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ABSTRACT 
This project focuses on balancing a drinking glass, to be able to transport it without the contents 
being spilled. It is designed with the aim of replacing a waiter in a restaurant or bar 
environment, but the technology itself could well be applied on mobile cup holders in cars or 
boats for instance. The core of the project is to study how and if it is possible to create a 
platform capable of balancing a drinking glass when exposed to different acceleration forces. 
 
This report describes one way of constructing this cup holder, with explanations of how the 
hardware has been designed and put together as well as how the software was written to make 
the components work together.  

 
The objective was to tilt the platform so that the acceleration resultant always was aligned with 
the z-axis of the sensor. The balancing part was divided in two separate systems, each 
controlling one rotation around two perpendicular axes. The rotation was controlled by two DC-
motors, which counter forces that occur when the prototype is tilted and accelerated in different 
directions. To measure these movements, an IMU sensor containing both an accelerometer 
and a gyroscope was used. This sensor was placed in the center of rotation to increase sensor 
accuracy. To relate the input signal from the sensor to the output signal to the motors, a PID-
controller was used. It was studied whether mathematical modelling or experimental testing 
provided the best method to determine the parameter values for this PID-controller.  
 
To test the performance, data about acceleration and relative angle to the acceleration 
resultant was gathered. This showed how high accelerations the system could handle, to 
evaluate if the system could be used in a restaurant or a bar environment. It also showed how 
much the platform was tilting in relation to the acceleration resultant, which determines if the 
liquid would stay in the glass. Additionally, a survey was created to gather opinions regarding 
robots in a restaurant or bar environment.  
 
The implementation is deemed possible and the survey showed that there is a great interest 
for this product. A clear majority answered that they would be attracted to a restaurant or a bar 
with robotic waiters. The study of three different ways to apply the derivative part of the PID-
controller concludes that the use of the gyroscope was the best for this application, despite its 
inability to react on acceleration from linear motion. Experimental testing proved most time 
efficient to determine the parameter values for the PID-controller, but the non-linearized 
mathematical model of the system that is presented could well serve as a foundation to further 
improve this controller. 
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SAMMANFATTNING 
Detta projekt fokuserar på balanseringen av ett dryckesglas, för att kunna transportera detta 
utan att innehållet spills ut. Designen är främst tänkt för att ersätta en servitör i 
restaurangverksamhet, men teknologin kan väl appliceras till mobila dryckeshållare i 
exempelvis bilar och båtar. Kärnan i projektet är att studera hur och om det är möjligt att skapa 
en plattform som klarar av att balansera ett dryckesglas när den utsätts för olika 
accelerationskrafter. 
 
Denna rapport beskriver ett sätt att gå tillväga för att konstruera denna dryckeshållare, med 
förklaringar om hur hårdvaran har designats och satts ihop samt hur mjukvaran fått 
komponenterna att fungera tillsammans.  
 
Målet var att vrida plattformen så att accelerationsresultanten alltid var riktad längs sensorns 
z-axel. Balanseringen delades upp i två separata system som reglerar varsin rotation kring två 
vinkelräta axlar. Rotationen drivs av två DC-motorer, som motverkar de krafter som uppstår 
när testplattformen vinklas och accelererar i olika riktningar. För att mäta dessa röresler 
användes en IMU-sensor som innehöll både accelerometer och gyroskop. Sensorn var 
placerad i rotationscentrum för att öka precisionen i mätningarna. För att relatera insignalen 
från sensorn till utsignalen till motorerna användes en PID-kontroller. Det undersöktes om 
matematisk modellering eller experimentell testning gav den bästa metoden att bestämma 
parametrarvärdena till denna PID-kontroller. 
 
För att testa prestationsförmågan samlades accelerationsdata samt data om den relativa 
vinkeln till accelerationsresultanten. Detta visade hur höga accelerationer som systemet 
klarade att hantera, för att utvärdera om systemet kunde användas i en restaruang- eller 
barmiljö. Det visade även hur mycket plattformen lutade relativt accelerationsresultanten, vilket 
avgör om vätskan stannar i glaset. Till detta gjordes också en undersökning för att samla in 
åsikter om robotar i restaurang- eller barmiljö.  
 
Implementationen av denna robot bedöms möjlig och det finns ett intresse för en sådan 
produkt. En klar majoritet av de tillfrågade svarade att de skulle vara lockade till en restaurang 
eller bar med robotservitörer. Vid undersökningen av tre olika sätt att applicera den 
deriverande delen i PID-kontrollern drogs slutsatsen att användadet av gyroskopet var det som 
fungerade bäst i tillämpningen, trots att den inte kan ta hänsyn till acceleration från rätlinjig 
rörelse. Experimentell testning visade sig vara mest tidseffektivt för ta fram parametervärdena 
till PID-kontrollern, men den presenterade icke-lineariserade matematiska modellen av 
systemet kan väl utgöra en grund för att förbättra denna kontroller. 
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NOMENCLATURE 
Here are the symbols and abbreviations used in this report, explained with both name and 
appropriate unit where needed.  

Symbols 

Symbol Description 

θ Angle (rad) 

�̇� Angular velocity (rad/s) 

�̈� Angular acceleration (rad/s2) 

R Resistance [ohm] 

L Inductance [henry] 

T Torque [Nm] 

KT Torque constant [mNm/A] 

J Moment of Inertia [Kg m2] 

v Voltage [V] 

e Electromotive Force [V] 

Ke Back EMF constant [V*s/rad] 

b Dynamic friction constant [Nm*s] 

i Current [A] 

r Radius [m] 

l Length [m] 

Fc Centripetal Force [N] 

Ax Acceleration in x-direction [m/s2] 

Ay Acceleration in y-direction [m/s2] 

Az Acceleration in z-direction [m/s2] 

g Gravitational acceleration  [m/s2] 

e(t) Input signal to controller(error) 

u(t) Output signal from controller 

Kp Proportional parameter for PID-controller [unit less] 

Ki Integral parameter for PID-controller [unit less] 

Kd Derivative parameter for PID-controller [unit less] 

 



 X 

Abbreviations 

CAD Computer Aided Design 

IMU Inertial Measurement Unit 

DOF Degrees of freedom 

MEMS MicroElectroMechanical System 

DC Direct Current 

EMF Electromotive Force 

PID “Proportional – Integral – Derivative” Controller 

PWM Pulse Width Modulation 

RPM Revolutions per minute 

Eq. Equation 

RFID Radio-frequency Identification 

2D Two dimensions 

3D Three dimensions 
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1. INTRODUCTION 

This chapter gives a brief introduction to the background of the project as well as the purpose, 

scope and method of the same. The aim is to create a greater understanding of the underlying 

facts and what the rest of the report will cover as well as an insight into why this particular 

project was decided on.  

1.1. Background 

Stabilizing mechanisms are widely used in different areas in today’s industries, as well as 
becoming increasingly commercially available. A recent example is the viral video of a 
robotic beer holder, done by the Australian beer brand Hahn (Hahn, 2012). The video 
shows a robotic arm attached to the torso of a man, which stabilizes a glass of beer while 
the man dances. There are many similar examples, where the goal is to keep a platform 
still when affected by varying forces. 

There are other types of applications where stabilizing platforms might be used, when the 
objective is to tilt the platform so that the resulting acceleration always points straight 
downward from the platform. As an example, the cup holder in a car keeps the glass 
perfectly level and still, but the liquid inside would nevertheless splash out during sharp 
turns or sudden stops. If the cup holder was to be tilted as described, the content of the 
glass would be still as if the glass was standing still.  

With commercial robots becoming increasingly popular, the idea of robotic waiters is 
moving from being science fiction to soon becoming reality. By adding a balancing cup 
holder, the applicability of this robotic waiter is increased. An investigation of how this 
could be implemented will be done in this report. 

