Dalarna 31 Tel: +46-23-778800 
Röda Vägen 3, 781 88   Fax: +46-23-778050 
Borlänge, Sweden  Http://www.du.se 

 

0 0 0 ... 0 0 ... 0 0 ... 0 0 ... 0
0 0 0 ... 0 0 ... 0 0 ... 0 0 ... 0
0 ... 0 789 ... 47 239 576 ... 79 0 ... 0
0 ... 0 331 ... 1222 0 ... 0
0 ... 0 249 ... 129 0 ... 0
0 ... 0 86 ... 755 0 ... 0

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

0 0 0 ... 0 0 ... 0 0 ... 0 0 ... 0
0 0 0 ... 0 0 ... 0 0 ... 0 0 ... 0
0 ... 0 515 602 330 99 ... 477 0 ... 0
0 ... 0 624 0 ... 77 0 ... 0
0 ... 0 890 ... 141 0 ... 0
0 ... 0 37 ... 666 0 ... 0

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

parent 1 parent 2

offspring 1 offspring 2

current 
day

Underline means the crossover position

0 0 0 ... 0 0 ... 0 0 ... 0 0 ... 0
0 0 0 ... 0 0 ... 0 0 ... 0 0 ... 0
0 ... 0 789 47 602 330 99 ... 55 477 0 0
0 ... 0 331 ... 1222 0 ... 0
0 ... 0 249 ... 129 0 ... 0
0 ... 0 86 ... 755 0 ... 0

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

0 0 0 ... 0 0 ... 0 0 ... 0 0 ... 0
0 0 0 ... 0 0 ... 0 0 ... 0 0 ... 0
0 ... 0 515 239 576 ... 79 0 ... 0
0 ... 0 624 0 ... 77 0 ... 0
0 ... 0 890 ... 141 0 ... 0
0 ... 0 37 ... 666 0 ... 0

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

0 0 0 ... 0 0 ... 0 0 ... 0 0 ... 0
0 0 0 ... 0 0 ... 0 0 ... 0 0 ... 0
0 ... 0 789 ... 47 239 576 ... 79 0 ... 0
0 ... 0 331 ... 1222 0 ... 0
0 ... 0 249 ... 129 0 ... 0
0 ... 0 86 ... 755 0 ... 0

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

0 0 0 ... 0 0 ... 0 0 ... 0 0 ... 0
0 0 0 ... 0 0 ... 0 0 ... 0 0 ... 0
0 ... 0 515 602 330 99 ... 477 0 ... 0
0 ... 0 624 0 ... 77 0 ... 0
0 ... 0 890 ... 141 0 ... 0
0 ... 0 37 ... 666 0 ... 0

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

0 0 0 ... 0 0 ... 0 0 ... 0 0 ... 0
0 0 0 ... 0 0 ... 0 0 ... 0 0 ... 0
0 ... 0 789 ... 47 239 576 ... 79 0 ... 0
0 ... 0 331 ... 1222 0 ... 0
0 ... 0 249 ... 129 0 ... 0
0 ... 0 86 ... 755 0 ... 0

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

0 0 0 ... 0 0 ... 0 0 ... 0 0 ... 0
0 0 0 ... 0 0 ... 0 0 ... 0 0 ... 0
0 ... 0 515 602 330 99 ... 477 0 ... 0
0 ... 0 624 0 ... 77 0 ... 0
0 ... 0 890 ... 141 0 ... 0
0 ... 0 37 ... 666 0 ... 0

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

parent 1 parent 2

offspring 1 offspring 2

current 
day

Underline means the crossover position

0 0 0 ... 0 0 ... 0 0 ... 0 0 ... 0
0 0 0 ... 0 0 ... 0 0 ... 0 0 ... 0
0 ... 0 789 47 602 330 99 ... 55 477 0 0
0 ... 0 331 ... 1222 0 ... 0
0 ... 0 249 ... 129 0 ... 0
0 ... 0 86 ... 755 0 ... 0

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

0 0 0 ... 0 0 ... 0 0 ... 0 0 ... 0
0 0 0 ... 0 0 ... 0 0 ... 0 0 ... 0
0 ... 0 515 239 576 ... 79 0 ... 0
0 ... 0 624 0 ... 77 0 ... 0
0 ... 0 890 ... 141 0 ... 0
0 ... 0 37 ... 666 0 ... 0

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

0 0 0 ... 0 0 ... 0 0 ... 0 0 ... 0
0 0 0 ... 0 0 ... 0 0 ... 0 0 ... 0
0 ... 0 789 47 602 330 99 ... 55 477 0 0
0 ... 0 331 ... 1222 0 ... 0
0 ... 0 249 ... 129 0 ... 0
0 ... 0 86 ... 755 0 ... 0

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

0 0 0 ... 0 0 ... 0 0 ... 0 0 ... 0
0 0 0 ... 0 0 ... 0 0 ... 0 0 ... 0
0 ... 0 515 239 576 ... 79 0 ... 0
0 ... 0 624 0 ... 77 0 ... 0
0 ... 0 890 ... 141 0 ... 0
0 ... 0 37 ... 666 0 ... 0

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 
Figure 5.5 Example of Crossover in the program 

 
In the crossover, the way to do combination crossover is to choose randomly a 
crossover point in parent 1 and copy everything after the underlined point into a 
temporary string and then the copied part is replaced by the part of parent 2 after the 
crossover point. If the new elements which are from parent 2 are not enough, only the 
same number of elements in parent 1 will be replaced. Otherwise, the same number as 
temporary parts of elements will be pasted. Afterwards, the same principle will be 
used for parent 2. After crossover, the random elements are changed and the length of 
the children is equal to its parents.  
 
