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ABSTRACT 
 
Robotics and autonomous systems are today progressing at a very fast pace and can be 
seen in our everyday life, both in industry and society. A popular topic among 
researches in the field of robotics is the inverted pendulum due to its naturally unstable 
system.  
 
This thesis describes the design of a control system to an inverted pendulum based 
robot.  The robot balances through the thrust from two propellers able to direct their 
force through adjusting the angle of the axis they are mounted on, thus meaning the 
propellers as well. The framework, mechanical and electronic components of the 
balancing robot were assembled in a manner that yields a naturally unstable system that 
is prone to tip over. This required an active controller to be designed and implemented 
in order to get a stable system, answering the question how to design a control system 
for such a robot. 
 
By using an IMU, a sensor combining accelerometer and gyroscope, measurements of 
the angle of the robot relative to the ground, i.e. tilt angle, is achieved.  A servo motor 
adjusts the angle of the propellers and two brushless motors create thrust using 
propellers. 
 
After various tests and approaches how to design a control system for this robot it is 
concluded that controlling both the angle and the thrust of the propellers is preferable 
and using a predicting factor such as velocity has great advantages.  
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SAMMANFATTNING 
 
Robotar och autonoma system utvecklas idag i väldigt snabb takt och kan hittas i vårt 
dagliga liv, både i industrin och i samhället. Balanserande robotar är ett hett 
forskningsområde på grund av dess instabila tillstånd för styrning.  

Denna avhandling beskriver utformningen av ett styrsystem för en robot baserad på en 
inverterad pendel. Roboten balanserar genom dragkraften från två propellrar som kan 
rikta sin kraft genom att justera vinkeln på axeln de är monterade på, därmed även 
propellrarna. De strukturella, mekaniska och elektroniska komponenterna för den 
balanserande robot monteras på ett sätt som ger ett naturligt instabilt system som är 
benäget att välta. Detta krävde en aktiv regulator i syfte att erhålla ett stabilt system. 
Denna rapport svarar då på hur man designar ett styrsystem för en sådan robot. 

Genom att använda en IMU, en sensor som kombinerar accelerometer och gyroskop, 
kunde mätningar av robotens vinkel i förhållande till marken, d.v.s. lutningsvinkeln, 
uppnås. Två borstlösa motorer skapar dragkraft med hjälp av propellrarna och med en 
servomotor kan vinkeln av dessa justeras. 

Efter olika tester och tillvägagångssätt för hur man utformar ett styrsystem för denna 
robot dras slutsatsen att styra både propellrarnas vinkel och kraft är att föredra och 
med hjälp av en förutsägbar faktor såsom hastighet har stora fördelar. 

 
 
 
 
 
 
 
 
 
 



 IV 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

This page has been intentionally left blank. 
  



 V 

PREFACE 
We would like to thank Daniel Frede for the supervising and the feedback throughout 
the project. Staffan Qvarnström and Tomas Östberg for their mechanical and practical 
expertise and counseling. We would also like to show our gratitude to the student 
assistants and to the prototype assistant, Ramtin Mass for the much appreciated help 
with the propeller protectors. Miguel Galrhino for the feedback and tips regarding the 
control system. 

Hanna Dotevall and Philip Pulli 

Stockholm, May, 2016  
  



 VI 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

This page has been intentionally left blank. 
. 
  



 VII 

NOMENCLATURE 

Symbols 

Symbol Description 

Fp Force from propellers (N) 

g Gravitation constant (m/s2) 

I Moment of inertia (kgm2) 

L Distance from pivot point to force Fp (m) 

L1 Length of servo arm (m) 

L2 Length of crankshaft link (m) 

m Mass of the robot body (kg) 

Mp Momentum of axis with propellers (Nm) 

Ms Momentum of servo (Nm) 

r Distance from pivot to center of mass (m) 

α Angle of the force Fp (°) 

β Angle of the crankshaft (°) 

γ Angle of the servo shaft (°) 

θ Angle of the robot body (°) 

Abbreviations 

CAD Computer Aided Design 

DOF Degrees of Freedom 

ESC Electric Speed Controller 

I2C Inter-Integrated Circuit 

IDE Integrated Development Environment 

IMU Inertial Measurement Unit 

MATLAB Matrix Laboratory 

MISO Multiple-Input Single-Output 

PID Proportional-Integral-Derivative 

SISO Single-Input Single-Output 
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1 INTRODUCTION 
 
This chapter introduces the background, purpose, scope and methodology of a bachelor 
thesis conducted at the department of Machine Design, division Mechatronics at the Royal 
Institute of Technology, KTH, Sweden. The bachelor thesis was conducted during the spring 
of 2016.  