1.2. Purpose 

The purpose of this report is to investigate the possibilities for a robotic waiter and to 
develop a balancing arm for this. The construction is designed with the aim of it delivering 
drinks in varying environments. To do this, high requirements are put on the balancing 
capability of the arm. This report aims to answer the question if these requirements could 
be met with an affordable design, and to determine what further needs to be developed 
in order to realize this product. With that in mind, the research questions to be answered 
are as follows: 

-  “How do different methods of constructing a PID-controller affect the 
performance of the system?” 

- “How is the system affected by acceleration forces that occur whilst driving?” 
- “What are the requirements for a robotic waiter to be implemented into a 

restaurant or a bar environment, and does the robot fit the prerequisites to be a 
part of a complete robotic waiter?” 

1.3. Scope 

The chosen scope for this project is mainly defined by the load placed on the platform. 
Due to the purpose of the thesis project, the load is defined to be a glass of a predefined 
size suitable for testing purposes, where the water weighs approximately 165 grams.   
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The project is limited to a budget of 2000 SEK in which both material and components are 
included. Furthermore, the intended environment is limited to flat floors, in that they may 
be inclined but consistent in shape. For example, no stairs or cobblestone-like surfaces, 
since no suspension system is being built. 
 
The work consists of: 

 Mechanical design and its manufacturing, for the building of the prototype 
 Electrical and software design, to get the components to work together 
 Control design for the balance 
 Testing the performance of the controllers 

 
The testing is limited to non-liquid tests. This is due to the extensive work that needs to 
be done in order to make the construction waterproof, which is outside of the time frame 
of this project. 

1.4. Method 

The method of this project can be divided into four main parts; the design, the 
construction of the prototype, the controller and the testing.  
 
Firstly, a design for the robotic arm was created, with the objective to optimize the sensor 
location. Another possible design choice could have been to put the center of mass in the 
center of rotation, which would make the rotation easier due to a lowered moment of 
inertia. However, that would sacrifice the accuracy of the sensor readings, as explained in 
section 2.6 in this report. It would also require less of the controller, which would make it 
harder to evaluate the benefit of the controller. 
 
This design was created in Solid Edge, with specific CAD models of each component. This 
enabled calculations of moment of inertia, which were needed for the later mathematical 
modelling of the system. Made-to-measure parts were 3D-printed with PLA-plastic and 
combined with electronic components from the mechatronics lab at KTH. Two DC-motors 
were used for step less control, instead of servos or stepper motors for instance. A worm 
drive was used for one of these motors, to keep one rotation levelled despite uneven 
weight distribution. 
 
With the prototype complete, work continued with the construction of the PID-controller. 
Three different methods were used for the derivative term, to evaluate which gave 
optimal performance. Those were a simple discrete approximation of the derivative, an 
accelerometer filter and the use of a gyroscope. To tune the controller, both experimental 
testing and simulations using Simulink in MATLAB were used. The Simulink-model was 
created in two ways, as a linearized system in continuous time and as a non-linearized 
system in discrete time. This was done to evaluate the effect of the approximations for the 
linearized system.  
 
Data about the deviation angle to the acceleration resultant in combination with data 
about acceleration was gathered to answer the research questions. A survey regarding 
the demand for a robotic waiter and its requirements were answered by 182 people, to 
serve as a base for a case study about this robotic waiter from an industrial management 
perspective. 
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2.   THEORY 

This chapter covers the theory that constitutes the basis of which this project is built upon. 
It presents the theoretical reference frame to explain why certain decisions were made.  

2.1. IMU  

In order to balance the system, information about the current state is needed. For that, an 
Inertial Measurement Unit sensor with 6 DOF was used for this project, consisting of an 
accelerometer with 3 DOF and a gyroscope with 3 DOF. The accelerometer measures the 
acceleration and the gyroscope measures the angular velocity. Integration of the 
gyroscope data over time results in the angle.  

A MEMS sensor was used for this application, since it was small enough to fit on the 
platform. The MEMS accelerometer measures capacitance between two fix plates, in 
between which a plate is allowed to move due to acceleration. The intermediate plate’s 
position varies the dielectric properties of the capacitor, resulting in a changed 
capacitance, which can be amplified and measured as acceleration (Invensense, 2013). 

The MEMS gyroscope uses an inertial vibration to measure the angular velocity, instead 
of rotation like traditional gyroscopes. The vibrating part keeps vibrating in place even 
though its support structure rotates, and due to the Coriolis effect it then exerts a force 
onto the support structure. The gyroscope is also built as a capacitor, like the previously 
mentioned accelerometer, and its capacitance changes when these vibrating parts are 
moved. Thus, when the gyroscope is rotated, the support structure is moved and the 
change in capacitance can be amplified and measured as angular velocity (Invensense, 
2013).  

2.2. Modelling 

The objective here is to create a mathematical model of the system, to be able to simulate 
its behaviour. It will be used to choose the optimal parameters for the controller for the 
motor without a worm drive. The behaviour of the worm drive is hard to model, and focus 
will therefore be put on the other motor. This report will look at both a linearized system, 
with a transfer function relating the input voltage to the output angle, and a non-
linearized system.  

2.2.1. Model of DC-motor 
 
The circuit of the DC-motors is examined, as seen in figure 1. 

 
Figure 1 DC-motor 
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(1) 

(2) 

(3) 

(4) 

(5) 

Applying Kirchhoff’s Voltage Law (Johansson et al, 2013, 1-15) for this system results in 
the following: 

𝑉 − 𝑅 ∗ 𝑖 − 𝐿 ∗
𝑑𝑖

𝑑𝑡
− 𝑒 = 0 

 
Where “e” is the back EMF from the motor to be dependent on the angular velocity 
(Johansson et al, 2013, 7-11) 
 

𝑒 = 𝐾𝑒 ∗ �̇� 
 

Eq. (1) can then be rewritten as: 
 

𝐿 ∗
𝑑𝑖

𝑑𝑡
+ 𝑅 ∗ 𝑖 = 𝑉 − 𝐾𝑒 ∗ �̇� 

 
The torque from the motor is known to be proportional to the current flowing through 
the motor (Johansson et al, 2013, 7-12), or as the moment of inertia times the angular 
acceleration (Johansson et al, 2013, 7-3). To account for friction, the last equation is 
extended with the friction constant (b) times the angular velocity plus the the static 

friction (Fs) times the sign of �̇�, since friction is a dissipative force. This approximation of 
the friction is calculated and experimentally verified in Appendix A. The static friction will 
be neglected for the modelling, and instead implemented as a constant in the actual 
controller, which also is explained in Appendix A. It can also be noted that Ke and KT are 
the same when using SI-units, and are denoted as K from here.  

 
𝑇 = 𝐾 ∗ 𝑖 = 𝐽�̈� + 𝑏�̇� + 𝐹𝑠 ∗ 𝑠𝑔𝑛(�̇�) 

2.2.2. Modelling of the system 
 
 
 
 
 
 
 
 
 
 
 
 

As can be seen in figure 2, a torque due to gravity appears when the glass is tilted. This 
torque will counter the torque from the motor, and it must therefore be taken into 
account. The torque due to gravity equals: 
 

𝑇𝐺 = 𝑚𝑔𝑙 ∗ sin(𝜃) 
 
Where 𝑙is the distance along the z-axis to the center of mass when θ is zero.  

Figure 2 Torque due to gravity 
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(6) 

(7) 

(8) 

(9) 

(10) 

(11) 

(12) 

(13) 

(14) 

2.2.3. Non-linearized model 
 
For this non-linearized model, the equation for the torque is: 
 

𝑇𝐸 = 𝑇𝐷𝐶 − 𝑇𝐺 = 𝐾 ∗ 𝑖 − 𝑚𝑔𝑙 ∗ sin(𝜃) = 𝐽�̈� + 𝑏�̇� 
 
Using eq. (3), the current can be isolated. 
 

𝑖 =
𝑉 − 𝐾𝑒 ∗ �̇� − 𝐿 ∗

𝑑𝑖
𝑑𝑡

𝑅
 

Inserting eq. (7) in eq. (6) yields 
 

𝑇𝐸 = 𝐾 ∗
𝑉 − 𝐾 ∗ �̇� − 𝐿 ∗

𝑑𝑖
𝑑𝑡

𝑅
− 𝑚𝑔𝑙 ∗ sin(𝜃) = 𝑏�̇� + 𝐽�̈� 

 
This equation relates the angle to the input voltage, which makes it possible to create a 
Simulink model for the system. 

