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Synopsis  

The following project describes the process followed to successfully design and model an inverted 
pendulum. The pendulum rod is connected to a rotary encoder from which the angle of the rod is read.  
A brushed DC motor is used to respond appropriately to this angle and try to keep the system stable by 
keeping the rod balanced vertically. However, to get the correct speed and direction of the DC motor, a 
proportional, integral and differential control needs to be implemented. 

Three concepts were developed, all having their own advantages and disadvantages. An evaluation 
matrix was set up to evaluate the concepts to determine the best solution for the problem. 
Programming and electrical elements make up the majority of the project, therefore, the most simple 
and effective design was used.  A microcontroller is programmed with C code to compute and analyse 
the error read in from the rotary encoder. The microcontroller will then send a signal to the H-bridge 
using PWM to drive the DC motor in the appropriate direction, to counter act the motion of the falling 
rod. Tests were conducted to analyse the system to observe the success of the project. 
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1. Introduction 

Balancing an inverted pendulum is an appropriate means to introduce the concept of control systems 
and error compensation to a student. An inverted pendulum (IP) is a loose rod that is balanced vertically 
upright by any suitable method. A good example of an inverted pendulum is trying to balance a broom 
in the palm of the hand. 

This project has been conducted by many universities all over the world. It is an appropriate control 
system problem dealing with an unstable system and requires the implementation of proportional, 
integral and deferential (PID) controllers.  These controllers are then used to control the DC motor that 
will move at a certain speed to counter the falling rod. All the methods and programmes learned 
throughout the four years of mechatronics is used to successfully design and implement the inverted 
pendulum. 

1.1 Background 

There are many inverted pendulums used to date. It is a tool used to introduce the concept of an 
unbalanced system. There are two types of inverted pendulum, linear and rotary. There are many ways 
of designing the control system for this problem. These various ways include using various programming 
languages or using various software packages. This project has been done previously using Matlab 
(Logan, 2006), lab view (Hovingh, 2007) and microcontrollers (Charais, 2004) , each of them having 
their own advantages and disadvantages. For this project a micro controller will be used. 

1.2 Applications  

The application of an inverted pendulum is quite rare. It is mainly used in an educational manner - to 
introduce control systems and unbalanced systems. The most well-known application of an inverted 
pendulum is the device named Segway. 

The Segway uses the same principle as an inverted pendulum. When there are disturbances acting on 
the inverted pendulum rod, the base where the rod is attached responds to that and moves in the 

direction needed to keep the pendulum balanced. 

If a person on a Segway leans forward, the Segway motor will drive in a certain direction to keep the 
person balanced and likewise when the person leans back. Therefore, both applications are about 
balancing the system and compensating for disturbances acting on the system. 

1.3 Aim 

The aim of this final year project is to successfully design and construct an inverted pendulum. The 
correct mechanical and electrical components need to be selected. These components need to be 
integrated together in such a way that the system successfully balances the inverted pendulum rod. 
Tests and experiments need to be conducted to evaluate the success of the project. 
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1.4 Theory 

Calculations were done to choose the correct components and devices required for the project. The 
torque of the motor and the torque of the inverted pendulum rod were calculated to make sure that the 
DC motor can compete with the torque of the Inverted pendulum. 

Finite element analysis (FEA) was implemented on the mechanical structure of the inverted pendulum. 
Important sections were analysed in more detail. 

1.5 Previous Experiences 

During this project it was a conscious decision to use and implement all the software and programs that 
was covered over the past four years in Mechatronics Beng. The reason for this was to experiment how 
all these programs that was studied in a theoretical manner, can be implemented in a practical way. 

The following programs were used to design and implement an inverted pendulum: 

 Catia – Is a CAD software that was used for 3D sketches, 2D drafts and FEA 
 

 Matlab – Was used for analyses of transfer functions, calculate results of mathematical 
equations and a GUI program was written to make the inverted pendulum user friendly 
 

 Multisim – An electronic drawing program was used to analyse circuits. 
 

 Arduino DE – This was new programming software; however it was the same C code that was 
covered in previous modules. 
 

 Microsoft Project – Was used to construct gantt charts and network diagrams to plan the 
project ahead setting due dates. 

