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Abstract 

This thesis describes the process of finding control loop parameters for a quadrocopter 
using machine learning techniques and a hardware in the loop evaluation method. A 
quadrocopter is an Unattended Aerial Vehicle (UAV) with four rotors that can be 
controlled individually to steer the vehicle. The purpose of the control loop is to keep 
the roll, pitch and yaw-angles of the quadrocopter to a predefined value by regulating 
the thrust of each rotor. A quadrocopter is designed and manufactured and a control 
algorithm is implemented on the built in controller board. An Evolutionary Algorithm 
(EA) is implemented on a Personal Computer (PC) and an automated search for control 
parameters using hardware in the loop with the quadrocopter as evaluation model is 
performed. The results show that a quadrocopter can be used together with hardware in 
the loop to improve the control algorithm parameters.  
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1. Introduction 

This chapter provides a brief orientation of the thesis subject, an overview, the problem 
formulation and a problem analysis. 

1.1 Quadrocopter 

The interest in unattended aerial vehicles has increased over the last years, both in 
commercial applications and for research purposes, a UAV is defined as a flying 
unattended object that is remotely controlled or is autonomous. This type of equipment 
has gained such popularity that several countries have or are considering regulations or 
prohibitions on the use of such vehicles, e.g. in the United Kingdom the government has 
incorporated flight regulations [1]. A UAV can be used to visit places or objects that are 
hard to reach for humans, by equipping the UAV with a camera it is possible to observe 
objects without a human at the location, the Camclone T21 [2] is such a device. It is a 
UAV with the purpose of investigating power lines. The device contains a camera and a 
wireless connection that sends video directly to the user. The US military are using UAVs 
[3], either as a way of gathering intelligence or by equipping the UAV with weapons to 
be used in combat.  

One type of UAV is a “quadrocopter” or “quadrotor”, a quadrocopter is constructed using 
four rotors that are placed horizontally, i.e., in the same plane. Each rotor is then 
controlled individually to make the craft tilt or roll and thus pushing it forward, 
backward or any other desired direction. In comparison to a helicopter a quadrocopter 
does not utilizes rotors that can be altered in angle to control the lift force and direction 
of the craft. The rotor in a quadrocopter has a fixed angle, like a propeller for an 
airplane, and the only way to affect the lift force is to change the speed of the rotor. This 
requires that each motor of the quadrocopter is connected to a control system with the 
purpose of keeping the vehicle steady. 

1.2 Control algorithm 

As the technology for creating and building machines grew better the requirement to 
control them get higher. One way of controlling machines is with the use of mechanical 
devices such as can be seen in combustion engine governors [4]; where the goal is to 
keep the engine RPM stable by adjusting its fuel intake.  

When the development of computers and microcontrollers started the control algorithm 
could be realized in software instead. A widely used control system is the PID-controller 
[5]. A task when developing a vehicle that shall use a PID controller is the design and 
tuning of the control algorithm to obtain the desired properties. There are several 
methods available to tune the PID controller, including manual tuning of each parameter 
and complete system simulations with modelling to obtain system characteristics and 
parameters.  

1.3 Artificial intelligence and machine learning 

In the early 40s the idea of having an intelligent computer was introduced and research 
on how to accomplish intelligence was started; in 1956 U.S students and researchers 
held a workshop in Dartmouth College on computer intelligence. The most important 
and lasting outcome of the meeting was the name of the research area: Artificial 
Intelligence (AI), this has been described as “the gestation of AI” [6], the workshop in 
Dartmouth is today seen as the starting point for research on AI.  
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Within the field of AI there are ideas that mimic the behavior of nature and animals, i.e., 
the brain, the colonization of ants or the process of evolution. The brain can be 
simulated by creating a computer program that contains neurons which have similar 
behavior to that of a real neuron; it gathers input from other neurons and emits its own 
pulse if the input threshold is fulfilled.  

The evolution process, with survival of the fittest and mutation as important properties, 
uses several iterations to find a solution for a problem [7]. Each generation is evaluated 
and each individual provided a fitness value, several individuals in the generation are 
selected for mating and will create offspring that in turn will be evaluated, this iteration 
continues until a predefined search criteria is fulfilled.  

Today many AI systems and algorithms are used in modern IT-solutions, such as “friend 
finders” [8] for social community’s, face recognition software [9] used in image libraries 
and digital cameras. In computer game design, AI has been used to create realistic non 
playable opponents [10]. 

1.4 Problem formulation 

As mentioned there are several AI solutions in many places of the world; some of them 
are decision support systems used to support a user in a decision, or used by devices 
that do not control mechanical devices, such as face recognition in a camera. None of the 
provided examples are used in combination with mechanical control. This is the 
background to the problem formulation for this thesis.  

One of many problems in this area, quadrocopter control, is the tuning of control 
algorithm parameters; a solution to this problem shall be tested using AI methodologies. 
To validate the solutions from the AI system either a mathematical model or a hardware 
in the loop approach is possible to use. To minimize the risk of obtaining a solution that 
only works for a simulated model the hardware in the loop approach is preferred. With 
these choices made a problem formulation is defined as follows: 

Is it possible to find control algorithm parameters using Evolutionary Algorithms 
with Hardware in the loop for fitness evaluation? 