2.2.4 Linearized model 
 
For the linearized system, the sine function will be linearized and a transfer function is 
sought. Since the system quickly has to react to angular changes, it can be assumed that 
the angle never gets large. This justifies that the following approximation for small angles 
is used. 

 
𝑠𝑖𝑛𝜃 ≈ 𝜃 

 
Eq. (6) can then be rewritten as: 
 

𝑇𝐸 = 𝑇𝐷𝐶 − 𝑇𝐺 = 𝐾 ∗ 𝑖 − 𝑚𝑔𝑙 ∗ 𝜃 = 𝐽�̈� + 𝑏�̇� 
 
This can further be rewritten as: 
 

𝐾 ∗ 𝑖 − 𝑚𝑔𝑙 ∗ 𝜃 − 𝑏�̇� − 𝐽�̈� = 0 
 
Laplace transformation of eq. (11) equals 

 
𝐾 ∗ 𝐼(𝑠) − 𝑚𝑔𝐿 ∗ 𝜃(𝑠) − 𝑏𝑠 ∗ 𝜃(𝑠) − 𝐽𝑠2𝜃(𝑠) = 0 

 
Isolating the current I(s) results in 

𝐼(𝑠) = 
(𝑚𝑔𝑙 + 𝑏𝑠 + 𝐽𝑠2) ∗ 𝜃(𝑠)

𝐾
 

 
Then, Laplace transformation of eq. (3) can be done 
 

(𝐿𝑠 + 𝑅) ∗ 𝐼(𝑠) = 𝑉(𝑠) − 𝐾𝑠 ∗ 𝜃(𝑠) 
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(15) 

(16) 

(17) 

(18) 

Inserting eq. (13) into eq. (14) leads to 
 
(𝐿𝑠 + 𝑅) ∗ ((𝑚𝑔𝑙 + 𝑏𝑠 + 𝐽𝑠2) ∗ 𝜃(𝑠)) = 𝐾 ∗ (𝑉(𝑠) − 𝐾𝑠 ∗ 𝜃(𝑠)) 

 
Isolating θ(s) and V(s): 

 
𝜃(𝑠) ∗ (𝐽𝐿𝑠3 + (𝑏𝐿 + 𝐽𝑅)𝑠2 + (𝑏𝑅 + 𝐾2 +𝑚𝑔𝑙𝐿)𝑠 + 𝑚𝑔𝑙𝑅) = 𝐾 ∗ 𝑉(𝑠) 
 

And the final result is the following transfer function: 
 

𝐹 =
𝜃(𝑠)

𝑉(𝑠)
=

𝐾

𝐽𝐿𝑠3 + (𝑏𝐿 + 𝐽𝑅)𝑠2 + (𝑏𝑅 + 𝐾2 +𝑚𝑔𝑙𝐿)𝑠 + 𝑚𝑔𝑙𝑅
 

2.3. Uneven weight distribution 

When the center of mass is right above the rotating axis, the torque due to gravity is zero. 
This happens when θ is zero for the rotation of the glass, which makes it possible for the 
motor to rest when the system is in balance. However, this is not the case for the second 
rotation of this system. In the latter case, there will be a torque affecting the system when 
the angle (the error to the controller) is zero, and the output can therefore not be zero. 
For small angles, this torque is approximately constant, as shown in figure 3. 
 
 

 
 
 
 
 
 
 
 
 
  
The initial angle to the center of mass is denoted φ and the horizontal distance from the 
center of rotation to the center of mass is denoted x. For small angles θ, x and x´ are 
approximately the same. Therefore, the torque in this case equals:  
 

𝑇𝐺 = 𝑚𝑔 ∗ (𝑙 ∗ sin(𝜃) + 𝑥) ≈ 𝑚𝑔𝑙𝜃 + 𝑚𝑔𝑥 
 
This will be countered with feedforward control, since this deviation can be accurately 
predicted. The motor will require a higher voltage to compensate for the torque due to 
gravity, and this constant is what the feedforward control will result in. In addition to this, 
a worm drive will be used, which will lock the direction of transmission to input shaft. 
This will prevent the output (the torque due to gravity) from reversing the motor. 
 

Figure 3 Uneven weight distribution  
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(19) 

2.4. Moment of inertia 

The moment of inertia of the system affects its rotation, and needs to be calculated for the 
modelling of the system. The theory behind it is simple; the moment of inertia equals the 
mass times the squared distance from the rotational axis to the center of mass. For three 
dimensions, the distance in each direction is squared. Rotation around the x-axis is 
therefore: 
 

𝐽𝑥𝑥 = (𝑧
2 + 𝑦2) ∗ 𝑚 

2.5. Control Theory 

The core of the project comes from a branch of mathematics called control theory. This is 
essentially a way to calculate an input to a system in order to get a desired output. The 
controller for this project is based on a so-called PID-controller, which is a combination 
of a P, I and D controller. Each controller has a parameter value that needs to be tuned for 
a smooth performance.  
 
The “P” stands for a proportional controller, which only looks at the present error and 
scales this with the parameter value. A high value for the P-controller makes the system 
responsive, due to its ability to amplify small errors. The “I” stands for an integral 
controller, looking at the integrated error over time. The I-controller eliminates the 
steady state error, since small errors sum up to a greater value if the error is persistent. A 
high value for the I-controller will minimize the time that the system has an error. The “D“ 
stands for a derivative controller, which looks at the change of the error. It acts as a 
preventive controller since it looks at the derivative of the error, dampening the change 
or predicting a future error before it gets bigger. If this value is too high, it can instead 
create an error in the opposite direction due to overcompensation. 
 
In general, too low values will result in a system that is too weak to balance, or that reacts 
too slowly. Too high values will instead result in overshoot, where the system might end 
up in uncontrolled spin. The equation shown in figure 4 explains how the parameters are 
used mathematically (Åström and Murray, 2009, p. 1-24). 
 

𝑢(𝑡) = 𝑀𝑉(𝑡) = 𝐾𝑝𝑒(𝑡) + 𝐾𝑖∫ 𝑒(𝑇)𝑑𝑇
𝑡

0

+ 𝐾𝑑
𝑑𝑒(𝑡)

𝑑𝑡
 

Figure 4 Equation of PID-controller 

This is created as a closed loop system, where the output is fed back and checked with the 
reference value. The controller then handles the error between the output and the 
reference value. For this application, the feedback is essential for controlling the angle, 
where the feedback is the sensor data and the reference value is the desired angle of the 
platform. Feedforward is also used, to counter imperfections as static friction and 
imbalance due to an uneven distribution of mass. For this application, these imperfections 
are approximated to be constant, and constants are therefore added to the controller 
output to account for this. 
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The system will have saturation limits for the output, which might lead to a difference 
between what the controller thinks it is sending and what is actually sent to the motors. 
To counter that, integrator clamping is used, as an anti-windup method. This limits the 
integrator part to the saturation limits, so that this part does not keep increasing if the 
saturation limit is reached. This minimizes lag in the system, where otherwise the I-part 
would have kept increasing when the motor was saturated. 

2.6. Mechanical design for angle measurement 

This part concerns the theory about the sensor location, which is put at the intersection 
of both rotational axes. The reason behind this is best explained with an example of the 
opposite situation. If the sensor was to be put in another location, there would be a 
distance to each axis of rotation. This creates a lever arm, which disturbs the reading of 
the angle. When correcting an angular disturbance, the sensor would travel along with 
the lever arm, resulting in acceleration due to this movement. This acceleration would 
interfere with the reading of gravity, which is relied on for the reading of the angle. The 
longer the lever arm, the greater the speed and acceleration would be for this movement. 
Thus, decreasing this lever arm and ideally putting the sensor in the center of rotation 
eliminates this error. 