With increasing the times of crossover, the characteristic of the individual will be 
changed. Between the nonzero elements, it exist zero elements. The numbers of 
nonzero elements is not important to manage since the fitness will choose the short 
one always. It is necessary to correct the structure of the offspring in order to keep all 
of the nonzero elements continuously. Otherwise, 0 represents the boat should stop on 
the way until 10 minutes past which is not reasonable in logic. The correct processing 
only moves zeros behind nonzero elements and never changes the values. 
 

5.2.3 Mutation 

As the name shown, mutation is random changing in individual and is applied to each 
child individually after crossover. The operator brings new genes into individual and 
increases the probability to find a better solution. It randomly alters each gene with a 
small probability. There is a parameter named mutation rate which affects probability 
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of chosen elements for changing in the new generation. 
 
In the program, the number of elements between the first nonzero and the last nonzero 
in current day row is calculated. The number of elements done mutation is determined 
by mutation rate. And the position of above elements is stochastic chosen. 
 
For example, the initial string is shown as follow. The number of nonzero elements is 
15 and the mutation rate is 20%. Three genes will be replaced after mutation. 
 
Parent: 0 0 … 0 0 565 668 99 37 389 66 450 611 … 1024 5 0 0 0 0     
Mutation position is randomly chose index as 47, 51, 77 
Offspring: 0 0 … 0 0 565 668 746 37 389 66 71 611 … 199 5 0 0 0 0 
 
As the example shown above, ignored the elements of pasted and future days, the 
position of stochastic generated mutation is 47, 51, and 77 in the current day row. 
Therefore, the seventh, twelfth and eighteenth gene of a chromosome is being mutated 
after mutation randomly. 
 

5.2.4. Fitness 

The fitness function is the evaluation measure in genetic algorithm. The goal of 
having a fitness function is to assess each solution and to decide whether it will 
contribute to the next generations of solutions. Afterward, it should select which 
individuals have the higher probability of being allowed to mate and reproduce 
meanwhile which individuals should have a higher probability of being removed from 
the population. 
 
In general, the fitness feasibility base on two points:   
1. if it could finish the race with the current individual 
2. if it could finish, how to measure the qualities.    
 
Before explanation the fitness in detail, some parameters have to been accounted. 
They are related to the energy limitation and the importance of sub-fitness.  

5.2.4.1. Tolerant parameter 

The tolerant parameter in the program represents the additional amount of battery 
energy which can be used during the racing time. The factor is an advantage of GA 
comparing with the prediction in which fitness is applied. It will allow the system to 
use more energy while the solar radiation is low in the algorithm and consequently 
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leads to a faster speed. The parameter represents the maximum acceptable ability for 
challenge of using the batteries energy and it keeps the balance between saving and 
using energy from the batteries.  
 
The tolerant parameter is decided by the state of charge of the batteries and how much 
energy can be recharged after one day’s race, especially in the evening of the day. 
According to the characteristics of components mentioned in Chapter 2, the full 
charge of batteries is 960Wh.  
 
The assumed time of charging the batteries after race is around 16:00 to 19:00 
everyday. Irradiance data is from weather condition assumption. The calculated 
results of energy production in the three hours are listed in Table 5.1. 
 

Table 5.1 Power input from 16:00 to 19:00 in different irradiation 

Time Sunny Halfsunny Cloudy 

 G[W/m2] Ein[Wh] G[W/m2] Ein[Wh] G[W/m2] Ein[Wh] 

16:00 731 5336 316 2307 82 599 

17:00 592 4322 126 920 89 650 

18:00 443 3234 115 840 7 51 

Total  12892  4066  1299 
 

The energy input is calculated by Equation 5.1. 
 
Area of five solar modules: 0.156*0.156*60*5=7.3 m2 
Energy input = Irradiance * area * number of hours                             (5.1) 
 
Energy convert from panels to batteries is calculated by Equation 5.2, 5.3 and 5.4. 

1000*
p

panel

W
Area

η =                                               (5.2)                

, , *output panel irra panel panelE E η=                                                (5.3) 

, , *(1 )convert batt output panel scE E coef= −                                         (5.4) 

 
The panel efficiency at STC is calculated by Equation 5.2. It determines the 
proportion of energy output to input. Wp is the output power at the maximum power 
point. Afterwards, the energy converts into batteries is calculated with coefsc which is 
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system consumption in the PV system and the value is 0.9. The results of three hours 
energy converted into the batteries from energy production are listed in Table 5.2.  
 

Table 5.2 Energy calculation results for output and batteries 

 Sunny Halfsunny Cloudy 

Accumulative radiation in three hours [Wh] 12892 4066 1299 

Accumulative energy output of the panels [Wh] 2075 654 209 

Accumulative charging energy [Wh]  1868 589 188 

Percentage of batteries capacity 195% 61% 20% 

 
According to the distance of each race, the fifth day has the longest distance and has 
to keep some energy for the last day. In the last day, the whole energy left in the 
batteries can be used. So the fifth day will be a sample as the worst case to confirm 
the tolerant coefficient. The worst weather conditions are assumed for everyday of the 
race. The risk strategy which is to leave 45% SOC in batteries after one day race is 
used. As a result, the sample is used to get the lowest boundary. The Equation 5.5 is 
the iterative function of calculating SOC every day and the final energy of the fifth 
day will be 367Wh.   
 
SOCi = SOCi-1 * strategy + 1305                                           (5.5) 
where i is from 1 to 6 and SOC0 is equal to 3456 which is fully charged. 
 
The assumed average speed in the fifth day is 8 km/h and the distance of that day is 
45km. The tolerant coefficient for each time period (10 minutes) is calculated for the 
assumption of an average speed in Equation 5.6.  
 

5 367 10.9[ ]distance 45*number of time periods/hour *6
average_speed 8

SOC Wh= =             (5.6) 

 
In all, 10.9Wh is the extra energy can be used than energy production in each 10 
minutes. The value is used as the tolerant parameter in fitness functions to evaluate 
the energy limitations for each time period everyday. 
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5.2.4.2 Proportional parameters 

Another parameter need to explain before fitness function is proportional coefficient.  
The proportional coefficient is an important parameter to optimize the time taken in 
the current day and the rest of the race. In case of a solution which has the 
contradictive performances between current day and the future day, proportional 
coefficient is used to decide which one is the best solution. 
 