 

2. System Requirements 

The system is required to balance a rod in a vertical position at all times. When an external force tries to 
disrupt this, the system must compensate for that and return the rod to the upright position. It is 
important to identify factors that will affect the system’s ability to respond to the disturbance, these are 
called technical performance measures (TPMs). Important TPMs required for this system are:  

 Weight – The weight of the rod will affect the stress and strain that is inflicted on the rotary 
encoder and the cart. A heavier rod will bend more than a lighter one. Excessive bending will 
cause the system to become unstable. 
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 Torque – The torque of the motor will indicate the maximum angle the rod can be recovered 
from. It is important that the motor has the same or more torque than what the inverted 
pendulum rod inflicts at a specific angle. 
 

 Response time – A rotary encoder is used to measure the angle of the inverted pendulum rod. 
The microcontroller has to respond to these readings fast enough to send the correct 
information to the motors.  
 

 Cost – The project has a budget of R5000. Therefore, it is important to keep the cost as a design 
and constructing factor. 
 

 Length of rod – A longer rod is easier to balance than a short one. However, the longer it is the 
more flexible it becomes, which will result in increased deflection. Therefore, a suitable length 
of rod had to be chosen. 

These factors can make the system respond quicker or slower depending on what technical parameters 
are chosen. All these factors was calculated and optimized later in the report. It is important to note that 
the pendulum will start from the desired upright position and the system is not required to operate 
outside a 20 degree range. 

3 Planning  

Any successful project requires thorough planning. It is ideal to know what aspect of the project will be 
done when. It is important to choose which aspects need to be done first, which aspects can overlap and 
which aspects can be left for the end. In this section, skills that were learnt in Project Management 
(EPM4111) was used to determine critical paths and construct gantt charts. The Gantt chart and the 
network diagram can be found in the Appendixes. 

3.1 Goals  

The following were goals set out to successfully complete the project: 

 Purchase and collect all the necessary equipment – Manufacturing of parts and purchasing 
electrical components. 
 

 Assemble the mechanical system - This includes attaching the cart to the rotating joint, 
mounting the rotary encoder to the cart and mounting the DC motor to the bottom of the cart. 
 

 Electrical Assembly – Connecting the H-bridge and the rotary encoder to the microcontroller. 
Connecting wires to their respective ports. Connecting all the components together. 
 

 Preliminary testing -  Checking if all electrical components are in working condition, test the 
connection between the microcontroller and the computer, ensure that all mechanical parts are 
sturdy and well mounted, and test if the DC motor can be controlled. 
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 Microcontroller with H-Bridge control – Control the motor with the H-bridge, make the motor 
vary its speed, and make the motor react to the falling of the pendulum. 
 

 Programming – Start coding the program using a PID system to attempt to make the unstable 
system stable. 
 

 Implement the code – Upload the code onto the microcontroller and observe how the system 
reacts. 
 

 Final testing and refinement – observe any complications regarding the hardware and/or 
software and attempt to rectify the mistakes. 

4. Problem Analysis and Concept Generation 

The following section of the report will look at the different concepts designed for an inverted 
pendulum. Three concepts where generated as possible solutions. An evaluation matrix was constructed 
to make a decision on which concept will be the best solution. The three concept designs are all 
different, but they all share the same purpose. The following criteria were used to determine the best 
possible solution. 

 Cost 

 Reproducibility 

 Ease of assembly 

 Robust  

 Complexity 

A rotary encoder measures the angle of the inverted pendulum rod and is incorporated in each concept 
below. 

4.1 Concept One – Linear lead screw 

Concept one is a linear inverted pendulum. This concept makes use of a stepper motor connected to a 
lead screw.  When the stepper motor rotates it will rotate the lead screw which will move the cart base 
in a linear motion. This motion is what will keep the inverted pendulum rod in an upright position. The 
stepper motor will be attached to the side of the supporting structure. 

The concept design can be seen in figure 1. It consists of a stepper motor, lead screw, steel base, and a 
rotary encoder. 
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The base of the cart is a rectangular- shaped plate that will be attached to the lead screw. The cart will 
also have guiding wheels that will fit into slits in the supporting frame as illustrated in figure 2 and figure 
3. 

 

 

 

Figure 2 - Full view of concept 1 

Rectangular cart base 

Guiding wheels 

Lead screw 

Rotary encoder 

Cuts in the supporting structure 
where guiding wheels fit  

Figure 2 - Illustration of guiding wheels 

Pendulum Cart 

Pendulum rod 

Supporting frame 

Where the stepper motor 
will be attached 

Figure 1 – Full view of concept 1 
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The guiding wheels on the cart will allow the system to move smoothly and quickly from one direction to 
the next and that is a vital part in designing an inverted pendulum. 

A closer investigation of the advantages and disadvantages of this concept are discussed in the lists 
below.  