 
Figure 6 Visualizasion of lever arm due to sensor location 

2.7. Tilting angles 

To calculate the tilting angle, the acceleration is observed. An accelerometer will allow for 
compensation for accelerations in along the x- and y-axis, and not only for rotation as a 
gyroscope would. 
 

Figure 5 A general closed loop controller with feedforward 
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(20) 

(21) 

 
Figure 7 Acceleration in 2D and 3D  

θ can be approximated in both 2D and 3D as follows. 
  

𝜃2𝐷 = atan (
𝐴𝑥
𝐴𝑧
) 

 

𝜃3𝐷 = atan

(

 
𝐴𝑥

√𝐴𝑧
2 +𝐴𝑦

2

)

  

 
The 2D case is more valid when the platform is kept flat. When accelerating in the y-
direction only, the x-angle should not be affected. The 3D equation would in this case give 
an incorrect reading, since the y-component would be included. However, the goal here is 
not to keep the platform flat, but to tilt the platform so that the z-direction always is 
pointing in the resultant of the acceleration, as if the platform was standing still. When the 
platform is accelerated in the y-direction only, it is therefore supposed to be tilted, 
changing the z-component of the gravitational acceleration as shown in the 3D case. 
Therefore, the 3D case is chosen as an approximation of the angle, to be able to function 
when tilted. 
 
This approximation applies both to tilting of the platform as well as for acceleration and 
deceleration in the platform’s movement. If the platform (and therefore the sensor) is 
tilted with the same angle θ, then the z-component of the acceleration will always be 
pointing down from the platform, as desired.  
 
The same approximation applies when making turns whilst driving, where the centripetal 
acceleration is introduced. When turning, the resulting acceleration is the vector sum of 
the centripetal force and the gravitational force. 
 
 
 
 
 
 
 
 

 

Figure 8 Centripetal acceleration 
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(22) 

(23) 

The centripetal acceleration, for velocity v, equals:  

𝐴𝑐 =
𝑣2

𝑟𝑐
 

This determines the leaning angle θ as: 
 

𝜃 = atan (
𝐴𝑐
𝑔
) = atan(

𝑣2

𝑔 ∗ 𝑟𝑐
)
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3. DEMONSTRATOR 

This chapter describes the demonstrator and covers both how it was constructed as well as 
the results. 

3.1. Problem formulation 

The problem to be solved is that transportation of drinks often lead to that the drink is 
spilled when affected by sudden movements. Therefore, a balancing platform is built to 
counter these sudden movements.  

3.2. Software 

3.2.1. General structure 
 

 
 

Figure 9 Flowchart of the software 

The program structure for the balancing function is as follows: First, data is gathered from 
the accelerometer using an I2C protocol, containing information about the acceleration in 
the sensor’s three dimensions. From that, the angles around the x- and the y-axis are 
calculated, as explained in section 2.7 in this report. These two signals are treated 
similarly, each sent to a separate PID-controller. These are tuned differently for the two 
motors to account for physical differences. The output value from the PID-controller 
represents the output voltage that should be sent to the motors. However, due to 
limitations in the power supply, the output will be saturated to the absolute value of the 
voltage of the battery. This is then scaled to a PWM signal, where the saturation limits 
equals 255 and (-255) respectively. Depending on the sign of the signal, the motor should 
rotate in different directions. This is handled by two ports on the motor driver, where the 
direction is determined by which of these ports is high and which is low. The frequency 
of the PWM pins 3 and 11 was changed to 31250 Hz to get rid of audible noise from the 
motors. 
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3.2.2. PID-controller 
 

This section explains the PID implementation in detail. From modelling, simulation and 
testing, values for the three parameters P, I and D were determined. The input signal to 
the controller is the deviation angle to the acceleration resultant. For the proportional 
part, the error is simply multiplied by the Kp value. For the integral part, an approximation 
of the integration is done by a sum of all previous errors, multiplied by the time difference 
between the iterations.  For this, integration windup was also used, in the form of 
integrator clamping. The integral sum only kept increasing if the output signal from the 
controller was within the saturation limits. For the derivative part, three methods were 
tested. The simple derivative approximation was done by taking the difference between 
the current error and the previous error and multiplying it by the time difference. When 
using the gyroscope, it was scaled down to rad/s and multiplied by the Kd value. To 
counter accelerations in the x-direction, rotation is done around the y-axis. This means 
that the gyroscope value for y-axis has to be used in the x-controller, and the other way 
around for the y-controller.  The accelerometer filter is explained under derivative control 
in section 3.5.1 in this report. The code that was used is found in appendix B. 

3.3. Electronics 

 
An Arduino Uno is used for this project, with the microcontroller ATmega328P. It has 14 
digital I/O pins (of which 6 are digital PWM pins), 6 Analog Input Pins, 32 kB Flash 
Memory, 1 kB EEPROM, 2kB SRAM and a clock speed of 16 MHz. The IMU sensor is a MPU 
IMU CLICK, consisting of a MPU 6000, communicating with the Arduino via the I2C 
protocol at 400 kHz. The sensor sensitivity was set to ±2g for the accelerometer and 
±250⁰/s for the gyroscope. The motor control is done with the motor driver BB-L298 from 
Olimex. The Arduino is powered by USB to allow for serial communication to measure 
values, but could be powered with 7-12V through the upper left connector. The motor 
driver is powered with 5V for the internal logic and 12V for the motors. All of the motors 
are controlled with PWM signals from the Arduino, bridged by the motor driver. The 
ground on motor driver’s power source is connected to the ground on the Arduino to 
create a common ground. The rotation of the glass was done with a Faulhaber 2842006C 
DC-motor and the rotation of the entire system was done with the 12 V DC-motor 
CSD71P1, equipped with a worm drive. 

 
Figure 10 Overview of electrical connections 
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3.4. Hardware 

The mechanical construction consists of two DC-motors mounted in series. The first 
motor rotates the second motor via an arm, and together they have two degrees of 
freedom in which they can control the platform.  

 
The final extension arm from motor two holds both the platform and the chip in a small 
indenture just underneath the platform. 

Figure 11 

Figure 12 

Figure 11 Prototype including placement of IMU with axes of rotation 

Figure 12 Exploded view of the IMU placement 
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The design is constructed with the ultimate goal of eliminating acceleration disturbances 
from the balancing movement, as explained in section 2.6 in this report. The sensor is 
therefore placed in the centre of rotation, as can be seen in figure 12. By doing this, every 
compensating movement done by the system will be done without affecting the angle 
reading from the sensor. 
  
The first motor is intended to be mounted in a robotic waiter, where this motor acts as a 
shoulder. This motor also has a worm drive, for reasons explained in section 2.3 in this 
report. 

3.5. Results 

3.5.1. “How do different methods of constructing a PID-controller affect the 
performance of the system?” 

 
To answer this question, different methods of constructing a PID-controller will be 
discussed. To answer how they affect the performance of the system, a more general 
answer about its perceived performance will be given. More specific performance details 
are discussed in the following research question. 
 
Firstly, the approach of modelling the system and from there receiving PID-parameters 
will be discussed. After that, a more experimental approach will be discussed, with two 
different options for the implementation of the derivative controller.  
 
Modelling 
In order to simulate the system, a complete CAD-model with the correct weight for each 
component was done. From this, moment of inertia could be calculated for the first 
rotating body, as explained in section 2.4 of this report. The center of mass is displayed as 
a green dot in figure 13, with its coordinates listed in the window next to it. 

 Figure 13 Moment of inertia around the x-axis 
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(24) 

(25) 

 
The first body rotates around the x-axis, and its moment of inertia is therefore: 
 
𝐽𝑥𝑥 = (𝑧

2 + 𝑦2) ∗ 𝑚 = (0.030142752 + 0.000093562) ∗ 0.30193 = 274.332 ∗ 10−6 
 

The friction in the rotor was determined by measuring the rotor speed for varying 
voltages, as seen in appendix A. 
 
The data from the CAD-model was combined with a data sheet for the motors and the 
determined friction constant, resulting in table 1. 
 