As the equations shown from 3.6 to 3.8, three equations can be rewritten as Equation 
5.7, 5.8 and 5.9 respectively. 
 

6

1 2* *n i
i n

f coef t coef t
=

= + ∑                                                (5.7) 

1 2 2 1 6( )* *( ... )n n nf coef coef t coef t t t+= + + + +                               (5.8) 

Assume that: 1 2 1coef coef+ =  

2 1 6*( ... )n n nf t coef t t t+= + + +                                          (5.9) 

 
In the author’s opinion, the finishing time of current day is more important than the 
future days. So fa must be dominant in Equation 3.4. But fa is usually smaller than fb 

which represents the time periods for the rest of the race and only in the last day it is 
equal to fb. The numbers of time periods to finish the race are determined by the 
distance and fb in the first day is the largest value than fb in the other days. The 
assumption is that the sum of coef1 and coef2 is 1 and the product of coef1 and fa in the 
first day is large than that of coef2 and fb. Therefore, fa becomes the decisive factor to 
finish the six days race. The ratio of first day’s distance to total distance of 
six-day-race distance is 0.144. The coef2 must be smaller than 0.144. Therefore, 0.1 is 
chosen and is regarded as coef2 in the program. The fitness function is shown in 
Equation 5.10. 
 

0.9* 0.1*a bf f f= +                                                (5.10) 

 

5.2.4.3 Fitness function 

The fitness function is shown in Equation 5.10. The flow chart of the fitness the 
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current day is shown in Figure 5.6. 
 

Ind. distance meets
the requirement

Fitness infinite
N

Y
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is accepted
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Fitness infinite
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Fitness= the number of time period

current element 
energy use
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Fitness infinite
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Fitness infinite
N
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Ind. energy use
is accepted

Y

Fitness infinite
N

Fitness= the number of time period

current element 
energy use
Is accepted

Fitness infinite
N

Y

 
Figure 5.6 Flow chart of sub fitness 

 
As an explanation in a mathematical model and the proportional parameter, the value 
of fitness is the number of time periods to finish the race and it is combined by two 
parts. One is the accumulative finishing time from current day to the end. It will run 
the fitness processing to evaluate the number of elements in one individual during the 
remaining days. The other is the finishing time of current day. It will run the fitness 
processing only for one element. Largest fitness means that the solution is either 
cannot get the final or consume much more energy than supplied. The boundary of the 
worst case is assumed that the boat have to run all six days. The maximum time 
periods are 144 in one day. The maximum value of fitness comes in the first. 
Consequently, the fitness boundary is calculated by Equation 5.11 and it represents 
the worst solution.  
 

0.9* 0.1* 0.9*144 0.1*144*6 216a bf f f= + = + =                        (5.11) 

 
The infinite fitness in the program is set to 1500 which is larger than the above value 
in order to get clear differences in the fitness. The fitness value is going to be used in 
the selection function.  
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5.2.5 Selection 

The qualities for the individuals are determined in the fitness function. But to 
determine which individual go to being keeping in the next population, or to be 
allowing to be replaced. This task is called selection. There are a few methods to 
implement the selection in genetic algorithm such as ranking selection, tournament, 
threshold, roulette and etc.   
 
From previous artificial intelligence course, it is proved that generally roulette gives 
better results than the others for a fixed number of iterations. Hence, roulette is the 
method chosen for selecting individuals from the population in genetic algorithm. It is 
related to the fitness of each individual and relies on the probability corresponding to 
roulette selection. The best individuals get the most probability to be chosen. The 
example is presented in Figure 5.7. 
 

18 2539 20 31 28 4535 33Array fitness

Array difference

Array pointer ind1 ind2 ind3 ind4 ind5 ind6ind7ind8ind9

Max fitness: 45

27 6 20 25 14 17 10 0 12 Repeat times

Roulette wheel ind2ind7ind9ind5ind6ind3ind4ind1

18 2539 20 31 28 4535 3318 2539 20 31 28 4535 33Array fitness

Array difference

Array pointer ind1 ind2 ind3 ind4 ind5 ind6ind7ind8ind9

Max fitness: 45

27 6 20 25 14 17 10 0 12 Repeat times

Roulette wheel ind2ind7ind9ind5ind6ind3ind4ind1 ind2ind7ind9ind5ind6ind3ind4ind1  
Figure 5.7 Procedure of building a roulette wheel 

 
In the program, fitness means the spending time in the race. Therefore, a small fitness 
value is preferable. The pointer array saves the index of individuals and the fitness 
array keeps the corresponding fitness of individuals. 45 is the maximum fitness which 
represents the worst solution among individuals. The differences between fitness 
value and the max fitness are stored in a difference array. At the same time, the values 
of elements in difference arrays are equal to the repeated times of the corresponding 
individual in roulette wheel. Following these steps, the roulette wheel for selection is 
built. The best solution has the largest probability whereas the worst case never 
appears in the roulette wheel. Afterwards, the same size of the previous population 
will be selected by the roulette wheel. In the new population, there are a lot of good 
solutions to continue the iterative process. During each iteration, always the good 
solution is chosen and it generates the offspring. The probabilities of getting the best 
solutions are enlarged by selection.
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6. Results and discussion 

The user window in the control program is described in this chapter. In addition, the 
functions of prediction and real-time control have been tested with the weather 
assumption data.  
 

6.1 User window 

The user window is shown in Figure 6.1 as follow. 
 

A B

C D

A B

C D

 
Figure 6.1 User window of the control program 

 
The dashed lines command the area for input information for prediction function. The 
name and format of the input boxes are labeled in the front. The area of the real line is 
for real-time function. They save the starting time of the race, the real-time distance 
and the expected SOC reserved for the next days. The allowed formats are hh:mm, 
integer and float respectively. If the input format is not correct, there will be a 
message window to remind the user.  
 