4.1.1 Advantages 

 The system is very stable and robust. 

 Stepper motor allows for accurate positioning. 

 There is not direct contact between the pendulum and the rotary encoder. 

4.1.2 Disadvantages 

 The components are expensive. 

 Difficult to assemble. 

 It has complicated parts e.g. worm gears. 

 Not easy to reproduce. 

 Stepper motor slow in changing from one direction to another. 

4.2 Concept Two: Linear Cart 

Concept two is similar to concept one. Both are linear inverted pendulums that move in a linear 
direction to keep the inverted pendulum in an upright position. Concept two is a simplified version of 
concept one. It makes use of less-complicated parts. Figure 4 gives a full view of this concept.  

Inverted pendulum rod 

Guiding wheels 

Lead Screw 

Figure 3 - Close up on guiding wheels 



 

 

16 | P a g e  

 

 

Figure 4 - Full view of concept 2 

 

The cart is driven by a brushed DC motor which is connected to the wheel. The DC motor will move the 
cart in a linear direction depending on the position of the inverted pendulum rod. The cart will be 
connected to a guiding rod as illustrated in Figure 5.  

 

 

 

 

 

 

 

 

 

The guiding rod will have a permaglide bush connected to it so that the cart can move smoothly in a 
linear direction.  A wooden step is used to ensure that the guiding shaft and the cart’s wheel are in a 
straight line so that no unnecessary forces act on the system. 

Guiding rod 

Wooden 
support 

Wooden beam to 
keep cart straight 

Inverted 
pendulum cart 

Inverted 
Pendulum Rod 

Wheel 

Guiding 
Rod 

Rotary Encoder 

Wooden step 

Figure 5 - Side view of concept 2 
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This concept has the following advantages and disadvantages:  

4.2.1 Advantages 

 The mechanical structure is easy to assemble 

 The parts needed for construction is cheap 

 Can be moved from one place to another with ease 

 Simple design, but it is effective 

4.2.2 Disadvantages 

 Guiding shaft may cause friction 

 The front section of the base might want to rotate 

 Shaft might buckle or slip 

4.3 Concept Three: Rotary IP 

This concept makes use of a circular motion to keep the pendulum balanced upright. The components of 
this design consist of a triangular cart which is pivoted around the centre of a wooden base by a joint. 
This joint allows the triangular cart to rotate in a circular motion.  

The joint that is used for the pivot will be a similar joint used in weather vanes that are used to follow 
the direction of the wind. This joint will consist of bearings and permanent joints which will allow ease of 
rotation without buckling or slipping. Figure 6 illustrates the full view of the rotary Inverted pendulum. 

  

 

 

 

 

 

 

 

 

 

Rotating 
joint 

DC motor 

Inverted 
pendulum rod 

Wooden 
base 

Triangular Cart 

Figure 6 - Full view of concept three 
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The DC motor will be controlled by an H-Bridge. The H-Bridge is an electronic device that changes the 
polarity of the DC motor so that the shaft of the motor can quickly change direct. The rotary encoder 
will be used to read the angle of the rod. The encoder and the rod will be joined by a special 
manufactured joint illustrated in Figure 7. 

 

 

This concept has the following advantages and disadvantages:  

4.3.1 Advantages 

 The assembly of the structure is simple 

 It is a cost effective system 

 Can be moved from one place to another with ease 

 Simple but effective. 

 Using circular movement caused by one wheel as its advantage 

 Less space required to move in a circular motion. 

4.3.2 Disadvantages 

 Shaft is connected directly to encoder 

 Shaft might bend away from the system due to centrifugal forces 

4.4 Evaluation Matrix 

Table 1 illustrates the best concept with respect to cost, reproducibility, ease of assembly, robustness 
and complexity 

Table 1 Evaluation matrix for concept selection 

Criteria Weight (%) Concept 1 Concept 2 Concept 3 

Cost 10 2 0.2 6 0.6 8 0.8 

Reproducibility 30 6 0.2 8 0.26 8 0.26 

Ease of assembly?  20 5 0.25 7 0.35 7 0.35 

Robust 20 9 0.45 8 0.4 7 0.35 

Complexity 20 2 0.1 8 0.4 8 0.4 

Total   1.2  2.01  2.16 

In relation to table 1, it is evident that concept three is the best solution to the problem. It is important 
to note that cost is not a very important aspect to the project as the budget allowed exceeds the cost of 
an IP. Being robust and reproducible are the two most important aspects of the design. Concept three is 

Figure 7 - Side view of concept three 

Rotary encoder 

Joint that connects the 
rotary encoder and rod 

DC motor 

Wheel 

Figure 7 - Side view of concept 3 
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better in both aspects. As concept three does not have to fight against any rotational forces, it is more 
robust. It is also much easier to manufacture the parts needed in concept three than concept one or 
two.  