1.5 Analysis of problem 

In the described problem the tuning shall be done using a mechanical device, a 
quadrocopter, which is connected to the evaluation algorithm (hardware in the loop). 
This requires a quadrocopter and a test rig to enable the search for control parameters, 
as the quadrocopter cannot fly without sufficient control parameters.  

Analysis of the method and its prerequisites, the physical model and test environment, is 
necessary. By utilizing a work breakdown structure (WBS) [11], where the problem is 
analyzed and divided into sub-problems, the task will be split and each sub problem can 
be solved independently. In the next step each sub-problem shall be analyzed and new 
tasks within that area may be identified, this method can continue for several iterations 
as long as each defined task is too large to tackle without further analyzing and 
breakdown. 

By the WBS method all areas required to solve the problem are identified, in Figure 1 
Identified areas required to search for control parameters, the first level of work is 
illustrated. 



 8 

 
Figure 1 Identified areas required to search for control parameters 

The following sections provide an overview of each defined task and break down of each 
work item in the first level. 

1.5.1 Tuning algorithm 

The problem formulation states that evolutionary algorithms shall be used as tuning 
algorithm, to implement an EA the following design decisions must be made: 

 Data for each individual, the control parameters for the selected algorithm 
 Number of individuals in a population 
 Number of individuals to select as parents for next generation 
 Method to select new individuals, how shall an individual be selected as parent? 
 Evaluation criteria, what data shall determine the fitness for each individual? 
 Mutation method, how shall individuals mutate between generations? 
 Stop criteria for the search of parameters 

1.5.2 Physical model 

The following properties will be considered during design and manufacturing of the 
quadrocopter. 

 Size 
 Maximum weight 
 Lift force 
 Battery life 
 Propeller type 
 Motors 
 Mechanical structure 

To aid in the process of design a Computer Aided Design (CAD) tool is used. With the 
tool a three dimensional drawing is created, the CAD drawings can then be used with a 
milling machine to manufacture parts for the mechanical structure.  

To measure the current roll and pitch of the quad a sensor board is necessary. The 
sensors must handle vibrations and cannot have any drift, i.e. if the vehicle is stationary 
the sensor board output shall be unchanged.  

The quad requires a control board with the following properties: 

 Motor control output channels 
 Sensor data input channel 
 Channel for sending and receiving data from a PC 
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 Reprogrammable 

1.5.3 Configurable Software 

The controller board on the quadrocopter requires software to be functional. The 
software on the board shall perform the following tasks:  

 Control algorithm calculations. 
 Receive control parameters and change the parameters used in the control 

algorithm. 
 Send data to a PC, sensor value, motor output, etc.  
 Receive commands from the PC, stop engines, start engines, engine speed etc.  
 Change the set value for the control algorithm. 

1.5.4 Test environment 

To fully automate the search for control parameters a test environment is required. The 
environment shall enable control of the quadrocopter and the possibility to mount the 
quadrocopter and limit its freedom of movement to a selected degree. Humans and 
material shall be kept safe from damage without introducing friction for the selected 
degree of freedom.  

Software with the possibility to test each individual provided from the EA is required, a 
data logger shall be used to store measure points and results from the individuals and 
other later defined data. 

This breakdown identifies the following tasks: 

 Test rig to mount the quadrocopter. 
 Control PC to run software with a data connection to the quadrocopter.  
 Data logger to store information on the control PC. 
 Automated search loop for managing the search of parameters. 

1.6 Method 

In this thesis a hardware in the loop approach is selected to investigate if an EA can be 
used to find control algorithm parameters. This approach implies that a physical object, 
a quadrocopter, will be used to evaluate each individual for the EA, as such each 
individuals result is obtained using the quadrocopter hardware and its software. 

To avoid the need of a physical model required by the hardware in the loop approach it 
is possible to create a mathematical representation of the system and its dynamical and 
static properties; such as mass, center of gravity, rotational momentum etc. This 
approach contains the risk that the end result and solution may not work on the actual 
hardware and still requires new tuning and possible redesign of the control algorithm 
[12].  

The selected approach shall obtain numerical values from the fitness evaluation of 
individuals; these values shall contribute to the result. From the result of the individuals 
a conclusion can be made as if the fitness value will improve or not. If the fitness value 
does improve the method is considered to be successful.    
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2. Background 

This chapter describes the background and previous work within the field of 
quadrocopters, artificial intelligence and control algorithms. 

2.1 Quadrocopter characteristics  

A quadrocopter [13] is a flying object with four horizontally mounted propellers. The 
propellers are mounted on a stick or arm at a distance from the center of the 
quadrocopter, see Figure 2 Quadrocopter layout principle. Each propeller has its own 
motor to adjust the speed and lifting force of the quadrocopter. To balance the rotational 
force of the rotors, two are rotated clockwise and two are rotated anticlockwise; 
otherwise the rotational force from the propellers would make the quadrocopter spin. 