The result windows are shown in area A, B, C and D. According to the weather 
condition set by the driver, three kinds of irradiance according to different weather 
conditions shown in Figure 6.2, 6.3 and 6.4 exist in area A in the program.  
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Figure 6.2 Irradiance of Sunny weather conditions 

 

 
Figure 6.3 Irradiance of Half Sunny weather conditions 
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Figure 6.4 Irradiance of Cloudy weather conditions 
 
The data of the samples which are summarized by the method explanation in section 
3.2.1 and they are saved in the program in advance.  
 
In the program, it produces the graphs in area B shown in Figure 6.5 with the input 
data of the maximum and minimum temperatures. These graphs have an X-axis which 
represents time periods of one day from 24 to 144 and a Y-axis which is ambient 
temperature. The maximum and minimum temperature in a current day in the left 
graph is 18 and 8 respectively and the minimum temperature of next day is 7. In the 
right graph, the temperatures for current are 27 and 15 degrees and the minimum 
temperature of next day is 8. 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.5 Temperature predictions for each time period 
 
In area C, the real-time data of SOC is spot. The start position is the starting time 
period corresponding to the starting time set by the user. In each 10 minutes, it spots a 
new dot until the finishing the current day’s race.  
 
In area D, the suggested running speed is listed. It records the whole day’s suggestion 
and updates in 10 minutes when the new suggestion comes.  
 

6.2 Prediction test 

The details of the prediction test are shown in Appendix A. Three input parameters, 
irradiance, ambient temperature and expected speed affect on the predicted results 
differently.  
 
Since the irradiance is the crucial resource for generating energy by solar modules. It 
leads the energy production changed dramatically and the results suggest that 
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irradiance plays an important role in predicting the results. Low irradiance leads to a 
longer time to finish the race. Furthermore, it does not only influence on the current 
day but also on the future days.  
 
The predicted time is changed with speed alteration. As the expected average speed 
increases, the predicted finishing time becomes shorter. The ambient temperature test 
is concluded that the ambient temperature does not affect on the predicted result.  
 
The strategy is defined as the ratio of the energy production and the energy 
consumption in next day. The strategy distributed test proves that the strategy chosen 
from risky to careful along with the increased expected speed. The probable changes 
of strategies rely on different weather conditions in the same expected speed. The 
results also show that the strategies are not sensitive to the ambient temperature. 
 
The predicted results distributed by the expected speed and the irradiance in each day 
are tabulated in Table 6.1. The units of the results are in minutes.  
 

Table 6.1 Prediction results 
Expected speed (km/h) 1 2 3 4 5 6 7 8 9 10 11 12 13 14

distance Irradiance  

21 Sunny 140 130 160 

 Halfsunny 150 140 150 140 

 Cloudy 290 230 220 200 220 200 190 

41 Sunny 250 

 Halfsunny 280 270 280 270 

 Cloudy NA 530 520 510 480 470 480 440 430 

32 Sunny 210 200 

 Halfsunny 220 

 Cloudy 480 460 410 400 380 350 

30 Sunny 200 190 

 Halfsunny 210 

 Cloudy 450 430 390 380 360 

45 Sunny 280 270 

 Halfsunny 300 

 Cloudy NA 620 640 620 590 

25 Sunny 170 160 

 Halfsunny 180 

 Cloudy 400 380 370 340 330 
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NA represents that there is no solution of finishing time for the race according to the 
weather conditions and the required distance. Energy productions are not enough for 
running under each average speed.  
 
In Table 6.1, firstly the distances in a close range are marked in the same color. The 
results prove that the close distances have the similar finishing time. Secondly, in the 
same weather condition, the faster expected average speed usually leads to finish the 
race quicker. Since the irradiance is not evenly distributed during a day, the maximum 
irradiance is around the middle of the day. From the morning to noon, the amount of 
energy increases and it can support the motor to run at a high speed. Thirdly, in a 
cloudy day the finishing time is very sensible for the expected running speed. Always 
there are more than 5 different finishing times under the same weather conditions and 
the same distance. The reason is that the differences between energy supply and 
energy use maybe very small at bad weather condition. When the energy supply is 
regarded as a constant, the final results change with the energy use.  
 
The ambient temperature does not affect neither the strategy nor the finishing time. It 
could be ignored in the predicted function. The finishing time is nonlinearly 
proportional to the required distance. The driver has to pay more attention to the 
weather a cloudy day and it needs a powerful and accurate method to monitor and 
control the solar driven boat in reality.   
 

6.3 Real-time simulation test 

The model of the real-time function is different from the prediction model. There are 
not only the inputs set by the user but also parameters which relate to GA performance 
or solar energy calculations. The purpose of real-time test is to find out the best 
parameters inside the program and then to test the performance of the program in 
different weather conditions. 
 
The real-time tests are carried out three times under the same ambient temperature 
condition. The expected average speed is chosen to 8 km/h. The irradiance and the 
chosen ambient temperature are shown in Table 6.2 and the results of real-time control 
under the following conditions are demonstrated in Figure 6.6. 
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Table 6.2 The list of the conditions for real-time test 

 23rd Jun 24th Jun 25th Jun 26th Jun 27th Jun 28th Jun 29th Jun 

Max-Ta 20°C 27°C 23°C 25°C 18°C 29°C  

Min-Ta 10°C 15°C 9°C 7°C 8°C 10°C 4°C 

Testing condition—Irradiance 

Group1 Sunny sunny sunny sunny sunny sunny 

Group2 Halfsunny halfsunny halfsunny halfsunny halfsunny halfsunny 

Group3 Cloudy cloudy cloudy cloudy cloudy cloudy 

average 

speed 

=8km/h 
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Figure 6.6 The results of real-time under different weather 

 
The results show that all categories have a similar trend. The difference between 
sunny day and half sunny day is smaller than between half sunny day and cloudy day. 
 