1.1 Background 

Self-balancing robots are in general a well researched field and has gained momentum 
over the last decades all over the world, both industrial and among hobbyists. The 
physical structure can be explained as an inverted pendulum, with the analogy of 
balancing a broomstick on one finger or in the palm of your hand. Other areas where the 
concept is applied are for example Segways, high precision robotic arms, launching of a 
rocket, control of a Vertical Take-Off and Land (VTOL) aircraft, etc [1]. The inverted 
pendulum is a naturally unstable non-linear system and requires an active controller to 
keep the center of gravity centered over the pivot point, i.e. to keep it balanced. A lot of 
work has been done on the subject, a popular implemented method of the inverted 
pendulum is mounting the pivot point on a cart that can move horizontally, see Figure 1. 
But the method to achieve balance of an inverted pendulum using two propellers has 
been difficult to find research from.  
 

 
Figure 1. Concept figure of an inverted pendulum. [2] 

 

1.2 Purpose 

The main purpose of this thesis is to design and construct a fully functional self-
balancing robot, based on the principle of an inverted pendulum. The goal is to maintain 
balance with two motor driven propellers by controlling the thrust and angle, using a 
control algorithm. The lower part of the robot will be attached to a construction similar 
to a seesaw, which in turn will be statically locked to the ground.  
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As mentioned in section 1.1, an inverted pendulum is an unstable non-linear system. In 
order to stabilize an unstable non-linear system a controller must be designed and 
implemented. A concept idea of the robot can be seen in Figure 2. 

 

 
Figure 2. CAD-model of the robot. 

 

  

The research aspect of this thesis has led to following research questions:  

 How to design a controller of a propeller based inverted pendulum? 
 

1.3 Scope 

Due to limitation regarding time and budget a restriction to the project is set so that 
clear endpoints can be reached.  Some of these limitations are: 

 One axis to revolve around 
 The two propellers are parallel to each other at all time 
 The assumption that the motors are identical 

 

1.4 Method 

This section explains the methods used in attempt to reach the purpose and research 
questions, setup in section 1.2. 
 
A mathematic model of an inverted pendulum with a force applied at the top is made in 
MATLAB to analyze the reactions of the system. A CAD-model of the robot is then 
designed using Solid Edge ST7, in order to visualize the proportions of the prototype 
before manufactured. 
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The electronic components such as the IMU, propeller motors and servo is at first tested 
separately before assembled on to the robot.  
 
A great deal of time is invested in the mechanical construction to support all the 
components. The body of the robot is made in acrylic plexiglass and produced using a 
laser cutter. Propeller protectors are made by milling a plug of the inverted CAD-model 
in a modeling board. The plug is then placed and formed in the vacuum press. 
Customized mounts for the servo, IMU and propeller protectors are 3D printed. 
 
In order to receive the data required to make scientific conclusions, a testing 
environment and circumstances is developed to get non contaminated results. An 
important aspect is that the tests are being performed in the same environment and 
executed in an identical way, except for the tested aspect, every time so that when a 
comparison is done only the desired aspects differ from the different tests. During the 
testing of the robot the only test that will be executed is a pure balancing test, standing 
on its own without interference. As for getting reliable data, the IMU sensor that is used 
for the system will give data about the positioning of the robot at all time. This will give 
data measurements vital to answer research question.  
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2   THEORY 
 
This chapter presents the basic theory about the components that are relevant to this 
thesis.   

2.1 Model definition 

The physical problem of an inverted pendulum is well-known and commonly balanced 
by moving a cart attached to the joint. This system is slightly different from other 
concepts whereas the joint is statically locked to the ground and balanced by a force at 
the top of the pendulum. This force is applied using propellers. The system is limited to 
one dimensions for simplification, see Figure 3. 
 

 
Figure 3. Simplified model of the robot. 

From Figure 3 a differential equation can be derived giving the angular acceleration to, 
  

 
     


prmg sin θ LF sin α

θ
I

  (1) 

 
From this the control system is derived and calculated on. This is the base of all theory 
applied to design the control system.  
 
A mathematical model was derived to get aware of the systems’ limitation. See 
simulations in Appendix A: Additional information, which is giving some guidelines for 
limitations on such as weight and height as well as an understanding of the system.  
 

2.2 Inertial Measurement Unit 

The data collected from calculating the tilted angle of the robot is gathered from an IMU, 
an electronic device that consists of both a gyroscope and an accelerometer to track the 
orientation and position. Additional features such as digital magnetometer (compass) 
and barometer sensors can be included in the system design. An IMU is often rated for 



 6 

several degrees of freedom, which refers to the movement of a rigid body inside space. A 
unit specified as 6-DOF allows you to collect six distinct types of motion or orientation 
related data using the 3-axis gyroscope and the 3-axis accelerometer inside the unit. 
Additional degrees of freedom will be added when including the additional features 
described above. An IMU is shown in Figure 4. 
 