 
Figure 2 Quadrocopter layout principle 

To maneuver the quadrocopter in a direction, the quadrocopter requires tilting at the 
selected direction. To be tilted the vehicle shall either reducing or increase the thrust of 
the rotors in the opposing direction. When the craft is tilted it will start to move in the 
tilted direction. To make the craft go upward all rotors’ speed must increase and 
likewise to descend the speed of the rotors are decreased.  

The complete degrees of freedom for the quadrocopter are defined in Figure 3, 
Quadrocopter freedom of movement, in the figure the terms yaw, roll and pitch are 
used; yaw is rotation around the Z axis, roll is rotation around the X axis and Pitch is the 
rotation around the Y axis.  
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Figure 3, Quadrocopter freedom of movement 

2.2 Control algorithm 

The following chapter describes control algorithms, in particular the PID controller, 
methods to tune a PID controller and research within the field.  

A control algorithm is used to control an object, this is done by reading an input of the 
environment, performing a calculation, setting an output that affects the object and in 
turn the input, see Figure 4 schematic principle of a control algorithm. The algorithm 
uses the input value and a desired set point as input for the calculation. Each of these 
steps; the input, the calculation and the output are different and dependent on what type 
of object that needs to be controlled, e.g., controlling the speed of a car does not require 
the same type of sensors as controlling the altitude of an airplane. For the calculation a 
common used approach is the PID controller [5].  

 
Figure 4 schematic principle of a control algorithm 

2.2.1 The PID controller 

The calculation of the PID controller consists of three parallel calculations based on the 
error compared to the reference value. The calculations are: Proportional, Integral and 
derivative, thus the name PID controller. The PID controller is commonly used for its 
simplicity and few parameters in need of tuning.  

Figure 5 overview of a PID controller, shows how each of the three calculations in 
parallel contribute with its value to provide an output at the end. In the controller each 
parameter P, I and D are weighted to obtain a behavior for the controller and its usage as 
intended by the designer.  
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Figure 5 overview of a PID controller 

The mathematical definition of the PID controller is shown in Equation 1 PID controller 
definition, [14]. The terms in the formula are: U(t) = output in time t, e = error, P = 
weight for P, D = weight for D, I = weight for I. It can be seen how each parameter P, I 
and D contributes to the algorithm output based on the current error. If the algorithm is 
implemented in software all calculations needed in the controller are performed in each 
cycle of the software task, i.e. if the task is scheduled for execution 100 times per second, 
the error and output will be calculated and set 100 times per second.  

 ( )     ( )    ∫  ( )  
 

 

   
  ( )

  
 

Equation 1 PID controller definition

 
Each parameter of the control algorithm is described in the following paragraph.  

Proportional is referred to as the Gain of the error input; it is completely linear to the 
error, there is no regard to previous values. E.g., if the P parameter is set to 2 then the 
output value (not counting I or D) is 2 * the error, as can be seen in Figure 6 
Proportional parameter example, when the error increases the output increases with a 
factor of two.  

 
Figure 6 Proportional parameter example 

Integral, the integral part takes “slow” changes in consideration, if the error is negative 
or positive during several iterations of the task the I value will change. If the error 
changes often between positive and negative values the I value will increase and 
decrease in small steps and thus stay at zero. The mathematical term for the I value is 
the continuous integral of the error. The value is used to correct an error over time, i.e. if 
a constant offset to the output is required initially it will be handled by the P parameter 
and overtime the I parameter will increase and thus the P parameter can decrease to 
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maintain the same output. See Figure 7 I parameter example for how the I parameter 
output changes overtime depending on the error.  

 
Figure 7 I parameter example 

Derivate is used to quickly react on changes in the error, the D part of the calculation will 
react on changes to the error, not the current error value; the D value origins from the 
mathematical Derivate; the angle at a point in a function, as for the controller the angle 
is on a specific time. This is shown in Figure 8, D parameter example; the output from 
the D value reflects changes of the error and is constant at each point where the error 
angle is constant. 

 
Figure 8, D parameter example 

Since each parameter in the PID controller changes the behavior differently the 
controller requires tuning for the selected system. During the tuning each variable of the 
controller is adjusted to obtain a property desired by the selected tuning algorithm. 
There are several algorithms available for tuning a PID controller, the Zieger-Nichols 
step response method is one of them. For example it is possible to tune PID values of a 
DC motor speed control with Ziegler-Nichols method, [15].  
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The step response method uses the responsiveness of the system to calculate the PID 
parameters required for the system. The initial task is to measure the responsiveness of 
the system by measuring the response time and plotting the position over time from the 
response test, see Figure 9, step response example.  

 
Figure 9, step response example 

The time between the set point step and the start of the response is defined with letter L, 
the time required for the response to reach the new set point is defined with letter T and 
K is the amplitude of the set point. Each parameter for the PID controller can be 
calculated with Equation 2, Ziegler Nichols tuning rule.  