6.3.1 Genetic algorithm performance test 

The fitness value is the vital parameter to evaluate the performance of genetic 
algorithm. As a result, all of the GA tests focus on fitness value comparison. The 
starting time is different from each other and it may change. Therefore, only the 
numbers of iteration are shown not exact time. 50 iterations is equivalent to 10 
minutes. In following figures are shown the result of a certain day, the size of X-axis 
is determined by the number of the used running time periods of that day and number 



Jiya Ma Degree project November 2008 
 E3706D 
 

 
Högskolan Dalarna 44 Tel: +46-23-778800 
Röda Vägen 3, 781 88   Fax: +46-23-778050 
Borlänge, Sweden  Http://www.du.se 

 

of iteration. The grid lines divide the time into 10 minutes.  

6.3.1.1 Number of Iteration 

Since the problem is complex restriction, large number of iteration is not suit for the 
project. The number of iterations 200 has been tested. The solution is very bad and the 
finishing time is even longer than prediction. Consequently, 25 and 50 are taken as 
testing number to get the better iteration number. The testing is under group 1 
condition.  
 
The race on 23rd June is taken as an example and shown in Figure 6.7. The grey line 
represented the fitness of the 50-iteration number and the black one is 25. The length 
of the X-axis is determined by the number of the used running time period of that day 
and number of iteration. 
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Figure 6.7 Performance of different numbers of iteration 

 
The results of the number of iteration tests show bigger fluctuations in fitness with 
25-iteration than 50-iteration. Therefore, 50 iterations are to get high efficiency.  
 

6.3.1.2 Number of population 

The same testing environment as above is used for number of population test, and 50 
and 80 are the tested number. The fitness of the race on 24th June is shown in Figure 
6.8.  
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Figure 6.8 Performance of different numbers of population  

 
Figure 6.8 shows the part of the whole data on 24th June. Fitness values larger than 38 
are ignored. The grey line is the fitness of a 50-population and the black is for 80. 
Figure 6.8 suggests a large number in the population is more stable and has lower 
probability to give a bad solution. Therefore a population of 80 is chosen. 
 

6.3.1.3 Crossover rate 

The crossover rate is tested in group 2, with 0.8 and 0.5 as sample numbers. The race 
on 25th June is chosen as an example shown in Figure 6.9. The pink line representes 
crossover rate of 0.5 and the blue one is 0.8. 
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Figure 6.9 Performance of different crossover rates 

 
The fitness values of 0.8-crossover-rate are averagely smaller than 0.5 and it improves 
the result more than the other. Therefore, 0.8 is chosen to be the crossover rate in the 
program.  
 

6.3.1.4 Mutation rate 

Mutation rate is tested in group 2 sample as well. The race on 26th June is taken as an 
example shown in Figure 6.10. The mutation rate of the pink line is 0.4 and the blue is 
0.2.  
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Figure 6.10 Performance of different mutation rates 
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The result of mutation rate 0.4 is better than 0.2. It is different from the theoretical 
prediction. The reason could be that genetic algorithm runs in low iteration number 
and repeat time in this program. The performance is not the same as long-term. As a 
consequence, 0.4 is chosen as mutation number in the program. 
 

6.3.1.5 The percentage of participant crossover and mutation 

Increasing the percentage of participant crossover and mutation is enlarging the 
probability of generate new offspring. The testing conditions are the same as above 
testing. The results are shown in Figure 6.11. The blue line shows the 100% 
individuals joined the crossover and mutation operators. The pink one is 30%. 
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Figure 6.11 Performance of different percentages individuals for mating 

 
The race on 23rd June is simulated and the result shows that 100% individual joined 
the crossover and mutation is harmful for the fitness. It always increases the fitness 
even more different offspring generated. Hence, 30% of individuals will be chosen for 
crossover and mutation. 
 

6.3.1.6 The percentage of participant roulette 

The group 2 is the sample to do testing and the result of the race on 26th June as an 
example is shown in Figure 6.12. The blue line is 50% of individuals participated in 
roulette and the pink one is 100%. 
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Figure 6.12 Performance of different percentages individuals for roulette 

 
Apparently, the result of blue line is better than the pink one. 50% is chosen as the 
participant percentage for roulette. 
 
The final results of inner GA parameters are demonstrated in Table 6.3.  
 

Table 6.3 The optimal values of parameters within the genetic algorithm  

Num of 

iteration 

Num of 

population 

Crossover 

rate 

Mutation 

rate 

% of 

mating 

% of 

roulette 

50 80 0.8 0.4 30% 50% 

 

6.3.2 Performance of control program 

After confirming the parameters of genetic algorithm and solar parameters, the 
real-time control part can be tested with these values and compared with the 
prediction part to know how good GA is. The numbers of parameters and the 
irradiance conditions are listed in Table 6.4. Two different irradiance conditions are 
chosen and it is tested five times for each condition.  
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Table 6.4 The inner parameters and the irradiance conditions  

GA parameters  Iteration=50;Population=80;Crossover rate=0.8;Mutation rate=0.4; 

Percentage individuals of crossover and mutation=30%;  

Percentage individuals of roulette= 50% 

Solar parameters coeft =10.9[Wh]; coef1 =0.95; coef2 =0.05 

Group 1 sunny cloudy halfsunny Halfsunny cloudy sunny 

Group 2 cloudy halfsunny sunny cloudy sunny cloudy 

 
The results of each day are presented by Figure 6.13 and 6.14. The 6-day running time 
from prediction function and real-time control function are tabulated in Table 6.5 and 
6.6. 
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Figure 6.13 The distributed results of real-time testing 1 

 
Table 6.5 The final result of group 1 testing 

Test Prediction Test 1 Test 2 Test 3 Test 4 Test 5 

Time consumption 1970 min 1760 min 1550 min 1820 min 1730 min 1670 min 
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Figure 6.14 The distributed results of real-time testing 2 

 
Table 6.6 The final result of group 2 testing 

Test Prediction Test 1 Test 2 Test 3 Test 4 Test 5 

Time consumption 1740 min 1580 min 1530 min 1470 min 1600 min 1560 min 

 
 
From the charts and tables, they show that the real-time control function has improved 
the results more or less for the long-distance races. The real-time simulated results are 
better than prediction results since the energy recharge after one day race are taken 
into account.  
 