 
Figure 4. An IMU with size comparison. [3] 

The gyroscope [4] senses the angular velocity around the x, y and z axes and are 
measured in degrees per second (°/s) or revolution per second (RPS). The gyroscope can 
be used to determine orientation. For a self-balancing robot it can be used to measure 
rotation from the balanced position and send corrections to a motor. The current tilt 
angle of the robot can be obtained through integration over time of the gyroscope data. 
Unfortunately, the outcome of this integration process is that the gyroscope is prone to 
drift over time due to some amount of error or bias in the measurements. This means 
that the gyroscope measurements are accurate for a short period of time but cannot be 
trusted during a longer time span. Even though the drifting is very small, it causes the 
integrated data to grow linearly to infinity. [5] 
 
The accelerometer [6] senses the physical acceleration relative to free fall along the lines 
of the x, y and z axes and has gravity as a reference. The unit measures the acceleration 
in meters per s second squared (m/s2) or in G-forces (g). Like the gyroscope, an 
accelerometer has weaknesses as well. They are not resistant to vibrations and other 
non-gravity accelerations in the short-term, but provide accurate measurements in the 
long-term. [7] 
 
To understand the basics of an inertial navigation system a Cartesian coordinate system 
is defined in Figure 5. The gyroscope measures the roll, pitch and yaw around the axes of 
x, y and z while the accelerometer measures along these axes. 
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Figure 5. Cartesian coordinate system. 

2.3 Kalman filter 

The raw output data collected from an IMU is affected by noise. As mentioned in section 
2.2., neither the gyroscope nor the accelerometer gives accurate data measurements on 
their own. In order to solve the drift errors from the data measurements and generate 
an accurate output, a filter can be implemented. A so called Kalman filter is commonly 
used and has the ability to fuse the data from the gyroscope and the accelerometer, 
minimize error variance and provide the best estimate of the data. By combining the 
two, they will compensate for each other's disadvantages when the gyroscope is 
weighed against the accelerometer.  
 
A Kalman filter is implemented to receive stable angular velocities and acceleration from 
an IMU. A Kalman filter is a recursive data processing algorithm that consists of two 
steps; predict and update. The first step predicts the current state k  of the system based 
on the information from the previous state of the output, at time 1k  . The second step 
updates the current state with actual measurements. The flowchart in Figure 6 
illustrates the primary steps of the Kalman filter algorithm. 
 

 
Figure 6. Steps of the Kalman filter. 
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The physical system requires to be described by a discrete time linear dynamic system. 
A linear system can best be described by the following two state space representation 
equations [8]; 
  
 k k -1 k -1 k -1x = Ax + Bu +w   (2) 

  
 k k kz = Hx +v   (3) 

 
Eq. (2) is the state prediction equation and it assumes that the true state at time k is 
evolved from the previous state at time 1k  . The matrix A is the state transition matrix 
and relates to the known previous state, 1kx  . The matrix B is the control input-model 

which is applied to a known control input vector, 1ku  , which in turn is given by the 

measurements of the gyroscope. The value 1kw   is the process error from the gyroscope 

[9]. Eq. (3) is the measurement equation of the true state space, kx ,  at time k . H  and kv  

represents the measurement matrix respectively the measurement errors of the system. 
The errors, 1kw   and kv , are assumed to be zero mean Gaussian white noise. 

 
This project is accomplished with an open source Kalman filter code [10]. For further 
reading and mathematical proof of the Kalman filter, see [8]. 
 

2.4 Control theory 

A control system is essential in order to maintain a balanced system. A feedback 
controller is a possible way to instruct the system how to behave and respond. A 
feedback controller is used to compensate for the differences in a system. With feedback 
from the IMU measurement, balance of the robot can be obtained. 

2.4.1 PID control 

A possible control method to control an unstable system is with a PID controller. A PID 
controller is a commonly used control algorithm due to its easy implementation and 
high performance. The PID controller algorithm consists of three control terms i.e. 
Proportional (P), Integral (I) and Derivative (D). The three terms involves three 
mathematical functions that are applied to an error signal. The weighted sum of these 
three terms is used to adjust the process [11].  
 