5. Final Concept Description 

Concept three was selected as the final design. The details of the various sections namely mechanical 
(5.1), electrical (5.2) and means of control (5.3) are outlined below. The following mechanical parts 
where manufactured for the final design: 

Table 2 - List of mechanical Parts 

List of mechanical Parts 

Part Name Quantity Material Type 

Base 1 Press wood 

Clamps for motor 1  Aluminum 

Clamps for Encoder 1  Stainless steel 

Cart's base 1  Stainless steel 

Pivot               1  Stainless steel 

Wheels               2  Solid Orange rubber 

Weights for Rod 3  EN8 steel 

Pod for rod 1  Stainless steel 

5.1Mechanical Design  

5.1.1 Base 

The base is a round press wood base with a thickness of 10mm. This is used as the surface upon which 
the inverted pendulum will rotate. There is a small hole in the centre of the base for the pivot joint to be 
inserted. Figure 8 illustrates the wooden base. 

 

Figure 8 - Wooden base 

Hole for 
pivot 
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5.1.2 Cart Base 

For the cart that will be rotating in a circular motion to keep the rod upright, a triangular shape was 
chosen. Figure 9 illustrates the cart’s base. 

There are five holes drilled to mount the wheels, the encoder and the front hole where the cart will be 
pivoted around the center of the wooden base.  

Iron was chosen as the material due to the fact that it is strong. Iron will also not bend when the cart is 
rotating in a circular motion. If the cart bends it will cause vibration of the system and this is an 
undesirable phenomena. 

5.1.3 Rotary clamp 

Figure 10 and figure 11 illustrate the clamps used to connect the rotary encoder to the triangular base 
plate; they were specifically manufactured to fit the rotary encoder’s diameter perfectly. These plates 
where manufactured from stainless steel. 

 
 

 

 

 

Holes to be connected 
to plate 

Holes for pivot 

Holes for right wheel 

Holes for left wheel 

Holes for rotary encoder 

Figure 9- Triangular plate used for cart 

Figure 10 - Side view of clamp Figure 11 - top view of clamp 



 

 

21 | P a g e  

 

 

 

 

 

 

This perfect fit keeps the rotary encoder stable during operation. The rubber band keeps the rotary 
encoder protected, but most importantly will reduce vibrations that occur during operation. 

5.1.4 Pod connecting rod to encoder 

 

 

 

 

 

Figure 13 and figure 14 indicate the connecting pod between the rod and the encoder. The pod has two 
screws. The top one is used to tighten the pod onto the rotary encoder and the side one is to tighten the 
rod to the pod. The top screw is manufactured in such a way that it gets screwed on the flat part of the 
rotary encoder without damaging the rotary encoder itself. 

 

 

 

 

 

 

 

Screw used to connect pod 
to the rotary encoder 

Bolt M6 8.8 used to tighten rod 
to the pod 

6mm hole 

Rubber band protecting 
the rotary encoder from 
clamp 

Flat part of rotary encoder 

Figure 12 - Illustration of rubber 

Figure 13 Top view of pod 
Figure 14 - Side view of pod 

Figure 15 - Rotary encoder 
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Figure 15 illustrates the flat part of the rotary encoder where the pod was connected to. 

5.1.4 Rotating joint  

One of the most important parts of the system is how it rotates about the centre of the base. A similar 
concept was used to the mechanism found on a weather-vane. Figure 16 is a schematic diagram of the 
rotating joint used. The table 2 indicates the materials used to construct the rotating joint. 

 

Table 3 - Materials used for rotating joint 

Parts used in rotating joint 

Stainless steel 10mm Round Grade 304 

EN8 16mm Round For shaft Grade EN8 

Permaglide Bush 

M6 Bolts with 1mm pitch 

Ball Bearing, Ball diameter 10mm 

Washer 6mm 

 

 

 

 

 

 

 

 

 

 

The joint has two parts that are interlinked with one another. The bottom part of the joint where the 
top part gets inserted has two distinct features that make the top part free to rotate, they are: 

Shaft where triangular 
plate gets fixed to 

Permaglide Bush 

Shaft cut at 45 degrees 

Ball Bearing 

Part of shaft that was screwed in 
wooden base 

 
Figure 16 - Illustration of rotating joint 
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 Ball bearing - Small metallic or ceramic spheres used to reduce friction between shafts and axles 
in a number of applications. 