6.4 Discussion 

The assumption data of weather conditions according to the some solar database is 
employed to do the testing for prediction part as well as the real-time control part for 
the analysis of this control program.  
 
The results are closed to the theoretical calculations in the test for prediction function. 
They are not affected by the ambient temperatures changing. Increasing either the 
irradiance or the expected speed, the results of prediction are improved. But the 
results are not very sensible for the small in directly changing of energy supplied.  
 
In the test for real-time control function, the parameters of genetic algorithm have 
been confirmed to get better results as well as the performance of the genetic 
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algorithm for the project have been tested by assumption data. The larger number of 
iterations, populations, higher crossover rate and mutation rate are useful to progress 
the final results. While the participated percentages of individual join the mating and 
the selection are better to be small. It proved that enlarge the solution space 
effectively generates good results. However, it is contradicting that increasing the 
crossover and mutation rate is equivalent to decreasing the percentage to do crossover 
and mutation. It suggests that useful changes can bring good results sometime but not 
always and keep the balance between changing the saving is crucial to get best results. 
The low percentage of individuals to do roulette leads to good results. It implies that 
the good results probably come from initialization or new offspring. It proves that the 
initialization is efficient and effective to get good solution directly. 
 
However, it becomes worse than prediction sometimes for short-distance race in 
real-time test.  One of the reasons is that the algorithm will choose the same speed 
for every energy input which have not reached the next higher value since the power 
consumptions of the motor are fixed to respective speed.  
 
The ranges of the energy for selecting the speed are shown in Figure 6.15. 
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Figure 6.15 The ranges of energy for picking up speed 

 
With increasing of speeds, the corresponding power rise sharply. For example, 10 
km/h is equivalent to 369 kJ in 10 minutes while 11 km/h consumes 523 kJ. If the 
supplied energy is 350 kJ, the algorithm will choose 10 km/h in prediction and the GA 
will also choose the same speed for the energy of 442 kJ with 72 kJ more from the 
tolerance which is provided by future recharging. In this situation, the real-time 
results will be the same as predicted ones. 
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The second reason is that the random solution generated by GA can be lower than the 
maximum value within the existing range of tolerance. The energy can be used more 
in 10 minutes is 71.62 kJ. It is acceptive boundary but not compulsory to use in each 
10 minutes. In addition, the tolerant energy 71.62 kJ in 10 minutes is only allowed to 
change the speed under 8 km/h. The gap between 8 km/h and 9 km/h is 76 kJ in 10 
minutes. As a consequence, it is not obvious that the results are not so many 
differences in short-distance race or sunny day since the speed higher than 8 km/h is 
chosen and the tolerant parameter does not work on it.  
 
The phenomenon of local optimality instead of global is not prominent in the program. 
According to the restrictions of the problem, there are not many choices between best 
solution and normal solution. It avoids to occur the quick converge in GA.  
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7. Conclusion and future work 

7.1 Future work 

There are several aspects which can be improved in the future. Firstly, there are some 
available functions which can be added into the program such as defining more 
categories of irradiances, introducing another environmental factor, making the input 
information more flexible, etc. 
 
Secondly, the optimization problem in genetic algorithm can be improved. Other 
methods can be used to do crossover, mutation or selection to get better solutions. 
They can overcome the disadvantage of GA in the program. For example, limits the 
crossover area inside the nonzero elements since inserting the nonzero elements will 
increase the time consumption and they are not reasonable during racing time. A large 
number can instead of random number in mutation operation. It may progress the 
efficiency of GA in the program. There are branches of parameters within GA. All of 
them influence on the performance of GA. The future work may focus on test the 
optimal parameters. Other algorithm can be considered to combine with GA 
depending on the model of the problem. 
 
In the end, due to the time limitation to carry out this thesis, the program has not been 
tested in reality. In addition, it is advisable to build a small circuit for serial 
communication between board computer and charge controller to do a six days test in 
reality. The results may be different from the values produced by the author’s 
program. 
 

7.2 Conclusion 

The proposed program is tested by simulating the selected weather data. It can be 
concluded from the results obtained that the control program can improve the 
performance of the solar driven boat. The real-time control function is performing 
better compared with the prediction algorithm applied. The advantage of the program 
is that it can supply a running strategy and help the driver making reasonable 
decisions for arranging the backup energy and going as fast as possible. Additionally, 
it can show the SOC trends during the race. 
 
The genetic algorithm is suit for the project some degrees. But the performance of GA 
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is not predominant. Combination other algorithm may enlarge the applicability of the 
program.  
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Appendices  

A. Prediction test results 

Function test 
Ambient temperature 
In general, the average ambient temperature in Leeuwarden in June is 14.3 degrees 
(data from RETScreen) and the maximum and minimum ambient temperatures of 
referenced cities are 29 and 4 respectively. The test dates organized from these 
degrees are used and the results are shown in Table A.2. The irradiance and the 
expected average speed are shown in Table A.1. 
 