  
    

 
                  

Equation 2, Ziegler Nichols tuning rule 

2.3 Evolutionary Algorithm 

This chapter describes how evolutionary algorithms work and some research within the 
field of EA.  

Evolutionary Algorithms are AI search algorithms that utilize the survival of the fit found 
in the process of evolution [16]. In Figure 10 Evolutionary Algorithm process an 
overview of the steps in EA is provided. 

In the first step several individuals are created with randomized values as solution to 
the problem. After creation each individual is evaluated by solving the problem and thus 
obtaining a score on how well the individual did perform, the measure of performance is 
called fitness. The fitness value is used by the selection algorithm to assign each 
individual a rank within the population, the rank is used to provide each individual with 
a probability of selection.  
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All selected individuals are parents for the next generation, the amount of selected 
parents is less than the amount of individuals in the generation, and each parent is 
copied to maintain the generation size. The copied individuals require mutation to 
become new individuals in the new generation; the mutation will alter the individual’s 
solution to the problem. The new generation is evaluated and the process restarts.  

 
Figure 10 Evolutionary Algorithm process 

Each step of this algorithm and its sub-algorithms is present in the following 
paragraphs:  

2.3.1 Initial population 

The first generation needs to be created and contain the right number of individuals for 
the generation. Each individual shall contain a randomized solution to the problem. If 
the problem is a parameter then the solution held by the individual is a randomized 
parameter value. The randomizing function creates a value within a specified range and 
precision, the range and precision are design decisions by the implementer of the search 
algorithm.  

2.3.2 Fitness  

Each individual is evaluated by measuring its fitness on solving the problem i.e., the 
fitness provides a numerical value on how close the individual is to provide a solution 
that is achieving the set aim. This implies that the fitness function must be chosen with 
care to the current problem. If the problem can be measured with an error over time, 
such as an error between a reference value and the output from the individual solution, 
it is possible to use root mean square as fitness, [17]. 

2.3.3 Selection 

At the evaluation step each individual is assigned a fitness value, the proportionate 
selection method uses the fitness value to determine a normalized probability for 
selection [18]. The fitness of all individuals is summarized and the probability for 
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selection is the individual fitness divided by the sum of all individuals in the generation, 
as defined in Equation 3 Proportionate selection probability. In the formula, P equals 
Probability, f equals fitness of an individual and N is the number of all individuals in a 
generation.  

   
  

∑   
 
   

 

Equation 3 Proportionate selection probability 

In Table 1 Calculation of probability example, nine individuals in a generation are 
evaluated and provided fitness, each individual probability of selection is defined with 
the proportionate selection method.  

Rank Fitness Probability (%)    

1 14 23,3 

2 12 20,0 

3 9 15,0 

4 8 13,3 

5 6 10,0 

6 4 6,7 

7 3 5,0 

8 2 3,3 

9 2 3,3 

 

Sum: 60 Sum: 100 

Table 1 Calculation of probability example 



 17 

The proportionate selection method is also called “roulette wheel selection”; the logic 
behind this name can easily be shown by presenting the selection probability in a pie-
chart, or roulette wheel, as in Figure 11 Roulette wheel illustration. Each individual’s 
probability of selection is represented as an area of a roulette wheel. At each selection 
the roulette wheel is spun and an individual is selected.  

 
Figure 11 Roulette wheel illustration 

2.3.4 Mutation 

The mutation process is designed to create new solutions to the problem, based on the 
parent solution with a change, a mutation. The concept of mutation is to alter the 
selected parent’s solution, the mutation changes the parameter or parameters defined in 
the individual. The parameter change is creating a new solution that has not yet been 
evaluated, unless the mutation is zero or the mutated solution is exactly the same as an 
earlier solution. The amount of mutation needs to be balanced, as too much mutation 
will lose the data of the parent and too little mutation will not make a difference 
compared to the parent. To obtain this balance, there are several techniques available. If 
the solution is an integer a possible technique is to use a probability distribution 
function, [19]. The distribution function will more often return small changes to the 
parameter with an occasional larger change, see Figure 12 Normal distribution where 
most values originates around zero and fewer values on either flank, i.e. there is a higher 
probability of returning a zero than a 1 or -1.  

 
Figure 12 Normal distribution 

The mutation property combined with the selection method will reduce the risk of 
stopping the search in a local maximum; see Figure 13 Search space with local 
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maximum, since a mutated individual in combination with the selection method can 
select an individual that is not located at the local maximum in the search space. This 
property is preferred compared to a linear search that may stop at the local maximum.  

 
Figure 13 Search space with local maximum 
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3. Technical design, construction and implementation 

The project was broken down into four major parts; in the following chapter each parts 
design and implementation are described.  

3.1 Tuning algorithm 

An object oriented implementation of an evolutionary algorithm was created. It 
implements a generation class which consists of a number of objects of type individual, 
functions for evaluation of fitness, selection of parents, generating offspring and loading 
or storing the current generation to file. A settings and parameters class is provided 
were the size of each population, mutation rates, numbers of parents, and such can be 
defined.  