 Permaglide Bush – Is a small cylindrical shape metal piece that is used to make the rotating 
joints rotate with ease in one another. 
 

Figure 17 illustrates the bottom half of the rotating joint. 

 

The top part of the rotating joint is specially manufactured to fit precisely inside the bottom part of the 
rotating joint. The bottom of the top part of this rotating joint is machined at a 45 degree angle. This 
machined surface will rest on the ball bearing. This ball bearing with the combination of the permaglide 
bush allows the top part of the rotating joint to rotate smoothly inside the bottom part. Figure 18 
illustrates the top part of the rotating joint and the 45 degree cut at the bottom. 

 

 

 

 

 

Top part of the rotating 
joint 

45 degree cut 

Wooden base 

Bottom half of 
rotating joint 

Hole where top 
of rotating joint 
gets inserted Permaglide Bush inside 

Ball bearing inside 

Figure 18 - Top part of rotating joint 

Figure 17 - Bottom part of rotating joint 
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Figure 19 illustrates the complete connection between the two linking joints. The triangular base gets 
connected to this joint so that it can rotate in a circular direction with ease. Figure 20 indicates where 
the triangular cart was mounted to the rotating joint. 

5.1.5 DC motor clamps 

Figure 21 illustrates the connector used to connect the DC motor to the inverted pendulum cart. The 
connector is made of pollystone plastic, which is light but strong. It was specially manufactured to fit the 
DC motor at the bottom the connector. To tighten the DC motor to the connector, aluminum brackets 
where used as illustrated in Figure 22. These aluminum brackets were bent so that they fit tightly 
around the radius of the motor. The tighter the clamp, the fewer vibrations there will be. 

Screw to tighten the base cart to 
the rotating pin 

Washers protect base cart Gap between top and bottom 
rotating joint, where the cart 
gets tighten 

The hole that is mounted to 
the rotating joint 

Figure 19 - Top and bottom part connected 

Figure 20 - Illustrating connection with triangular base and triangular cart. 
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Aluminum clamps 

DC motor 

Bolts – Fixing the aluminum clamps 
to the pollystone brackets 

Connector between DC 
motor and cart 

DC motor 

Connector between wheel 
and DC motor 

Figure 21 - Side view of DC motor clamp 

Figure 22 - Bottom of DC motor connectors 
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It is important to note that the two identical connectors where manufactured for each side, left and 
right. Figure 23 and figure 24 indicate where these DC connectors were situated.  

5.1.6 Assembled inverted pendulum 

The following steps were taken to assemble the inverted pendulum:  

 The bottom half of the rotary joint is fastened to the centre of the wooden base. 

 The top half of the rotary joint is fastened to the point of the triangular plate.  

 The clamps of the wheels are fastened to the bottom corners of the triangular plate. 

 The DC motor is attached with the clamps. 

 The connecting joint between the DC motor and the wheel is connected to the DC motor. 

 The rotary encoder is fastened by the rotary clamp on the bottom edge of the triangular base. 

 The wire pole is connected at the point of the triangular base. 

 The top part of the rotating joint is inserted into the bottom part. 

The bill of materials used for the assembly is in Appendix D. The assembled inverted pendulum is 
illustrated in figure 25 and figure 26. A step-by-step illustration of construction is illustrated in Appendix 
F. 

 

 

Threaded hole that will 
be connected to cart 

Indication where the 
two were connected Figure 23 - Triangular cart plate 

Figure 8 - Top view of the connector between DC motor and Cart 
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Steel pole to keep 
wires of ground 

Triangular base 

Rotary encoder 
clamp 

Wheel 

Free turning joint 

Speaker wire for 
DC motor 

DC motor  

Wooden Board 

Rotating joint 

Figure 25 - Fully assembled inverted pendulum top view 

Figure 26 - Fully assembled inverted pendulum side view 
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5.2 Electrical 

The following section looks at the electrical part of this project. A closer look was taken at the various 
sensors used, the DC motor chosen and other electrical components used. Table 3 lists the electrical 
components required to perform the task of an inverted pendulum. 