Table 1 Parameter values for modelling 

Detail Parameter Value Unit Source 

Rotor inertia Jr 9.703e-7 Kg m2 Data sheet 

Moment of inertia A Ja 274.332e-6 Kg m2 Calculated 

Resistance R 1.6 Ω Data sheet 

Rotor Inductance L 145 µH Data sheet 

Torque constant K 11.0 mNm/A Data sheet 

Dynamic friction constant b 1.037e-3 - Calculated 

 
This contains all the necessary information for the parameters of the model of the system 
derived in section 2.2 in the report.  
 
Linearized model 
With the data in table 1, the transfer function is defined as:  
 

𝑇𝐹𝐴 =
0.0011

3.992𝑒 − 8 ∗ 𝑠3 + 4.406𝑒 − 4 ∗ 𝑠2 + 1.674𝑒 − 3 ∗ 𝑠 + 0.1442
 

 
 
 
With this, a Simulink model of the system can be constructed, as shown in figure 14. 
Continuous time functions are used, since the Laplace transform is in continuous time. 
 

 
Figure 14 Linearized model in Simulink 

 
From this, the system can be simulated in order to determine the parameters for the PID-
controller. The controller is set with saturation limits of (-12) V and 12 V, which is the 
maximum voltage from the battery. In addition to this, anti-windup is used to minimize 
overshoot due to this saturation.  
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Figure 15 PID values for linearized model 

 
Figure 16 shows the simulation of a step response of the system with these parameters, 
plotting the deviation angle against time.  
 

 
Figure 16 Simulation of linearized model 

 
Non-linearized model 
Here, the system was created with discrete-time functions, to better represent the actual 
system. A sample time of 5ms was set, as measured during the experimental testing. 

 

 

Figure 17 Simulink model of non-linearized model 
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The system was tuned with MATLAB’s PID-tuner and adjusted manually after that, 
resulting in the parameters shown in figure 18. 

 

 

 
Figure 19 shows the simulation of a step response of the system with these parameters, 
plotting the deviation angle against time. 

Derivative control 
The derivative control for a discrete-time system is a complicated part. The simple 
approximation of derivation by taking the difference of the current value and the previous 
value divided by the time step will result in a very spiky derivative. Small differences are 
scaled enormously by dividing by the short time step, and does very poorly represent the 
actual change. This was noticed when it was implemented in the controller, which then 
vibrated uncontrollably. To remove these high frequency fluctuations, two other methods 
were tried.  
 

Figure 18 PID-values of non-linearized model 

Figure 19 Simulation of non-linearized model 
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The first method was to implement a low pass filter. This filter, which is shown in the final 
code in appendix B, has the two parameters N (filter coefficient) and Kd(derivative gain). 
By increasing N, the filter becomes ideal and filters less. However, this also scales the 
derivative term, which amplifies the high frequency fluctuations that also are introduced. 
A low filter value filters more, but also adds a delay since high frequency changes are lost. 
The PID-tuner in the Simulink model suggests a filtering value of anything between 3000-
30000. In the actual system, an instability is clearly noticed if this value is increased above 
10. However, keeping this value low and instead increasing the Kd value resulted in a 
responsive derivative controller that could counter strong accelerations. 
 
The second method was to use the gyroscope for the derivative part. Since the gyroscope 
already measures angular velocity, it is directly measuring the derivative. In theory, this 
would be ideal for the derivative part, but only for angular changes. It does not capture 
the change in acceleration that occurs in a straight movement, which theoretically makes 
it less ideal for this application. Surprisingly, it actually performed better than the 
acceleration filter, resulting in smaller relative angles to the acceleration resultant when 
subjected to high accelerations. The controller is smoother with the gyroscope than with 
the filter and the shaking is eliminated.  
 
Experimental testing 
With the derivative filter as explained above, the controller was tuned with the following 
parameters: 

Table 2 PID-controller with accelerometer filter 

Dimension Proportional Integral Derivative N 

X 7 3 0.3 8 

Y 19 8 0.1 10 

 

With the Gyroscope, the controller was tuned with the following parameters: 
 

Table 3 PID-controller with gyroscope 

Dimension Proportional Integral Derivative 

X 9 3 0.3 

Y 19 8 0.1 

 
These values resulted in the best performance in each case, among the numerous 
combinations that were tried. The two controllers are fast, but the controller in the x-
dimension has a slight shaking with the derivative filter. These controllers were those that 
were used for the following results.  

3.5.2. “How is the system affected by acceleration forces that occur whilst 
driving?” 

 
To answer this question, data regarding deviation angle and acceleration was gathered 
during testing. This was done to measure what the maximum deviation angle was, and for 
how high accelerations the system was able to still balance the object. The recorded 
values with the accelerometer filter is plotted in figure 20, and the gyrscope in figure 21. 
The accelerometer values are measured in g and the angles are measured in radians on 
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the same axis. The x-axis shows samples, each being 5 ms long, making the strongest 
shaking 1.5 s long in figure 20. 

 
Figure 20 Test with accelerometer filter 

With the accelerometer filter, it can be seen that the system managed to counter 
accelerations up to 2g in the x-direction (blue) with a maximum deviation angle of 1.49 
rad (85 degrees). In the y-direction, accelerations up to 1.14g were countered, with a 
maximum deviation angle of 0.98 rad (56 degrees).  

 
 
With the gyroscope, it can be seen that the system managed to counter accelerations up 
to 2g in the x-direction (blue) with a maximum deviation angle of 1.33 rad (76 degrees). 
In the y-direction, accelerations up to 1.87g were countered, with a maximum deviation 
angle of 1.34 rad (77 degrees).  
 

Figure 21 Test with gyroscope 
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(26) 

(27) 

3.5.3. “What are the requirements for a robotic waiter to be implemented into 
a restaurant or a bar environment, and does our robot fit the prerequisites 
to be a part of a complete robotic waiter?” 

 
To answer this question, an estimation of the maximum acceleration forces that normally 
would occur in a restaurant or a bar environment is done. In addition to this, the entire 
next section is dedicated to answering this from an industrial management perspective. 
For the technical part, the two aspects are deceleration due to emergency stop and 
centripetal acceleration due to turning.  
 
A human walking speed could be approximated to 2 m/s, roughly 7 km/h.  To detect 
obstacles, a distance sensor could be used. A reasonable sensor distance for this 
application could be estimated to 0.5 m, which sets the upper limit for the stopping 
distance. Motion with constant acceleration results in the following equation for stopping 
distance: 
 

𝑑 =
𝑣0
2

2 ∗ 𝑎
 

 
Decelerating from 2 m/s to standstill in 0.5 m equals an acceleration of 4 m/s2. The x-
rotation is capable of handling accelerations of up to 2 g, which equals 19.64 m/s2. In other 
words, there is a large margin here, with possibilities of both increasing velocity and 
decreasing sensor distance.  
 
For the centripetal acceleration, equation 22 from section 2.7 in this report is used. 
 

𝐴𝑐 =
𝑣2

𝑟𝑐
 

 
An approximation of the turning radius could be 0.5 m, to allow for quick turns around 
tables or similar obstacles. Keeping the velocity at 2m/s as previously discussed, the 
centripetal acceleration would be 8 m/s2. The y-rotation was tested with accelerations up 
to 1.19g, which equals 11.69m/s2.  
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4. CASE STUDY 

This chapter covers a case study from an industrial management perspective, regarding the 
implementation of a robotic waiter. 

4.1. Introduction 

This chapter covers and discusses the application based on our constructed 
demonstrator, whether it could and should be implemented and under what 
circumstances. This mobile balancing platform is meant to be used for transportation of 
beverages, to replace the need for a human server. Since this will allow for acceleration 
and deceleration due to sudden stops and turns, it will mimic the human movements that 
make this transportation smooth. To create a better understanding of demand and how 
this service would be received, a questionnaire was created (Appendix C).  

4.2. Cost 

The first component in whether this application would be successful is its cost. This will 
naturally be weighed against the cost of a human performing the same task. For this 
purpose, it is assumed that the robot and the human are working under the same 
circumstances. That means that the waiter only serves food and beverages. This does not 
require much experience to do, so for comparison it is further assumed that this person 
is earning the minimum wage 124 SEK per hour (Hotel- och resturangfacket, 2016). This 
would mean that one day’s work would cost 992 SEK plus employer contributions.  
 