3.1.1 Evolutionary programming algorithm 

1. Create generation zero, the solution parameters for each individual is 
randomized. 

2. Evaluate each individual and calculate its fitness. 
3. Select a number of parents using the selection function. 
4. Create the new generation by cloning the selected parents into a set of new 

individuals and perform mutation on each solution parameter. The number of 
offspring from each parent is calculated so that the population size is kept 
unchanged. 

5. Repeat from step 2 until a fitness criterion is met or the search is manually 
halted. 

3.1.2 Fitness 

To evaluate the performance of an individual the quadrocopter model was used as 
hardware in the loop. The current individual’s parameters is sent to the quadrocopter 
and loaded as input to the control algorithm on board. A test is then performed by 
sending set point values to the quadrocopter and measuring its response. Root mean 
square error, RMSE, was chosen as an evaluation method for each individual’s fitness 
value. Angle data for each axis of the quadrocopter is sampled together with the wanted 
set point at each timestamp. The difference between sampled angle and set point is 
considered an error. The RMSE is then calculated as defined in Equation 4 root mean 
square error. 

     √
∑       

  
   

 
 

Equation 4 root mean square error 

Where n is the total number of data points in the sampled data. The calculated RMSE 
value is stored as the fitness number for that particular individual. A lower fitness 
number corresponds to a better performing individual. 



 20 

3.1.3 Mutation 

After a new individual is created and the parent’s parameters are cloned a mutation is 
applied on each parameter. The mutation is done by adding or subtracting a value to the 
individual’s parameters. The added value is normally distributed, to avoid too much 
deviation but still enable enough mutation to create a new unique individual. The mean 
and variance of the distribution is set in the parameters class. 

3.1.4 Individual 

The class for describing an individual was kept simple. It holds integer parameters for 
the solution, in this case P, I and D. Together with a fitness value parameter, id number 
and a filename used to store logged data. 

When calling the constructor and creating a new individual the P, I and D parameters 
are created randomly. 

A public method called generateOffspring is used when the current individual has been 
chosen as a parent for the next generation. The function takes the current individual and 
clones into a number of new ones, the P, I and D parameters for each are then mutated 
and the newly created individuals are returned as a list.  

 
Figure 14 UML diagram of the individual class 

3.1.5 Selection 

A roulette wheel [18] selection algorithm was implemented. The wheel assigns each 
individual a probability of being selected based on its fitness. A good fitness equals a 
larger “portion” of the roulette wheel and thus a good individual is more likely to be 
selected. The selection of parents for the new generation is normalized. The fitness 
values of the individuals are only used to order them from best to worst in the current 
generation. The same distribution of slices is used during every generation in the search 
process, I.e. it doesn’t matter if in one generation the best individual is much better than 
all the others and in another generation the best one is only slightly better than the rest, 
the best one always has the same chance of being chosen. The fortune wheel and the 
distribution of slices are created using the following algorithm. Calculations and pseudo 
code below with a population size of 4 individuals for simplicity. 
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1. Summarize all integer numbers up to population size, Sum = 1+2+3+4 = 10 
2. Calculate 100/Sum, call it alpha, alpha = 100/10 = 10 
3. An array is created; one probability for each individual in the population is 

calculated and stored in the array as follows;  

prob[0] = alpha = 10 

prob[1] = prob[0] + 2*alpha = 10 + 20 = 30 

prob[2] = prob[1] + 3*alpha = 30 + 30 = 60 

prob[3] = prob[2] + 4*alpha = 60 + 40 = 100 

4. All individuals in the population are ranked accordingly to their fitness value; 
better fitness (a lower RMSE value in this case) gives a higher rank. 

5. The array of probabilities is then used in the selection of new parents. A selection 
number between 0 and 100 is created randomly, and compared to the array of 
probabilities, if the random number is between 0 and 10 then individual 0 won. If 
the number is between 10 and 30 then individual 1 won and so on. This is 
repeated until the wanted number of parents is selected. 

3.2 Physical model  

It was decided that a quadrocopter was to be constructed. None of the commercially 
available products at the time of this thesis had the capabilities required. Software on 
the quadrocopter had to be open and configurable, sensor data available and also a link 
between quadrocopter and PC was to be used. As far as possible the quadrocopter was 
designed using standard components. The construction design is divided in to sub 
categories as described below. 