Table 4-List of Electrical components 

Name Part Number Quantity 

Microcontroller Arduino Mega 2560 1 

Rotary Encoder Rotary Encoder - 1024 P/R 
(Quadrature) 

1 

H-Bridge Driver L298 Dual H-Bridge Motor 
Driver 

1 

DC Motor Wild Thumper Motor with 
75:1 gearbox 

1 

Power Supply 12V - 2Amps 1 

Voltage Regulator  7806 1 

5.2.1 Microcontroller 

One of the main goals of this system is to balance an inverted pendulum, but it cannot be achieved with 
a one hundred percent mechanical system. The more important part of this project was the electrical 
and coding side of it. There are many ways of programming and balancing the pendulum. Some of the 
ways include Matlab, Labview, microcontrollers, FPGA and PLC’s. For this project it was stated in the 
requirements that a microchip or development board should be used. 

The advantages of microcontrollers are that they can work offline and are very small and easy to work 
with, whereas programs like Lab View and Matlab are PC based programmes, which means the system 
will require a PC to be connected at all times. The main question now is which microcontroller to use. 

Through many hours of research, there were two microcontrollers or microchips that stood out as 
possible selections for the project, namely, the Microchip PIC and the Arduino development board. The 
PIC is one of the most used microchips in the world today. The problem with the PIC is that the user 
needs to have a decent understanding of the chip and the language used to write the programme. It is 
not very easy for a newcomer to just start implementing the PIC microchip straight away.   

The Arduino is one of the latest micro boards to date. It is specially designed for hobby enthusiasts. 
What makes Arduino different to the PIC range is that it is not actually a PIC, but an AVR. AVRs are part 
of the microcontroller families made by Atmel. These microcontrollers can be programmed to carry out 
a wide range of operations. This microcontroller has pins that one can set as digital inputs or outputs. 
There are also built in peripherals like timers, A/D converters, serial interface, pulse width modulation 
(PWM) and many more. AVRs are one of the easiest microcontrollers to work with and are fairly cheap. 
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One of the main advantages of the Arduino, besides its many on board capabilities, is the fact that it is 
open source. There are many support groups, free programs and a lot of technical help available. 

When these factors are considered, the Arduino was selected as the microcontroller that is used in the 
final design. 

5.1.2.1 Arduino 

The Arduino Mega 2560 was selected as the microcontroller. It uses its own coding language which is 
similar to C. The Arduino is shown in Figure 27. 

 

 

 

 

 

 

 

 

The microcontroller has the following specifications (Arduino, n.d.): 

 54 digital inputs/outputs (14 can be used as PWM outputs) 

 16 analog inputs 

 16 MHz crystal oscillator 

 USB Connection 

 ICSP header 

 Power Jack 

 5 V Operating Voltage (current 40 mA) 

 7-12 V Input Voltage 

 It regulates 3.3 V on one output pin (current 50 mA) 

Since the Arduino requires a 7-12 V supply, an AC-DC adjustable 12 V adapter was used. 

Figure 27 - Arduino Mega 2560 
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5.2.2 Rotary Encoder 

The rotary encoder was selected to read the angle at which the pendulum tilts. This rotary encoder is a 
quadrature encoder, with 1024 pulses per revolution. This means that for every 0.35 degrees the rotary 

encoder rotates it sends 1 pulse to the microcontroller. One advantage of a rotary encoder is that it can 
move 360 degrees, whereas a potentiometer normally has a fixed amount that it can rotate. 

The rotary encoder outputs grey code instead of binary or analog. This is ideal for a control system using 
feedback because the control system uses digital signals. Therefore, there is no need for an A/D 
converter. Grey code has a big advantage over binary, grey code only has one bit changing at a time 
where as binary can have more than one bit changing at a time. This is ideal for high capacitive circuits, 
or systems with a slow response. A Natural Binary state change from 0011 to 0100 could cause the 
counter to read 0111, whereas grey code only one bit changes, so the system only needs to take note of 
one bit change.  

The rotary encoder has 5 wires: ground, live, Output A, Output B, and Output Z. Output A and B are the 
grey code values. As the encoder rotates these outputs either become a 1 or a 0 in a certain pattern. 
That pattern is illustrated in Figure 28.  

 

 

 

 

 

 

When the rotary encoder rotates clockwise port A becomes a 1 before port B and when the encoder 
rotates counter-clockwise, port B becomes a 1 before port A. Taking note of how the rotary encoder 
produces pulses, code was written accordingly. When the microcontroller determined that it was 
moving clockwise it would add one to an integer, if the encoder determined that it was moving counter 
clockwise it would minus one to that integer. This integer will then later be used to determine the 
position of the pendulum. 

Output Z becomes a 1 whenever the rotary encoder rotates a full revolution; this is not needed for this 
project therefore it was not used. 