The proportional term is a multiple of the error value and compensates for static 
disturbances. The integral term takes the past into account and represents the 
accumulated value of all the past errors. The main purpose of the integral term is to 
compensate for static errors and adds speed to the system. Finally, the derivative term is 
a prediction of future errors based on the current derivative of the error [12] [13]. The 
derivative term provides a more damped reaction to rapid changes. A block diagram of a 
PID controller is shown in Figure 7. 
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Figure 7. Block diagram of a PID controller. 

 
The measured output value is fed back to the system and compared with the reference 
value, also called setpoint. The setpoint can be thought of as the desired value of the 
process. The difference between setpoint and the output is the control error. The error 
is fed into the PID controller which computes a control signal by summing the 
proportional, integral and derivative responses. The purpose of using a PID controller is 
to maintain the output at a level so that there is no difference between the setpoint and 
the output. This process is repeated to keep the system is stable. 
 
The three PID controller constants KP, KI and KD have effect on the closed loop system 
and requires to be properly tuned in order to suit the dynamics of the process being 
controlled, otherwise it can cause the process to be unstable or very slow to control.  
 
The PID controller can be described by the following equation,  
 

 
t

P I D0

de(t)
u(t) = K e(t)+ K e(τ)dτ+K

dt
, (4) 

where u is the control signal and e is the control error. 
 

2.4.2 Cascade control 

A cascade controller is an advanced application of the PID controller. It uses two or 
more PID controllers (or other SISO-controllers) in series. A PID controller is a SISO 
system, Single-Input Single-Output system, meaning it can only handle one input signal. 
If the robot should be able to be controlled in regard to the angle of the robot as well as 
the thrust, it is a MISO system, Multiple-Input Single-Output, which means a single PID 
controller is not sufficient for this project. A cascade controller not unlike a PID takes the 
error and applies a controller on this. That output value is now a setpoint for the second 
controller. The error is derived and the second controller compensates for the new 
error. This is repeated to keep the system stable. A block diagram of a cascade controller 
is shown in Figure 8.  
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Figure 8. Block diagram of a cascade controller. [14] 

 
C1 and C2 are the two compensators and the P1 respectively P2 represent the system or 
the transfer functions to be exact. An important aspect to take into account when 
implementing such a controller is that the inner loop has to converge faster than the 
outer loop in order for the system to be efficient [13].
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3 DEMONSTRATOR 

This chapter describes the developed demonstrator and the work process behind it. 

3.1 Problem formulation 

The problem is to construct a robot that will remain stable in an unstable condition, by 
adjusting the angle and thrust of the propellers. Implementing the hardware and 
software in order to achieve a stable system provides a few problems. Physical model of 
the robot can be seen in Figure 9. 
 
Technical solutions have to be applied to various issues: 
 

 Adjusting the angle of the propellers precise and fast 
 Get the software to incorporate the two inputs so that they collaborate rather 

than contradict each other 
 Placing the IMU in a position that provide as small disturbances as possible 
 Get the software and hardware to collaborate precise enough in order to achieve 

a stable system 
 The weight of the robot should be as low as possible in order to minimize the 

moment of inertia 
 The mechanical construction of the robot has to be robust enough to be able to 

handle the forces obtained from the propellers 
 
 

 
Figure 9. The physical demonstrator. 
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3.2 Software 

The software is running on the Arduino Uno microcontroller and the code is written in 
the Arduino environment.  
 
During testing, four different control systems were put to the test to get a thorough 
comparison between approaches.  The systems are all different approaches to do a real 
life implementation of a PID or cascade controller.   
 
All the system starts by initializing the IMU via the I2C bus and the received data 
measurements is converted to angle. By sending a pulse, an initial value is set for the 
servo arm and the two motors. This ends the initial sequence of the system and a loop is 
entered, in which the control systems are being applied.    
 
The first system is the single PID which is a PID controller of the propeller angle 
regarding body angle. The function of the system is described in Figure 10. 
 
The second controller is a cascade controller that is controlling both propeller angle and 
the thrust with two independent PID controllers put in series. The output of the 
controller is the body angle on the cascade controller as well. The function of the system 
is described in Figure 11. 
 
The two last controllers are modifications of the cascade controller. In addition to what 
the cascade controller already is doing it is now takes the angular velocity into account. 
If the body angle and the velocity of the body have different signs, (the body is moving 
towards equilibrium point), propeller angle is remapped. The remapping is 
implemented so that, for a strict proportional controller, the propeller angle zero (α=0) 
would be at a body angle of approximately 7°. Which is implemented on the first 
controller. The last one has in addition to the first modification a modified thrust 
controller. If there is a velocity greater than 10 °/s away from equilibrium point, the PID 
parameters are changed to an aggressive setting. The function of the two cascade 
modifications are described in Figure 12 and Figure 13. 
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Figure 10. A flowchart of the software program with a PID controller. 
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Figure 11. A flowchart of the software program with a cascade controller. 
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Figure 12. A flowchart of the software program with a modified cascade controller with a velocity control 
for propeller angle. 