Table A.1 The conditions for temperature tests for prediction function 

23rd Jun 24th Jun 25th Jun 26th Jun 27th Jun 28th Jun Expected speed 

sunny half sunny cloudy sunny cloudy half sunny 10 km/h 

 
Table A.2 The results of temperature tests for prediction function 

Test 1 23rd Jun 24th Jun 25th Jun 26th Jun 27th Jun 28th Jun 29th Jun 

Max-temp 19℃ 22℃ 25℃ 20℃ 18℃ 18℃  

Min-temp 15℃ 12℃ 13℃ 10℃ 11℃ 9℃ 8℃ 

Predicted time 120min 270min 400min 180min 0min 170min  

Test 2  

Max-temp 20℃ 23℃ 27℃ 19℃ 19℃ 19℃  

Min-temp 14℃ 9℃ 10℃ 12℃ 9℃ 8℃ 9℃ 

Predicted time 120min 270min 400min 180min 0min 170min  

Test 3  

Max-temp 29℃ 29℃ 29℃ 29℃ 29℃ 29℃  

Min-temp 4℃ 4℃ 4℃ 4℃ 4℃ 4℃ 4℃ 

Predicted time 120min 270min 400min 180min 0min 170min  
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From the results, it is concluded that the ambient temperature does not affect on the 
predicted result.  
 
Irradiance 
The irradiance is divided into three kinds. The testing ambient temperature is using 
the same values as above test 3 and the average speed is 10 km/h. The results are 
shown in Table A.3.  
 

Table A.3 The results of irradiance tests for prediction function 

date 23rd Jun 24th Jun 25th Jun 26th Jun 27th Jun 28th Jun 

Irradiance sunny sunny sunny sunny sunny sunny 

Predicted time 130min 250min 200min 190min 270min 170min 

Irradiance sunny sunny sunny sunny sunny cloudy 

Predicted time 130min 250min 200min 190min 270min 380min 

Irradiance sunny sunny sunny sunny sunny halfsunny 

Predicted time 130min 250min 200min 190min 270min 180min 

Irradiance cloudy cloudy cloudy cloudy Cloudy cloudy 

Predicted time 200min 480min 380min 360min 620min 330min 

Irradiance cloudy halfsunny cloudy cloudy Cloudy cloudy 

Predicted time 200min 270min 380min 380min 620min 330min 

Irradiance cloudy sunny cloudy cloudy Cloudy cloudy 

Predicted time 200min 250min 390min 370min 650min 330min 

Irradiance halfsunny halfsunny halfsunny halfsunny Halfsunny halfsunny 

Predicted time 140min 270min 220min 210min 300min 180min 

Irradiance halfsunny halfsunny halfsunny halfsunny Cloudy halfsunny 

Predicted time 140min 270min 220min 210min 680min 180min 

Irradiance halfsunny halfsunny halfsunny halfsunny Sunny halfsunny 

Predicted time 140min 270min 220min 210min 260min 180min 

 
The results suggest that irradiance plays an important role in predicting the results. 
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Low irradiance leads to a longer time to finish the race. Furthermore, it does not only 
influence on the current day but also on the future days.   
 
Expected average speed 
This parameter is used to calculate the strategy and it indirectly affects on the final 
result of prediction function. The ambient temperature is the same as irradiance and 
the results are tabulated in Table A.4. 
 

Table A.4 The results of expected average speed tests for prediction function 

 23rd Jun 24th Jun 25th Jun 26th Jun 27th Jun 28th Jun 

 sunny halfsunny cloudy sunny cloudy halfsunny

1km/h 140min 280min 480min 200min 730min 180min 

5km/h 140min 280min 410min 190min 730min 180min 

10km/h 130min 270min 410min 190min 730min 180min 

14km/h 130min 270min 350min 190min 590min 180min 

 
The predicted time is changed with speed alteration. As the expected average speed 
increases, the predicted finishing time becomes shorter. 
 

Strategy distribution 
Strategies are determined by speed and irradiance. The strategy distributions are 
demonstrated in Table A.5. 
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Table A.5 Strategy distribution  
speed sunny half-sunny Cloudy 

1km/h 

2 km/h 

3 km/h 

4 km/h 

5 km/h 

 
 

risky 
 
 

6 km/h Moderate

7 km/h mod-care

8 km/h 

9 km/h 

10 km/h 

 
 
 
 

risky 
 
 
 
 
 

11 km/h 

 
 
 
 

risky 
 
 
 
 
 moderate

12 km/h moderate

13 km/h 

14 km/h 

careful 
 

 
careful 

 

 
 
 

careful 
 
 
 

 
Mod-care means that the strategies are moderate or careful for different distance races. 
In the Frisian case, the strategies of the second day which has the distance of 41km 
and the fifth day which has the distance of 45km are moderate while the other days 
are careful.  
 
In each column, the strategy chosen from risky to careful along with the increased 
speed. In each row, the probable changes rely on different weather conditions. It 
mainly influences the energy production. The results show that the strategies are not 
sensitive to the ambient temperature.  
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Results of Expected speed verse irradiance 
Test 1 
Condition of temperature:  
Reference temperatures are recorded for Amsterdam from 23rd June to 28th June. 
 

 23rd June 24th June 25th June 26th June 27th June 28th June 29th June

Maximum temp 19 22 25 20 18 18 X 

Minimum temp 15 12 13 10 11 9 8 

 
Test 2 
Condition of temperature:  
Reference temperatures are recorded for Groningen from 23rd June to 28th June. 
 

 23rd June 24th June 25th June 26th June 27th June 28th June 29th June

Maximum temp 20 23 27 19 19 19 X 

Minimum temp 14 9 10 12 9 8 9 

 
Test 3 
Condition of temperature:  
Test ambient temperatures are assumed the biggest differences from 23rd June to 28th June. 
 