The cost of our robot is calculated to be around 1970 SEK (see appendix D). This would 
mean that the payback on this investment would be roughly two days. However, it should 
be noted that this construction is far from complete, and extensions such as a driver 
system and sensors would be needed for actual use in the industry. To add an automatic 
manoeuvring system with a possibility to identify a specific customer would further 
increase the value and the applicability of this robotic waiter. What can be said about the 
total cost however is that if only the arm has a payback time of two days, it can be assumed 
that the total payback time would not exceed 30 days, after which it would be generating 
profit except for some maintenance.  

4.3. Sustainability 

In today’s society, sustainability is becoming increasingly more important. This can be 
applied in numerous ways but focus in this report will be on the three pillars of 
sustainability – economically, socially and environmentally.  The economic part has 
already been covered in the section above and thus will not be mentioned further. As can 
be seen in figure 22, all three aspects need to be covered to achieve sustainability. 
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Figure 22 The three pillars of Sustainability 

 
Socially it is important to understand that whilst doing this project with efficiency and 
cost reduction in mind, we are ultimately depriving people of their jobs. Our robot, if 
improved and added with some more features, could definitely replace a traditional 
waiter. It is therefore important to see what role the robot could be given without it 
having to make an entire work force unemployed. To solve this, an analysis of the work 
needs to be done. A waiter’s day is often rather stressful; there are many orders to 
complete and several customers to satisfy. However, if a robot could be assigned to hand 
out the food, the waiter would have much more time to serve and tend to the customers. 
This in turn would lead to a less stressful environment for the waiters as well as 
potentially creating an even better atmosphere in the restaurant.  
 
The last pillar of sustainability is the one that is in constant focus, the environmental 
aspect. The production of the robot has to be done in a way that is environmentally 
friendly, both in terms of choice of production method as in choice of materials. It also 
needs to be energy efficient, which can be controlled both in software and hardware 
design. An example of this is our choice of the first motor. By using a worm drive, the 
energy consumption is limited as it is self-locking. An interval can then be defined where 
a constant current is not needed to hold it level, thus conserving energy. We need to be 
aware of the resources we are exploiting and preferably use renewable resources as much 
as possible as well as materials that can be recycled. This is done with the aim to decrease 
our ecological footprint and sustain the world we live in.  

4.4. Application 

It is hard to estimate the value that the human service adds, which would be hard to 
replicate. On the other hand, the robot could add a new value that also should be 
considered. In a world where robot assistance is increasing drastically, there could be a 
high demand for robot service in the restaurant business as well. There would be no rude 
waiters (at the cost of no exceptional service), and there would be a value of the novelty 
of robotic waiters, which could attract customers.  

To estimate the demand for this product, a survey was answered by 182 people, which 
helped to draw conclusions whether this is something people want. The complete survey 
with results can be found in appendix C.  
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To analyse the group that answered the survey, questions were asked regarding their age 
and technical interest. This showed that even though the majority had a high technical 
interest, the group was mixed. Regarding age, 82 % were in the age span of 18-25 and 
11.5 % were in the age span of 25-35. Even though this limits the analysis, this gives a 
good picture of the future guests at bars and restaurants.   

 
When asked whether it would be interesting to visit a bar or restaurant with a robot as a 
waiter, 78.5 % answered that it would attract them to that establishment. This clearly 
shows that a robotic waiter creates additional value just on its own. In this regard, a 
robotic waiter could well improve business just as a marketing drive to attract customers.  

 

 

 

It was also investigated how important human interaction is in a restaurant 
environment. Even though the spread is quite substantial, it is evident that human 
interaction is important and has to be taken into account when creating and designing 
waiter robots. 

 
Figure 24 Responses to ”How important do you think human interaction is when being served in a 

restaurant environment?” 

Figure 23 Responses to ”Would you be interested in visiting a bar/restaurant with a robot 
serving food or drinks?” 
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Table 4 shows cross-reference data for different questions, calculated with excel. This 
was done to analyse the group that would be attracted to a bar or a restaurant with 
robotic waiters, as well as the group that would be deterred. 

 
Table 4 Cross-reference data from survey  

Total asked 182 

Attracted to a bar 142 

Deterred from a bar 19 

    

Attracted to a bar with high technical interest 59,86% 

Attracted to a bar with general technical interest 38,03% 

Attracted to a bar with positive thoughts of a robotic society 72,54% 

Attracted to a bar with negative thoughts of a robotic society 12,68% 

Attracted to a bar with no opinion on a robotic society 14,08% 

Attracted to a bar but satisfied with a robot at home 16,20% 

Attracted to a bar with wish for a robot at home 71,83% 

Attracted to a bar with no wish for a robot at home 9,15% 

Attracted to a bar average appreciation of human service 
                  

6,71 / 10 

    

Deterred from a bar with high technical interest 47,37% 

Deterred from a bar with general technical interest 47,37% 

Deterred from a bar with positive thoughts of a robotic society 31,58% 

Deterred from a bar with negative thoughts of a robotic society 52,63% 

Deterred from a bar with no opinion on a robotic society 15,79% 

Deterred from a bar but satisfied with a robot at home 26,32% 

Deterred from a bar with wish for a robot at home 42,11% 

Deterred from a bar with no wish for a robot at home 31,58% 

Deterred from a bar average appreciation of human service 
              

8,63 / 10    

 
From this, it can be seen that among those attracted to a bar or a restaurant with robotic 
waiter, the technical interest were quite evenly distributed among “high” and “general”. 
It means that apart from those with high technical interest, there are almost as many that 
are interested that “only” label themselves as generally interested. This greatly increases 
the target group for robotic waiters, from what can be expected to be only people with 
high technical interest. A majority of the attracted group also answered that they wished 
they had a robot at home, and that they were positively inclined to a society where robots 
were naturally incorporated. This group still highly values human interaction, with an 
average of 6.71/10. 

Regarding the other group, those who would be deterred from a bar or a restaurant with 
robotic waiters, the responses had exactly equal parts of high and general technical 
interest. This is interesting, and shows that those who oppose this are not mainly people 
with no technical interest. This group is quite evenly distributed among those with 
positive and negative thoughts of a robotic society, even though the majority has negative 
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thoughts. 42 % still wished they had a robot at home, even though they do not want it at 
a restaurant. This indicates that this group does not generally dislike robots. This group 
values human interaction very high, with an average of 8.63/10, which could be a reason 
for them to be deterred from robotic waiters. 

4.5. Conclusions 

It is fair to say that given the information stated in the section above, the introduction and 
use of similar robots would greatly decrease costs. It also has the potential, if 
implemented correctly, to create a healthier working environment for human waiters. 
This would positively affect the customers and hopefully provide a better experience.  

It is very important to bear in mind whilst designing this service that although cost and 
efficiency is important, focus has to be on making the product seem human. Even though 
a robotic waiter can be an interesting feature, our survey shows that human interaction 
still is very important and will have a negative effect if not taken into account. This opinion 
was shared between both those who would and would not be attracted to a bar or a 
restaurant with robotic waiters. The robot should therefore at least have some human 
features and should be able to interact in a natural manner. 

From the survey, it is clear that there is a high interest for a robotic waiter, not only among 
people with high technical interest.  Among those who would be deterred from a bar or a 
restaurant with a robotic waiter, it is hard to find a common reason. This group consists 
of even parts high and general technical interest, which shows that the choice is not based 
on this. Neither is the reason a disinterest in robots, since a quarter of the group are 
satisfied with robots at home and 42 % want a robot at home. The clearest reason is the 
valuation of human service, which again points out the vitality of a robot with human 
elements, or the explained combination of a human waiter and a robot deliverer.  