 
 
 



 16 

 
Figure 13. A flowchart of the software program with a modified cascade controller with a velocity control 

for propeller angle and thrust. 
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3.3 Electronics 

The electrical components used for this thesis are connected to the Arduino Uno. The 
components are described in the following sections. A coupling schedule of the set up is 
shown in Figure 14. 
 
 

 
 

Figure 14. Coupling schedule of the electronics connected to the Arduino Uno. 
 

3.3.1 Microcontroller 

The microcontroller that is used for this project is the Arduino Uno, see Figure 15. A 
microcontroller is a small computer on a single integrated circuit. The Arduino Uno [15] 
is an open-source microcontroller board based on ATmega328 and has easy-to-use 
hardware and software and is created for experimenting and hobby purposes. The unit 
has 14 digital input/output pins, 6 analog inputs, a 16MHz crystal oscillator, an USB 
connection, a power jack, an ICSP header and a reset button. The Arduino Uno is 
programmed with its own open-source software, Arduino Software (IDE), based on the 
C++ libraries. For this project, the Arduino was used to control the IMU, servo and 
propeller motors. 
 

 
Figure 15. Arduino Uno.  [16] 

Servo motor 

Propeller motors 

IMU 
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3.3.2 Motors and ESC 

Two brushless motors of type Turnigy D3530/14 1100KV were available for this project 
and therefore chosen to drive the propellers. The motors need to be powerful enough to 
bring the robot back to an upright position from an angle  . The motors run on an 
external power supply.  
 
Each motor is connected to an Electric Speed Controller, ESC, of type Tower Pro MAG8 
25A. An Electronic Speed Controller is an electronic circuit with the purpose to control 
an electric motor's speed, i.e. control the amount of current provided to the motor. Each 
ESC is connected to a digital pin on the Arduino Uno board.   

 

3.3.3 Servo motor 

To control the angle, α, of the two propeller motors, a servo motor of model Alturn USA 
AAS-750MG [17] is used, see Figure 16. A servo motor has integrated gears and shaft 
that can be positioned with precision. The servo motor is connected with a push rod to 
the crankshaft, which in turn is located on the axis of the propellers. The servo motor 
has a ±90 degree range and is controlled by the Arduino Uno.  
 

 
Figure 16. Servo motor from Alturn USA. [18] 

 

3.3.4 IMU and its placement 

In order to get a good reading of the angular position of the robot an IMU from 
Sparksfun called MPU-9150 [19] was used. The MPU-9150 is a 9-DOF sensor, which 
contains a 3-axis gyroscope, 3-axis accelerometer and a 3-axis digital magnetometer. For 
this thesis, only the y axis (pitch) of the gyroscope and the x and y axes of the 
accelerometer was needed, see section 2.2. The sensor unit is mounted onto the shelf of 
the robot, close to the pivot point of the seesaw construction. In order to enable transfer 
of data from the IMU to Arduino Uno, the MPU-9150 is connected to the Arduino Uno 
board via the I2C bus and runs on the 3.3V (VCC) pin.  
 
The IMU is a vital piece of equipment on the robot. But if it provides wrong or noisy 
values the robot is not able to obtain stability. In order to decrease noisy values and 
receive reliable continuous values the Kalman filter (see section 2.3) is implemented as 
well as a strategic placement of the sensor. The placement of the sensor and a proper 
mount is essential to achieve accurate measurements. There are three main 
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compartments to the placement e.g., the height (y), the offset from centre line (x) and 
the distance from the motors.  See Figure 17 for a visual explanation to these.  
 

 
Figure 17. Referential system of the body. 

 
According to [20], the offset from the centre line should be as small as possible. The 
report suggests that the closeness between the motor and the IMU does not affect the 
result significantly. However, the robot in this project has twice as many motors, more 
powerful and fitted with propellers which render those findings not completely 
applicable. For the height no results were disclosed. 
 
The preferred placement depending on the height comes from how the angle is derived 
from the IMU e.g. gyro and accelerometer. Starting with the gyro, it consists of a flywheel 
that starts to turn when the IMU is moving. This gives a habit of drifting when it is 
exposed to fast turns. The accelerometer measures the acceleration in all directions at 
all time. This means it always gives the equivalent of 1g or 9.81 N in the direction of the 
earth. This is how the angle is calculated. However, if the body itself accelerates around 
its pivot point, the accelerometer will measure this as well giving no reasonable sense of 
direction of where the gravity force is coming from. Given that fast turns and 
acceleration gives unwanted values, this is something that should be avoided, see 
section 2.2. 
 