3.2.1 Frame & HW 

The frame is designed as a sandwich construction, two aluminum plates, 3 mm thick, are 
separated by plastic spacers. Mounting holes for motors and other electronic 
components were included in the design of the aluminum parts. Landing gear and 
battery holders were also constructed as simple as possible. The center to center 
distance between the motors is 522mm and the frame is designed to take propellers up 
to 12 inches (304,8mm) in diameter. All the parts were designed in Solidworks CAD and 
then milled on a Roland CNC router at Mälardalens University’s mechanical workshop in 
Eskilstuna.  
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Figure 15 CAD model of the quadrocopter 

3.2.2 Motors, propellers & drivers 

There is almost an endless number of motors to choose from when you look at the RC 
hobby market. The Emax GT2218 brushless motors were chosen partly because they 
had been given good reviews from other quadrocopter builders and partly because their 
specifications matched the requirement list. Another deciding factor was that together 
with matching propellers and drivers the Emax GT2218 were available in stock at a 
Swedish RC shop online with short order times. The overall dimension of the GT2218 is 
a cylinder 28.5 mm in diameter and 39.5 mm long, it weighs 80 grams. Recommended 
propeller sizes from the motor manufacturer are 10x4.7 or 12x6 inches, both were 
tested and the smaller one, which gave a greater responsiveness in the system, was then 
used during the final investigation. To power these motors an Electronic Speed 
Controller (ESC) and batteries is used, the 'Hobbywing Pentium 30a' was chosen and 
together with an 3 cell lithium polymer battery it gives this motor type a lifting thrust of 
well over 1000 grams, four of them would easily take the quadrocopter described here 
into the air. See “Appendix A” for a complete schematic drawing of the electrical system. 
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3.2.3 CPU & sensors 

The FEZ Domino was selected as on board CPU for the quadrocopter. It’s an open source 
development board powered by a 72 MHz ARM7 chip running Microsoft .NET Micro 
framework. The board has multiple analog and digital in-and outputs. It can be 
programmed in C# and the Microsoft .NET Micro framework has many libraries 
available for UART, SPI, I2C, GPIO, PWM, ADC, DAC to name a few. The FEZ Domino is 
also pin-compatible with the Arduino development boards so Arduino shields could be 
used.  

 
Figure 16 FEZ Domino 

To be able to calculate the pitch and roll of a quadrocopter a gyroscope together with an 
accelerometer is used. Together with a magnetometer the yaw and compass heading can 
be calculated as well. The Razor IMU 9dof pack all three of these sensors together with 
an Atmel ATmega328 microcontroller on a small development board, ready with a serial 
link that’s easily interfaced in the rest of the system. The Atmega microcontroller comes 
pre-loaded with an Arduino bootloader and open source example code is available with 
sensor fusion code. This board was chosen mainly due to the simplicity in which sensor 
data can be read and manipulated before it’s sent through serial link to the FEZ Domino. 

The sensors included on the Razor IMU are: 

 ITG-3200 triple axis gyro 
 ADXL352 triple axis accelerometer 
 HMC5883L tripe axis magnetometer  

 
Figure 17 Razor 9dof IMU 
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3.2.4 PC-Quad link 

As communication link between the software on the PC side and the quadrocopter the 
Xbee standard was chosen. It’s built upon the 802.15.4 stack and operates at the 2.4GHz 
band. On the quadrocopter an Xbee PRO is mounted on the FEZ Domino via an Xbee 
extension shield and the two are connected with a USART link. On the PC side an Xbee 
explorer USB dongle is used that in a similar way it emulates a serial port on the PC. The 
Xbee modules can be configured in a range of ways and the network can be extended 
with multiple modules but in this setup the two are linked and we can see them as a 
serial link between quadrocopter and the software on the PC.  

 
Figure 18 XBee WiFi module 

3.3 Configurable Software 

The software on the Quadrocopter was written in C# and kept minimal. There’s one high 
priority thread running the control loop. It reads sensor data, calculates control 
parameters and then updates the motor speed accordingly. There’s also a low priority 
thread that handles all communication with the test environment running on the PC 
side. This thread takes commandos from the PC to update parameters and start/stop 
execution of the control loop. In the other direction the quadrocopter sends information 
to the PC test environment with sensor data, motor speeds and some general 
information about the system. 

3.3.1 Sensor fusion / analysis 

After some experimental work with the Razor IMU sensor board and sensor fusion on 
the ATMEL microcontroller on board it was decided that for simplicity and quicker 
development during the project the Razor IMU board would only sample data from the 
accelerometer, gyroscope and magnetometer and then send the raw data to the FEZ 
Domino microcontroller. The actual sensor fusion was then implemented in C# and 
executed on the FEZ Domino.  

A complementary filter [20] was used to mix accelerometer data with gyroscope 
readings when calculating the pitch and roll angles. The filter implementation can be 
seen in Equation 5 complementary filter:  

    (          )  (   )      
Equation 5 complementary filter 

In the equation the following notations are used:  
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 A = angle of quadrocopter  
 f = filter factor 
       = current angle 
                                         
                                               
                         

3.3.2 Control loop – PID regulator 

The PID control loop is executed in a high priority thread. First the current position is 
updated by calling on the sensor fusion function which also takes a timestamp. An error 
E is calculated as the difference between the current position and a wanted set point. 
The delta time, dT, since the last execution of the control loop is also calculated and 
stored. The proportional, integral and derivative terms are calculated for each axis (roll, 
pitch, yaw): 

           
                        

         (  –           )    

Each term is then multiplied by its corresponding parameter and the three are summed: 

                                                          

The output is then summed and scaled to usable motor values. On the quadrocopter 
there are four motors, two affecting the roll angle and the other two the pitch. The 
output for each axis must be summed with a basic thrust (I.e., lifting force) output as 
follows: 

                   (                               )                

                   (       –                        )                

 

                    (                     –           )                

                    (       –              –           )                

As seen the yaw output values from the control loop are added to one axis and 
subtracted from the other, this keeps the total lifting force of the quadrocopter 
unchanged but adds a rotating force around the yaw axis.  