What also is important to understand when implementing such a robot is that it will be 
judged harder than a normal waiter would be. For it to be a success, it needs to be better 
than human waiters. This is because robots are viewed in another light than a human 
would be. An example of this would be if a human spilled a drink over a customer. The 
human could apologise and most of the times that would be alright. Should a robot do the 
same however, it is likely the response would be different. This is why a robot must exceed 
its human opposite, for it will be questioned and evaluated in a different manner.   
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5. DISCUSSION AND CONCLUSIONS 

This chapter summarises and discusses the results and theory mentioned and conclusions 
are presented.   

5.1. Discussion 

5.1.1. “How do different methods of constructing a PID-controller affect the 
performance of the system?” 

Sadly, neither of the two modelling attempts were successfully implemented. The values 
suggested by MATLAB’s PID-tuner were generally extremely high, far from the values that 
resulted in a functioning controller. This was very clear for the linear case, which gave the 
worst approximation of the actual system. The non-linearized modelling responded quite 
well for the values that worked in the actual controller, but the filter value had to be 
greatly increased. The actual implementation of the filter obviously worked differently 
compared to the filter in Simulink. Since there are numerous ways a derivative filter could 
be implemented, not too much attention should be paid to this filter value. Since we 
managed to implement a functional filter, we focused more on the other parameters and 
how they affected the performance. 

  
The filter constant is obviously overlooked when a gyroscope is used for the derivative 
part. As explained under derivative control in section 3.5.1., the gyroscope resulted in a 
better controller, based on the tests that showed that the deviation angles were lower for 
equally high accelerations. This was not expected since the gyroscope is unable to predict 
an increasing error in acceleration, but only counter rotation. Since the shaking was 
reduced with the gyroscope, it allowed for higher values for the other parameters, which 
also contributed to a better controller. This makes the comparison between the different 
D-controllers harder, but it should be noted that the objective is not to only evaluate the 
D-controllers but to evaluate the performance of the entire PID-controller. There might 
well be a combination of PID-parameters that makes the filter perform better, but that 
extensive testing was outside of the time frame for this project.  

 
Experimental testing proved time efficient to get a functioning controller, but to perfect 
this it would probably require more accurate modelling.  With four parameters, the 
possibilities are almost endless. There might exist other stable combinations of more 
aggressive parameter values that are hard to find experimentally. The presented 
modelling could act a foundation for further improvements, where different 
approximations can be done. The most important part would be to investigate what is 
missing in the model that allows for such high parameter values, which proves to be 
unstable. 

5.1.2. “How is the system affected by acceleration forces that occur whilst 
driving?” 

The controller manages to stabilize high accelerations, as presented in section 3.5.2 in this 
report. However, stabilizing the platform and keeping the drink inside the glass are two 
different things. To measure this, the relative angle was plotted, which showed that it 
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deviated up to 1.49 rad in the x-direction. If this were to occur under longer periods, the 
water would spill. For shorter periods though, it is possible that the water could be kept 
inside, since it does not spill out instantaneously. The real question boils down to: for how 
long can a greater deviation angle be allowed before the drink is spilled? Modelling the 
flow of water is very complex and left out of this report, so it is hard to answer under 
which circumstances that the drink actually will spill. Perhaps it spills even though the 
angle does not get big, but instead oscillates quickly around a smaller value. These 
uncertainties make us think that doing the tests with water would be a better way to 
determine this, but it would instead require a waterproof construction. This is a 
complicated thing, since it has to be thoroughly done to avoid short-circuiting. This is 
outside the scope for this project, and this testing is therefore left out. 

When testing the system, it is difficult to do two tests that are exactly the same. This would 
be necessary to be able to make more accurate conclusions. What we have done is made 
the comparison as precise as possible and compared similar parts between the two 
graphs and made our conclusion based on these analogous intervals. This is of course a 
potential source of error and should be taken into account when making own conclusions.  

5.1.3. “What are the requirements for a robotic waiter to be implemented into 
a restaurant or a bar environment, and does our robot fit the 
prerequisites to be a part of a complete robotic waiter?” 

This question has been answered in two different contexts, with a discussion in an 
industrial management perspective covered in chapter 4 in this report. What follows here 
is the technical discussion of its applicability. 

As can be seen from the tests, the functionality of the platform is well within the limits of 
what is required for a restaurant or a bar environment. As discussed in section 3.5.3 of 
this report, the robot enables even better performance than a human would. What is 
discussed here is the possible limits for the system that is already constructed. 

With 2 g as a limit of maximum acceleration and 2 m/s as fixed velocity in the x-direction, 
the emergency sensor distance could be decreased to 10 cm. This is perhaps not realistic, 
since the problem then instead would be the distance limitation of the glass rotation. With 
0.5 m as fixed stopping distance, the velocity could be increased to 4.43 m/s, almost 16 
km/h. Although, with that velocity, the centripetal acceleration would be 37 m/s2. It is 
clear that this would be the limiting factor, where the velocity would have to be lowered 
for turns. 

5.1.4. Potential sources of errors 

There are several potential sources of errors in this project. When working with 
mechatronics there are always the possibility of complications with the components, 
which sometimes can be hard to identify. Since most of the components had been used 
before in the mechatronics lab at KTH there could potentially be some wear and tear that 
could cause errors. The H-bridge was a concern during the process, a concern we think 
we overcame by connecting it to a separate power source, but there could well be some 
disturbances or errors due to that component. Even though we were very careful and 
precise in our connections, we are working with moving components and glitches could 
occur due to bad connections. The difficulty to conduct identical tests have already been 
discussed and is one of the major error sources to our conclusions that can be identified 
in this report.  
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5.2. Conclusions 

We can conclude that it is fully plausible for our construction to stabilize accelerations 
that would occur in a restaurant or a bar environment. How well it would perform with 
water in the glass is hard to estimate, since it would need a waterproof design for testing. 
To improve this controller, more work needs to be done on the modelling side. The 
gyroscope performed better in our tests, but since these were very limited in time there 
might well be possible combinations of PID-parameters that makes the filter perform 
better. The conclusion here is that both implementations worked well, and the optimal 
solution might be a combination of both.  
  



 30 

 
 
 
 
 
 
 
 
 

This page has been intentionally left blank. 

 
 
 



 31 

6. RECOMMENDATIONS AND FUTURE WORK 

In this chapter recommendations and suggestions of future work is given.  

6.1. Recommendations 

Regarding the choice of sensor location, the chosen location with the sensor in the center 
of rotation performed well. Regarding sensor choice, two options are possible. If focus is 
on an affordable design, then an accelerometer can be the only sensor that is needed. This 
can be backed up with the result that the accelerometer filter worked, even though it 
performed slightly worse. If an IMU with both an accelerometer and a gyroscope is 
available, then the gyroscope is recommended for the D-controller.  

When tuning the PID-controller, experimental testing is recommended as a first step. The 
modelling needs to be non-linearized for this application and the filtering values can be 
overlooked if other filters or gyroscopes are used. 

6.2. Future work 

To further test if the content of this drinking glass would stay inside the glass during these 
compensations, the design has to be waterproof. This will allow for tests with a filled 
drinking glass, which will give a more accurate answer on if this is possible to implement 
or not. 

Since it is hard to model the flow of the water, it was left out of this project. The non-
linearized model mimicked the actual behaviour best, and should be the model that are 
used for further improvements. 

More work should be done regarding safe stopping distances and how the robot would 
deal with sudden obstacles. An example of this is how it would react if a customer makes 
a sudden movement just in front of the robot. The development of such an avoidance 
algorithm could minimize the risk of spilled drinks over customers and further increase 
the robot’s usefulness.  

Another feature is an identification system, to be able to deliver the beverage to the right 
customer. For it to be efficient, it has to be autonomous in its work. RFID tags could be 
used to identify the customer, and could be combined with other systems that help the 
robot to find its way around the establishment. Furthermore, it has to be able to identify 
objects and obstacles. The environment in a restaurant changes constantly as people 
move around. This could be done using various sensors, such as ultrasonic and infrared 
sensors for distance measurements and optical sensors for image processing. 