The body of the robot will have the same angular velocity at all points thus giving a 
higher vector velocity and the acceleration will increase the higher up on the robot the 
sensor is placed. From this knowledge, the ideal placement would be the pivot point of 
the robot if it had a translational movement, which in this case it does not do. By placing 
the IMU underneath the shelf that the servo and the Arduino are mounted onto is a 
compromise made during this project. 
 

3.4 Hardware 

The mechanical construction and function will be described during this section. The two 
mechanical sections consist of the propellers and the adjustment of them. The propellers 
function and construction for this robot is trivial and will not be further explained more 
than that they are creating thrust critical for the balancing.   
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As for adjusting the propellers, a servo is used for the momentum needed to turn them. 
The propellers are attached to a crankshaft and locked in both radial and axial direction, 
thus giving both of them the same angle at all time and following the movement of the 
axis, see Figure 18. The crankshaft is an axis with an arm extended from it to which force 
is given from an arm extended from the servo arm, see Figure 19.  

 
 

 

 
Figure 18. CAD-model of the crankshaft construction. 

 
 

 
Figure 19. A model of the connection between the servo and the crankshaft construction. 

The sensitivity in the servo is controllable down to about 1° [17], this does not give 
satisfactory controllability to the system. By increasing the difference between the two 
arms length, a smaller span can be reached but higher sensitivity to the system. The 
angles correlate as  
  

 
 

 
2

1

sin β L
=

sin γ L
.  (5) 

   
All the denotations can be found in Figure 19. Eq. (5) implies that a longer L2 gives the 
system a higher sensitivity but a reduced speed. This would give a ratio to the 
momentum as well, which will be needed to take in to consideration. The momentum at 
the axis for adjusting the propellers will be 
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  2
p s

1

L
M = M

L
, (6) 

 
and will have to fulfill  
 

 p α αM > I θ .  (7) 

 

Where Iα  is the moment of inertia of the axis with the propellers and αθ  is the wanted 

angle acceleration around that axis. 
 

3.5 Results 

To measure the disturbances from the IMU, a test were conducted during a stationary 
condition of the robot with varying motor speed. The results from the test can be seen in 
Figure 20 and Table 1. 
 

 
Figure 20. IMU angle during stationary test with varying motor speed. 

 
Table 1. Stationary data measurements of the IMU. 

Thrust [N] 0 0.476 0.876 1.276 1.676 2.076 2.476 2.876 3.276 
Standard deviation [°] 0.009 0.128 0.262 0.299 1.112 2.239 0.973 1.708 1.937 

Max deviation [°] 0.400 1.180 1.260 1.350 3.110 8.350 4.140 9.100 6.170 
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Four tests were conducted during a damped condition. For each of the tests, four aspects 
of the system were measured, e.g. the angle and velocity of the robot and the angle and 
the thrust of the propellers. The following four graphs are obtained from real-time 
experimentations, each one with a different control method. The two propeller aspects 
are not directly measured but rather the Arduino output signal. 
 
Figure 21 shows the result from the single PID controller, where the angle of the 
propellers is adjusted according to the PID output, regarding the angle of the robot. The 
motors are at a constant speed.  
 
 

 
Figure 21. Robot regulated with a PID controller. 
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Figure 22 shows the result from the cascade controller, which controls the thrust and 
the propeller angle. 
 
 

 
Figure 22. Robot regulated with a cascade controller. 
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Figure 23 shows the result from the modified cascade controller that controls the 
propeller angle using the velocity of the robot as well.  
 

 

 

Figure 23. Robot regulated with a cascade controller and velocity control of propeller angle. 
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Figure 24 shows the result from the modified cascade controller that controls the 
propeller angle and thrust using the velocity of the robot as well.  
 
 

 
Figure 24. Robot regulated with a cascade controller and velocity control of both parameters. 
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4 DISCUSSION AND CONCLUSIONS 

This chapter presents the discussions and conclusions drawn from the results presented in 
the previous chapter in order to answer the research questions that were asked in chapter 
1.2. 

4.1 Discussion 

To understand how the different controllers behave and why they were designed in such 
matter, an understanding of how the mechanics of the robot behave is necessary. The 
mass of the robot to available thrust is an issue that is apparent in this project. The 
available thrust of the motors are not an issue but two aspects that keep the thrust from 
being a productive decision are the noise from the IMU and the robustness of the 
mounts and protectors of the propellers. As seen in Figure 20 and in Table 1, when 
increasing the thrust of the motors the standard deviation of the sensor data increases 
as well. Due to the stationary condition of the body during the test, additional vibrations 
in the structure probably occurred in difference from when the body can move freely, 
thus meaning the results shown in the graph is possibly a bit exaggerated. 
 