 23rd June 24th June 25th June 26th June 27th June 28th June 29th June

Maximum temp 29 29 29 29 29 29 X 

Minimum temp 4 4 4 4 4 4 4 

 
The results of three tests are the same as follow: 
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 v=1 v=2 v=3 

date s strategy h strategy c strategy s strategy h strategy c strategy s strategy h strategy c strategy 

23rd 14 risky 15 risky 29 risky 14 risky 15 risky 23 risky 14 risky 15 risky 22 risky 

24th 25 risky 28 risky * risky 25 risky 28 risky 53 risky 25 risky 28 risky 52 risky 

25th 21 risky 22 risky 48 risky 20 risky 22 risky 46 risky 20 risky 22 risky 46 risky 

26th 20 risky 21 risky 45 risky 20 risky 21 risky 45 risky 19 risky 21 risky 45 risky 

27th 28 risky 30 risky NA risky 28 risky 30 risky NA risky 28 risky 30 risky NA risky 

28th 17  18  40  17  18  38  17  18  38  

 v=4 v=5 v=6 

 s strategy h strategy c strategy s strategy h strategy c strategy s strategy h strategy c strategy 

23rd 14 risky 15 risky 22 risky 14 risky 15 risky 20 risky 13 risky 14 risky 20 moderate 

24th 25 risky 28 risky 51 risky 25 risky 28 risky 51 risky 25 risky 28 risky 48 moderate 

25th 20 risky 22 risky 41 risky 20 risky 22 risky 41 risky 20 risky 22 risky 40 moderate 

26th 19 risky 21 risky 43 risky 19 risky 21 risky 43 risky 19 risky 21 risky 39 moderate 

27th 28 risky 30 risky NA risky 28 risky 30 risky NA risky 28 risky 30 risky NA moderate 

28th 17  18  38  17  18  38  17  18  37  
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 v=7 v=8 v=9 

 s strategy h strategy c strategy s strategy h strategy c strategy s strategy h strategy c strategy 

23rd 13 risky 14 risky 22 careful 13 risky 14 risky 22 careful 13 risky 14 risky 20 careful 

24th 25 risky 28 risky 47 moderate 25 risky 28 risky 48 careful 25 risky 28 risky 48 careful 

25th 20 risky 22 risky 40 careful 20 risky 22 risky 38 careful 20 risky 22 risky 38 careful 

26th 19 risky 21 risky 39 careful 19 risky 21 risky 38 careful 19 risky 21 risky 38 careful 

27th 28 risky 30 risky 62 moderate 28 risky 30 risky 64 careful 28 risky 30 risky 62 careful 

28th 17  18  34  17  18  34  17  18  34  

 v=10 v=11 v=12 

 s strategy h strategy c strategy s strategy h strategy c strategy s strategy h strategy c strategy 

23rd 13 risky 14 risky 20 careful 13 risky 14 moderate 20 careful 16 moderate 15 careful 19 careful 

24th 25 risky 27 risky 48 careful 25 risky 27 moderate 48 careful 25 moderate 28 careful 44 careful 

25th 20 risky 22 risky 38 careful 20 risky 22 moderate 38 careful 20 moderate 22 careful 35 careful 

26th 19 risky 21 risky 36 careful 19 risky 21 moderate 36 careful 19 moderate 21 careful 36 careful 

27th 27 risky 30 risky 62 careful 27 risky 30 moderate 62 careful 27 moderate 30 careful 62 careful 

28th 17  18  33  17  18  33  17  18  33  
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 v=13 v=14       

 s strategy h strategy c strategy s strategy h strategy c strategy       

23rd 16 careful 14 careful 19 careful 16 careful 14 careful 19 careful       

24th 25 careful 27 careful 43 careful 25 careful 27 careful 43 careful       

25th 20 careful 22 careful 35 careful 20 careful 22 careful 35 careful       

26th 19 careful 21 careful 36 careful 19 careful 21 careful 36 careful       

27th 27 careful 30 careful 59 careful 27 careful 30 careful 59 careful       

28th 17  18  33  17  18  33        
 
NA means it could not finish the race relied on the weather forecast. 
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B. Real-time control test results 

Confirm the solar parameters 
 
The parameters coeft, coef1 and coef2, were explained in section 5.2.4. Actually, the 
three of them can be changed by the user since they are subjective to some degrees. In 
section 5.2.4, the provided value of coeft is the maximum value of that parameter. For 
coef1 and coef2, the only requirements are that the sum of them is one. Some tests have 
been done to get the better value of these changeable parameters. The results of coeft 
are shown in Figure B.1. 
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Figure B.1 The values of different coeft parameters within solar calculation  
 
The large coeft value usually brings shortest finishing time since coeft represents the 
difference between energy supplied and used energy in each time period. However, 
the motor will not constantly use more energy than the energy supplied in every 10 
minutes. As a consequence, sometimes the blue dot is lower than the others. Actually, 
the reason why the results are nearly the same is that the differences within three coeft 
are smaller than that of the used energy consumptions. As a result, 10.9 is chosen to 
be coeft parameter in the calculation.  
 
To test the proportional parameter, coef1 and coef2 should be changed together. The 
sum of them must be 1. The results of coef1 and coef2 are shown in Figure B.2. 
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Figure B.2 The values of different combinations coef1 and coef2 parameters 

 
Although the results of group 0.7 and 0.3 as coef1 and coef2 are better sometimes than 
others, the energy provided and energy consumption are not in balance. The energy 
distributions are calculated and shown in Table B.1.  
 

Table B.1 The energy comparisons between gained and used 
 irradiance SOC consumption Supplied- Consumption 

24th Jun 2623[Wh] 186[Wh] 3050[Wh] -242[Wh] 

26th Jun 1776[Wh] 39[Wh] 2273[Wh] -453[Wh] 

 
As a result, it has been proved that the calculation in section 3.4.1 is correct, as coef1 
must be larger than 0.9. Figure B.2 also shows that the results of group 0.95 and 0.05 
regarded as coef1 and coef2 are usually better than group 0.9 and 0.1. It means the 
current day’s results play a more important role in fitness. It leads to a better result. 
The final results of inner solar parameters are demonstrated in Table B.2.  

 
Table B.2 The optimal values of solar parameter 
coeft coef1 Coef2 

10.9 [Wh] 0.95 0.05 

 
 