5.2.2.1 Rotary encoder specifications 

The specifications of the rotary encoder are as follows: 

Figure 28 - Rotary encoder pulses ( Arduino tutorial 6, N.d) 



 

 

31 | P a g e  

 

 Resolution: 1024 Pulse/Rotation; 

 Input Voltage: 5 - 12VDC; 

 Maximum Rotating Speed: 6000rpm; 

 Allowable Radial Load: 5N; 

 Allowable Axial Load: 3N; 

 Cable Length: 50cm; 

 Shaft Diameter: 6mm; 

 256 KB flash memory. 

5.2.2.2 Rotary encoder connection to microcontroller 

The quadrature rotary encoder has five wires. Table 4 illustrates the connection between the rotary 
encoder and the Arduino Microcontroller. Pin 2 and pin 3 are interrupt pins on the microcontroller. 

Table 5 Connection between the rotary encoder and Arduino microcontroller 

Rotary Encoder Wires 

Rotary Encoder wires Brown(1) Blue(2) White(3) Black(4) Orange(5) 

Arduino Pins 5 VCC Ground Pin 2 Pin 3 Not used 

The full schematic of the connection between the rotary encoder and the Microcontroller is in the 
Appendixes. 

5.2.3 H-Bridge Driver 

The double H driver module uses ST L298N dual full-bridge driver. It is a high voltage, high current dual 
full-bridge driver designed to accept standard TTL logic levels and drive inductive loads such as relays, 
solenoids, DC and stepping motors. 

The H-bridge driver has several important features. These include:  

5.2.3.1 H-Bridge Features  

 Light weight, small dimension 

 Super driver capacity  
 FWD protection  

 Heavy load Heat sink  

 Power selection switch  

 4 pull up resistor switch  

 2 DC motor/ 4 coil dual phrase stepper motor output  

 Motor direction indication LED  

 4 standard mounting holes 
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Figure 29 illustrates the layout of the H-Bridge connection; this specific H-Bridge Driver can drive two DC 
motors simultaneously, but only one was needed for this project.  Port A was used to control the DC 
motor. 

Port A has three pins, I1, I2 and EA. I1 and I2 are digital ports that are used to control the direction of 
the DC motor, and EA connects with the PWM port of the control board to control the speed of the 
motor. 

If I1=1and I2=0, the motor rotates clockwise. 

If I1=0 and I2=1, it rotates anticlockwise. 

If I1=I2，it stops rotating. 

 

 

 

 

 

 

 

 

5.2.3.2 Connection between H-Bridge and Microcontroller 

The dual H-bridge has three pins that were connected to the microcontroller: EA, I1, and I2. These pins 
control the various directions and speeds of the DC motor. There are three power ports on the H-bridge: 
VMS, ground and +5V. Vms is the supplied voltage for the motor and +5V is the logic voltage. Table 5 
illustrates the connection between the H-Bridge and the Microcontroller. 

 

 

Figure 29-Layout of H-Bridge (N/A, 2010) 
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Table 6 - Connection between h-Bridge and microcontroller 

Connection between H-bridge and Microcontroller 

H-Bridge Ports I1 I2 EA Vms Ground +5V 

Arduino Pins Pin 12 Pin 13 Pin 6 12 V external Power supply Ground 5V 

Pin 12 and pin 13 are digital output pins; they are either high or low. Pin 6 is a PWM pin that will control 
the speed of the motor. 

5.2.4 Motors 

This project considered three types of motors for the application of an inverted pendulum. They include 
brushed DC motor, a stepper motor and a servo motor. To make an appropriate decision on which 
motor to use then there are a few factors to consider: 

 Torque of the motor 

 Rpm of the motor  

 Size of the motor 

 Time to change direction 

A comparison was made between three motors. The following sections look at the advantages and 
disadvantages of the three different motors.   

5.2.4.1Continuous brushed DC motor 

A brushed DC motor has the following advantages and disadvantages: 

4.2.4.1.1 Advantages 

 Wide selection available, both new and used.  
 Easy to control via computer with or microcontrollers 
 With gearbox, larger DC motors can power a 90kg robot. 

5.2.4.1.2 Disadvantages 

 Requires gear reduction to provide torques needed for most robotic applications. 
 Poor standards in sizing and mounting arrangements 

5.2.4.2 Stepper motor 

A stepper motor is also a type of DC motor. The main difference is that the stepper motor requires 
pulses to be sent to it, for it to rotate. Each pulse is translated into a degree of rotation. For example, a 
2.4o stepper motor will revolve its shaft 2.4o on every pulse that it receives. Often, due to this 
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characteristic, stepper motors are called also digital motors.  Unlike DC and servo motors a stepper 
motor does not rotate continuously. 