The propeller mounts are not robust enough to manage thrust larger than the set 
restrictions for this project. Making the mounts more robust is contra productive due to 
the mass that would have to be added to the robot and high up on the construction for 
that matter. The motors are not used to their full potential and are therefore giving a 
waste of the unused power, which also means that extra weight from the large motors 
and propellers are added to the weight of the robot contradicting using smaller motors 
to its full potential and with a lower motor weight. 
 
The servo adds some slowness to the system, due to the speed limit it has and the fact 
that it does not have that high of a resolution. This is one factor that plays in why theory 
and reality are far apart and also an inconvenience when controlling the robot. The 
servo also restricted the motors' updating frequency. Due to the fact that the ESCs and 
servo requires to run on the same Arduino library and timer and the servos limitations 
the motors were limited as well. The choice to have a tall frame is debateable. According 
to eq.(1), a taller robot gives a higher acceleration and should give faster change of 
directions, if the servo is fast enough. Since a high percentage of the mass of the robot 
are the motors and mounts, the centre of gravity is therefore higher up contradicting the 
extra moment arm that you get from enlarging the body. Not too much thought went in 
to this when building the robot and it is not something that has been an obvious defect.    
 
The pushrod system has a lot of perks, one being that the servo is able to be mounted far 
down on the construction and therefore not increasing the distance to centre of gravity. 
The implementation is based on a servo and has some play in the joints making it slow 
and not that precise.  
 
Despite these limitations and flaws it is possible to get it stable, at least for a small 
period of time. All tests are conducted during a damped condition, using rubber bands in 
order to increase the moment of inertia, I, in eq.(1), thus meaning decreased 
acceleration of the body which helped the balancing. The rubber bands did not balance 
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the robot in full as tested by a fall test and also shown by the less successful controllers. 
If the rubber bands influence the test negatively will be further discussed.  
 
The different control systems have both advantages and disadvantages. The PID control 
of the propeller angle was not flexible enough to keep the robot balanced due to the 
constant speed of the motors, slow servo and the difficulty to find the most beneficial 
constant speed of the motors. With a high motor speed, the robot cannot stay balanced 
around small angles and with the motor speed set to low it is not able to catch itself from 
falling from larger displacements. However, the PID controller is fairly easy to tune due 
to the fact that there are only three parameters to tune compared to the three other 
control systems. Looking at Figure 21 the controller is adapting smoothly but lacks a 
differentiating thrust that accompanied by the slow servo, creates oscillation. When 
implementing the cascade controller small angles are better managed and is able to save 
large displacements, however it is still too slow. Since the cascade controller is a based 
on the PID controller, it is not difficult to improve it if the PID parameters are already 
properly tuned. Looking at the Figure 22 it has some good properties but it is neither 
fast nor predictive enough to damp oscillations. Both of the above control systems have 
the same main problem, the need to predict the turns of the robot, thus meaning looking 
at the angle velocity. Due to the somewhat different properties of the angular velocity a 
controller based purely on that is not that easy. The solution that is implemented is a 
hybrid and it is easy to understand and implement. The result of this was astonishingly 
good. It was in a small interval stable for some time but when passing the zero angle 
point it gets a displacement that is not repairable. The fact that the controller with the 
velocity control on both parameters is less stable is probably due to the fact that it has a 
lot of parameters to tune and work together meaning it takes a lot more work to get it 
balancing properly. Also there is some noise and movement that gives a short but 
significant spurt of the aggressive PID controller for the thrust thus giving a disturbance 
the system cannot repair itself from. These controllers have the same strange habit of 
stabilizing on one side of the equilibrium point rather than at the equilibrium point, see 
Figure 23 and Figure 24. A habit that at first glance seems it is caused by the rubber 
bands having different tension. This is most likely not the case but rather caused by the 
properties of the controller. Meaning it finds a stable point between the propeller angle 
zero and actual zero as the propeller angle zero changes between these two rapidly. So 
the rubber bands are deemed not to have negative influence on the test. Looking at all 
the graphs of the control systems Figure 21-Figure 24, it seems that the angle around 
15° is the maximum the thrust and angle can manage to recover from but these systems 
receives a  large overshoot that it is not able to get back to stable.  