3.3.3 PC control possibility 

A communication protocol between PC and Quadrocopter was implemented. The 
quadrocopter periodically sends sensor data and motor speeds to the test environment 
on the PC side. Data is sent every 100ms. Each data package includes the following data. 

 Roll, pitch and yaw angles: -180 to 180 degrees. 

 Motor 1,2,3,4 speed: 0.0 to 100.0% 

 Timestamp: Milliseconds since the quadrocopter was started. 

The PC can send these commands to the quadrocopter. 

 Start/stop: Starts or stops execution of the control loop. 
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 Debug level: The amount of debug data sent from quad to PC. 

 P, I, D parameters: Float parameters between 1 and 0. 

 Filter factor: Float parameter between 1 and 0. This parameter is used in the 
sensor fusion. 

 Thrust: Total lift force, 0% to 100%. 

 Set value for roll, pitch and yaw: The wanted angle in either direction, a value 
between -25 and 25 degrees. 

3.4 Test environment 

To evaluate each individual a test environment is required; this section describes the 
implementation and design of the used environment.  

3.4.1 Test rig 

The automated search for control algorithm parameters with evolutionary algorithm 
were carried out in ÅF Consulting’s office in Västerås. To limit the risk for injuries on 
humans, office equipment and quadrocopter hardware a test rig was constructed. The 
rig suspends the quadrocopter in the air and limits its freedom of movements to only 
one axis. An external power supply was also used instead of batteries during tests with 
the quadrocopter suspended in the test rig. 

3.4.2 Control PC 

The software on the PC side consists of many different parts and it grew and evolved 
during the whole development period of this thesis. It was used both for debugging 
purposes during development of the software on the quadrocopter and the evolutionary 
programming algorithms and then for the automated search for control parameters. The 
interface against the quadrocopter is as described under “PC control possibility”. The 
PC software also has a manual mode were control parameters can be altered and set 
values for the quadrocopter roll, pitch, yaw and thrust can be controlled via and XBOX 
game controller.  

Live angle indication and set point together with motor values are shown in a graph 
window. 

The interface towards the evolutionary algorithm is straight forward. Parameters used 
in the EA such as population size, mutation rate and fitness function used can be set. 
Functions to create a new generation, save the current generation to file and load a 
stored generation are implemented. Average fitness and information about the best 
individual in the current generation is shown. 

3.4.3 Data logger 

During automated testing data is stored on file. A tree structure is created containing a 
folder for each generation. The generation folder holds a text file for every individual 
and its data, in this file the test run data is stored with timestamp for every data point, 
angle values and set point. In the generation folders there’s a file containing a list off all 
individuals and control parameters. There’s a summary of the generation test data, 
average fitness and best individual. 
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3.4.4 Automated search loop 

The automated test loop for search of control parameters using the implemented 
evolutionary algorithm was constructed. Pseudo code for the test sequence is as follows: 

1) Create a new generation or load an old from file to continue were the last test 
was paused. A number of individuals are then created, each with its own set of 
parameters. 

2) Start the quadrocopter, a popup is shown on the PC software and manual input is 
needed to verify that all motors spins correctly in idle mode and sensor data is 
received from the quadrocopter. 

3) Load the first individual in the generation; send that individuals control 
parameters to the quadrocopter. 

4) Start the control loop with set value 0, wait 10 seconds and change set value to -5 
degrees, wait 10 seconds and then change to +5 degrees and then wait 10 
seconds again. 

5) Set the control loop on the quadrocopter to idle mode. 

6) Save data to file for that individual. 

7) Load next individual and send control parameters to the quadrocopter. Jump to 
nr 4. If all individuals are evaluated continue to nr 8. 

8) Calculate fitness for each individual and average for the generation, store this 
data on file. 

9) Create a new generation, parents are chosen and the best individuals has a higher 
chance of being chosen. Mutation is applied to the new individual’s parameters. 

10) Jump to nr 4.  

The tests has to be manually stopped, automatic stop of the search at some point was 
not implemented. 
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4. Results  

An automated search procedure as described in the implementation chapter was carried 
out. The implemented evolutionary algorithm created the initial population of 
individuals in generation zero. The individuals each had one set of PID-parameters. 
Every individual’s performance was then automatically evaluated on the physical 
quadrocopter model that was suspended in the described test rig. A fitness value was 
calculated using root mean square over the sampled data. A random individual in the 
initial population looked like this when the sampled data is visualized.  

 
Figure 19 A random created individual 

After a few generations the performance was improved, here is a graph over the best 
individual’s performance in the sixth generation.  