It was clearly proven in the study that human interaction is an important part. This means 
that the robot has to be developed in a way so that it can interact with people. The robot 
José is a previous example of this, which was constructed to serve appetisers and had the 
ability to communicate and interact with its environment (Elinas P. et al, 2002, “Waiting 
with José, a vision based robot”). If an interaction similar to this could be implemented, and 
possibly perfected, it would be of great benefit to the product and its success.  
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8. APPENDIX  
 

8.1. Appendix A: Friction Calculation 

To calculate the friction coefficients, the torque equation below is used: 
 

𝑇 = 𝐾𝑇 ∗ 𝑖 = 𝑏�̇� + 𝐽�̈� + 𝐹𝑠 ∗ 𝑠𝑔𝑛(�̇�) 
 
If the rotation is constant, then the angular acceleration is zero. Then the current is 
constant, and the derivative of the current is zero. Therefore, the inductance does not 
need to be taken into account, and the current can be described as: 
 

𝑖 =
𝑉 − 𝐾𝑒 ∗ �̇�

𝑅
 

Combining these two equations: 
 

�̇� =
𝐾𝑡

𝑅 ∗ 𝑏 + 𝐾𝑡 ∗ 𝐾𝑏
∗ 𝑉 + 𝑅 ∗ 𝑠𝑔𝑛(�̇�) ∗ 𝐹𝑠 

 
Where the static friction Fs is introduced, always increasing the needed torque for a given 
angular velocity.  
 
Measuring the angular velocity [rpm] in relation to input voltage [V] results in the 
following table: 
 

Table 5 Linear regression of friction constant 

V 0,6 0,8 1 1,2 1,5 2 2,5 3 3,5 4 5 6 7 8 9 10 11 12 

rpm 25 39 47 60 78 110 143 172 203 236 300 365 430 491 556 619 678 742 

rad/s 2,6 4,1 4,9 6,3 8,2 11,5 15,0 18,0 21,3 24,7 31,4 38,2 45,0 51,4 58,2 64,8 71,0 77,7 

 
Fitting this data to a first degree polynomial using linear regression with MATLAB’s 
polyfit() function results in: 
 

�̇� = 6.6223 ∗ 𝑈 − 1.6133 ∗ 𝑠𝑖𝑔𝑛(�̇�) 
 

Using the equation above, values for b and Fs can be found. 
 

𝐾𝑡
𝑅 ∗ 𝑏 + 𝐾𝑡 ∗ 𝐾𝑏

= 6.6223, 𝑅 ∗ 𝑠𝑔𝑛(�̇�) ∗ 𝐹𝑠 = −1.6133 

 

𝑏 = 
𝐾𝑡 − 𝐾𝑡 ∗ 𝐾𝑒 ∗ 6.6223

𝑅 ∗ 6.6223
= 1.0373 ∗ 10−3 

 

𝐹𝑠 =
1.6133 ∗ (𝑅 ∗ 𝑏 + 𝐾𝑡 ∗ 𝐾𝑒)

𝑅
= 1.6749 ∗ 10−3 
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Plotting the measured values (*) and the approximated linear function, it can be seen that 
the two are very similar, which confirms this linear relationship. The angular velocity can 
of course not be non-zero when the input voltage is zero, and the rotation will not change 
for small voltages. The model should in other words be interpreted as no output rotation 
until this function is positive. �̇� = 0 when V=0.24, which with a 12V power source would 
equal a constant PWM increase of: 
 

0.24𝑉

12𝑉
∗ 255 = 5.176 

  

 
Figure 25 Linear regression of friction constant 
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8.2. Appendix B: Code 

Parts of the code are listed below, to show how the controller was implemented. 
 
Frequency change to 32150 Hz on PWM pins 3 and 11: 
  TCCR2B = TCCR2B & 0b11111000 | 0x01; 
 
Angles approximations: 
  double roll_comp=sqrt(AcZ*AcZ+AcY*AcY); 
  double pitch_comp=sqrt(AcZ*AcZ+AcX*AcX); 
  double roll  = atan2(AcX, roll_comp); 
  double pitch  = -atan2(AcY,pitch_comp); 
 
Integrator summation and clamping: 
  if (corrX <12 && corrX>-12){ 
    sumX = sumX + roll*dt; } 
  if (corrY <12 && corrY>-12){ 
    sumY = sumY + pitch*dt; } 
 
Derivative approximation: 
    yDx=(roll-lastErrorRoll)*dt 
    lastErrorRoll = roll;  
    corrX = KpX*roll + KiX*(sumX) - KdX*yDx; 
   
Derivative filter: 
    yDx = Nx*(roll*KdX-sumDx); 
    sumDx += yDx*dt; 
    corrX = KpX*roll + KiX*(sumX) - KdX*yDx; 
 
Gyroscope derivative: 
  corrX = KpX*roll + KiX*(sumX) - KdX*GyY; 
 
PWM-scaling 
 corrX=21.25*corrX; 
 corrY=21.25*corrY; 
 
Feedforward 
 if(corrY>0){ 
   corrY=corrY+128;} 
 else { 
   corrY=corrY-80;} 
  
 if (corrY>255){ 
  corrY=255; } 
 else { 
  if(corrY<-255){ 
  corrY=-255;} 
 } 
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Motor signals 
 if (PWMX>0){ 
    digitalWrite(motor1in1,HIGH); 
    digitalWrite(motor1in2,LOW); 
    analogWrite(enA,PWMX); 
 } 
 else { 
    digitalWrite(motor1in1,LOW); 
    digitalWrite(motor1in2,HIGH); 
    analogWrite(enA,abs(PWMX)); 
 } 
   
 if (PWMY>0){ 
    digitalWrite(motor2in2,HIGH); 
    digitalWrite(motor2in1,LOW); 
    analogWrite(enB,PWMY); 
 } 
 else { 
    digitalWrite(motor2in2,LOW); 
    digitalWrite(motor2in1,HIGH); 
    analogWrite(enB,abs(PWMY)); 
 } 
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8.3. Appendix C: Questionnaire  

Do you currently have a robot in your home? (182 svar)

Yes - and I am satisfied

Yes - but I regret it

No - but I would like to have one

No - I have no interest whatsoever

Don't know / No opinion

17%

12,6%

67%
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Would you be interested in visiting a bar or a restaurant with robots

serving drinks or food?
(181 svar)

How important do you think human interaction is when being served in a

restaurant environment?
(182 svar)

What do you think about a society where robots are naturally

incorporated?
(181 svar)

Yes - it would attract me to the bar/

restaurant

No - it would deter me from that bar/

restaurant

It wouldn't make a difference

Don't know/ No opinion

8,8%

10,5%

78,5%

.. 1 2 3 4 5 6 7 8 9 .. ..
0

20

40

4 (2,2 %)4 (2,2 %)4 (2,2 %)4 (2,2 %)
7 (3,8 %)7 (3,8 %)

11 (6 %)11 (6 %)

18 (9,9 %)18 (9,9 %)

12 (6,6 %)12 (6,6 %)

37 (20,3 %)37 (20,3 %)48 (26,4 %)48 (26,4 %)

26 (14,3 %)26 (14,3 %)

15 (8,2 %)15 (8,2 %)

Positive due to reasons such as

efficiency, higher precision, removal of

the "human factor", general

fascination of robots etc.

Negative due to reasons such as fear

of robots taking over, less human

control, less human interaction etc.

Don't know / No opinion

14,4%

17,1%

68,5%
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8.4. Appendix D: Cost calculation 

 
Table 6 Cost calculaion 

Part Cost (SEK) 

Faulhaber 2842 S 006C 1000 

12 V DC motor CSD71P1 
(10$ when purchasing 
>1000)  

161 

PLA Plastics 112 

Arduino Uno 202 

Motor driver BB-L298  82 

IMU 6050 316 

12V Battery 101 

Total cost 1974 

 
The 6V motor is no longer available for sale, but its worth is estimated to be 1000 SEK. 
The 12V motor can only be bought in quantities of 1000 or more. Since the quantity 
discount is not likely to exceed 50 %, the unit price is estimated to $20. PLA plastic for 3D 
printing can be bought for 300 SEK/kg, and 374 g was used for this project.  
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