4.2 Conclusions 

As for designing a controller for this system, there are three things to have in mind. The 
system will have delays and limitations but not limiting the system and first and 
foremost the real life model is far from theory when it comes to this kind of highly non-
linear system. Two controlled inputs give a more stable system but are harder to tune 
and to get the two parameters to work together, not against each other. The most 
important aspect to achieve a stable system is using a predicting factor, such as the 
velocity of the robot. 
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5 RECOMMENDATIONS AND FUTURE WORK 

This chapter gives recommendations towards more detailed solutions and further 
improvements for continued work on this subject. 

5.1 Recommendations  

It is recommended to use a strong and fast servo or possibly a DC motor to adjust the 
angles of propellers, this using a drive belt or gears. Furthermore, a more robust frame 
and mountings or if preferred, decrease the size of the body and change to smaller 
motors.  
 
An IMU sensor has a reputation of being susceptible to vibrations and in hindsight a 
potentiometer or an encoder would be preferable due to easier and more accurate 
measurements of the body, even though using an IMU sensor is working well. Both these 
would work easily due to the stationary position of the base. 
 
When designing the control system it is recommended to control both parameters, e.g. 
the angle and the thrust of the propellers. A predicting factor such as velocity or 
acceleration is worth taking in account when implementing the control system.  
 

5.2 Future work 

For future work it is possible to implement another type of MISO controller such as LQR 
or LQG to achieve greater control. When a stable system is obtained around one axis it 
would be interesting to see it move around two axes. By using different speed on the 
motors, balance can be achieved in the direction not used in this project. 
 
Another extension of the project would be to stabilize the robot around a certain angle 
when giving a randomly chosen input. 
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APPENDIX A: ADDITIONAL INFORMATION 
 
Following figure is an initial estimation of the system, using simplified equation and set 
values to be able to get the data needed to make qualified decisions regarding the 
systems physical aspects. The system is set according to Figure 25. 
 

 
Figure 25. Simplified model of the robot. 

 
The equation given from putting the system in cylindrical coordinates is 
  

        θ pF = m rθ+2rθ = F sin α - mg cos θ , (8) 

   
where r is the distance from pivot to center of mass. Fp is the force from the propellers, 
m is the mass and g is gravitational constant. The angles θ and α  is the angle of the body 
respectively the angle, α, of the force in the interval -90°< (α , θ)<90°. 
Since ṙ=0 at all times, the eq. (8) can be simplified to 
 
    

 
    



pF sin α - mg cos θ
θ =

m r
.  (9) 

  
 
To measure the thrust of each motor, a test rig was made by mounting one of the motors 
to a wooden platform that was placed on a scale. By exchanging the two output wires 
between the motor and the ESC, the rotation of the motor got reversed and the thrust 
was now pointing downward. By giving the motor different current and voltage the scale 
indicated the thrust generated by the motor and propeller. The value from the scale was 
then converted to force (Newton). The results in Figure 26 and Figure 27 shows the 
maximum force of 3 N per motor, this is what will be used for further calculations.  
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Figure 26. Force over current. 

 
 

 
Figure 27. The force and current from given input to the motor. 

 
For simple evaluations, the angle α is set to be a function of the angle θ given in two 
different ways according to eq. (10) and (11). These two extremes are set after the cases 
where the thrust is always directed upwards respectively the case where the thrust is 
directed in the opposite position of the body creating an isosceles triangle.  
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π

α = -θ
2

  (10) 

 
 α = π - 2θ   (11) 
   
 
To test which of these yields the best characteristics for the system, MATLAB's ode-45 
solver was implemented. Given maximum force at all time (6 N), the body mass set to 
200 g and the distance to center of gravity set to 200 mm. Starting at steady state and 
given a disturbance of 360 deg/s, the result is displayed in Figure 28. 
 

 
Figure 28. Results from equation 10 and 11. 

 
 

Due to the results given in Figure 28 and eq. (11), these will be used for the rest of the 
simulations. 
 

     static max staticF = F + abs cos θ F - F ,  (12) 

 
where the Fstatic is the thrust that is constant at all time. The same test is implemented 
but using eq. (12) and giving the system different Fstatic. The result is  
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Figure 29. Results of simulations using eq. 12. 

 
Mass and distance to center of gravity are two physical properties that will affect the 
system. To get some sort of limitation on the robot construction, these are simulated. 
The mass was tested with eq. (11) implemented combined with the maximum force, it 
was also tested with eq. (12) implemented and Fstatic set to 2.5 N. The distance to the 
center of gravity is tested only using maximum force and eq. (11), but in this simulation 
the mass is set to 350g. The results are displayed in Figure 30 and Figure 31. 
 
 

 
Figure 30. Maximum displacement over mass of body. 
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Figure 31. Maximum displacement over the length to center of gravity. 
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