 
Figure 20 the best individual found after six generations 

The RMSE fitness value of the best individual in every generation is plotted in Figure 21 
RMSE fitness value of the best individual in each generation.  
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Figure 21 RMSE fitness value of the best individual in each generation 

There were 10 individuals in every generation, 5 were selected as parents and each 
parent provided 2 children for the next generation. The search was stopped after 10 
generations. To evaluate one individual took approximately 40 seconds and there were 
10 individuals in every generation. In total this first test was completed in one hour and 
seven minutes. 

A second automated search was carried out. This time every generation had 26 
individuals and 13 of them was selected as parents and they each had two children for 
the next generation. This test was halted after 6 generations. The average fitness of each 
generation together with the best performing individual is plotted in the graph below. 

 

Figure 22 Average and best fitness in each generation 
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5. Discussion 

This section contains a discussion on the presented result, the selected method to obtain 
the result, positive aspects and possible improvements. 

The introducing arguments for this work are to use hardware in the loop for control 
parameter tuning and usage of an artificial intelligence technique. For this purpose a 
quadrocopter was chosen as model and a PID controller as control algorithm, 
evolutionary algorithm was chosen as search method to tune the parameters for the PID 
controller. All of the mentioned techniques; quadrocopter, PID controller and 
evolutionary algorithm are previously defined and proven in use. As such this work has 
not investigated a new algorithm; it has focused on the usage and methods on combining 
previously defined algorithms.  

5.1 Problem formulation 

In the thesis a problem formulation was made; is it possible to find control algorithm 
parameters using Evolutionary Algorithms with Hardware in the loop for fitness 
evaluation?  

To investigate this question a quadrocopter and a test environment was designed and 
built, at the end of the work test executions were executed; from these tests a result is 
shown. Since the fitness overtime improves the conclusion can be made that the method 
is successful, earlier it has been proven that evolutionary algorithm is capable of finding 
suitable parameters for a PID controller, [21]. 

Data collection has shown that it is possible to tune a PID controller by EA and a physical 
model. At first the individuals were not performing well, after a few generations the 
values started to converge and the performance improved. It is shown that the 
population improves as the EA continues. This can be seen as the average fitness is 
displayed for each generation, the average fitness improves faster than that of the best 
individual. 

On the critical aspects the results are not verified, i.e. the test equipment could have 
been used to search for parameters with other types of methods and then compare the 
result with the evolutionary algorithm result. Thus the conclusion cannot be made that 
the used method finds an optimal solution to the problem, thou the result does meet the 
criteria of the problem formulation.  

5.2 Future work 

This thesis is intended as a proof of concept, testing existing techniques combined in 
new ways. No tweaking of parameters, algorithms or the test sequence has been done 
and every sub part of the project has been implemented as simple as possible. Every 
part of the project can be improved technically and the results might be improved.  

Interesting topics for further investigations would be to compare the parameters found 
using evolutionary algorithms with a physical model as hardware in the loop to 
parameters obtained using other tuning methods. Time studies can also be of interest, is 
this automated search time saving, can the same or better results be obtained quicker 
with manual tuning or simulations.  

The software implemented and evolutionary algorithm could be further developed to 
create a free standing framework for automated search for control parameters. This 
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type of work could then be extended as a product for finding of parameters was the 
object that requires control is used as evaluation model.  
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6. Conclusion 

In this thesis a quadrocopter has been designed and manufactured, the quadrocopter 
was then used by an evolutionary algorithm to search for control algorithm parameters. 

In the design process of the quadrocopter hardware a Computer Aided Design(CAD) tool 
was used to create the design, from the design a frame was milled using a milling 
machine at Mälardalen University. On the frame the required equipment was attached 
such as; electrical motors, batteries, sensors, computer board and a wireless connection 
to a Personal Computer (PC).  

To evaluate the control algorithm the quadrocopter was mounted in a test rig, the rig 
enabled the quadrocopter to only move in one direction; either roll or pitch. This is 
sufficient as the same parameters and algorithm is used for control of both roll and 
pitch.  

A PC equipped with a wireless communication interface was used to see the status and 
send commands to the quadrocopter. On the PC a graphical interface was developed to 
show status data, save data, manually control thrust of each motor and more. The 
evolutionary algorithm was used to search for control parameters, was implemented on 
the PC, it enabled the user to create new populations, save the current state, retrieve and 
continue a saved run and more.  

The algorithm created PID control parameters and sent them to the quadrocopter for 
evaluation. To evaluate each individual a test sequence was created, the test was to stay 
steady, roll up and then roll down. By measuring the angle of the quadrocopter 
compared to the reference value at every sampled data point it was possible to calculate 
an error, the error was used to calculate a root mean square error(RMSE) for the 
individual and then assign the RMSE as fitness. 

Two automated search sequences were carried out, in both sequences it is clearly shown 
that the fitness value, RMSE, improves over the generations; this shows that the method 
is functional. The approach of an evolutionary algorithm with hardware in the loop 
evaluation of control parameters can be used to find control algorithm parameters to a 
quadrocopter. 
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