Stepper motors have the following advantages and disadvantages: 

5.2.4.2.1 Advantages  

 Does not require gear reduction to power at low speeds. 
 Low cost  

5.2.4.2.2 Disadvantages 

 Poor performance under varying loads. Not great for robot locomotion over uneven surfaces. 
 Consumes high current. 
 Needs special driving circuit to provide stepping rotation. 

5.2.4.3 Servo Motor 

A servo motor is a small motor with an output shaft. Similar to the stepper motor, a servo motor’s shaft 
can be positioned to a specific angular position by sending the servo a coded signal. As long as the servo 
motor has a coded signal on the input line, the servo will maintain a particular angular position of the 
shaft. As the coded signal changes, the angular position of the shaft changes.  

Servo motors have the following advantages and disadvantages 

5.2.4.3.1 Advantages 

 Least expensive. 
 Can be used for exact angular control, or for continuous rotation (the latter requires 

modification). 
 Available in several standard sizes, with standard mounting holes. 

5.2.4.3.2 Disadvantages 

 Requires modification for continuous rotation. 
 Requires special driving circuit. 
 Though more powerful servos are available, practical weight limit for powering a robot is about 

4.5 Kg 

The DC motor was selected due to the fact that it changes direction the quickest, it is easy to control and 
it is cheap. 

Initially a 12V Brushed motor was chosen illustrated in the figure 30 
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Figure 30 - Brushed DC motor 

 

 

 

 

 

No data sheet was provided when this DC motor was purchased at Rubicon. Therefore, little was known 
about its torque or RPM. Naively this motor was connected to the cart without any calculations. 

However, the motor seemed not to have enough torque to stop the pendulum from falling. A small 
experiment was constructed to work out the torque of this motor. A 1m steel rod was manufactured to 
fit on the end of the DC motors. Weights were added in increments to the end of this rod, when the 
motor could not rotate this weight anymore then that is when the motor has reached its maximum 
torque. 

When this experiment was completed it was calculated that the motor only has a torque of 0.1 N.m.  
However, the torque needed to keep the system balanced for an angle of 20 degrees or more is 0.5 N.m 
(Calculations showed in Section 5.3). It was clear that that the torque was not adequate to keep the 
system stable. An increase in torque was necessary. Many changes were made to try and increase the 
torque; all the methods are explained in Section 6.1.2  

It was concluded that a geared motor was necessary to increase the torque. Figure 31 and 32 illustrate 
the geared motor used. 

 

 

 

 

Gears inside the motor 

Figure 31  - 75:1 Geared Motor Figure 32 - Inside of geared motor 
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The motor has the following specifications: 

 Voltage: 6V (7.5V max) 
 No load current: 350mA 
 Stall current: 5.5A 
 Stall torque: 0.9N.m 
 Motor RPM: 10,000 +/- 5% 
 RPM after Gear Reduction: 294 +/- 5% 
 Length: 53mm 
 Diameter: 20mm 

This geared motor has a torque of 0.9 Nm. This is 0.4 N.m more than the required torque. This means 
that theoretically the system should be more stable as well as the maximum angle of the system should 
increase. 

5.2.5 Voltage Regulator 

As discussed in section 5.2.4, a 6V geared DC motor was selected for this project. This meant that the 
12V power supply that was initially used for the brushed dc motor was not applicable anymore. Instead 
of spending hundreds of rand on a new power supply, a voltage regulator was used to step down the 
12V to 6V which would be adequate for the new geared DC motor. This is a cheaper alternative to 
buying a new DC power supply. The data sheet of the LM7806 advises a typical configuration of a circuit 
to implement the voltage regulator (Data sheet can be found in Appendix G). This circuit was tested in 
Multisim to ensure that this circuit does work. It can be seen in figure 33 that the advised circuit gives 
the correct output that is expected. 

  

 

 

 

 

 

 

 

 

6V 

12V 

Figure 33 - Electrical connection of LM7806 
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5.3 IT Programming 

The following section looks at the flow chart of the C code that was implemented using the Arduino IDE. 
The Arduino has two main methods namely setup and loop. The setup method is used to setup all the 
interrupts, pin allocations and serial connections. The loop method contains the code that will balance 
the inverted pendulum by controlling the DC motor. The flow chart of the code is illustrated in Figure 34: 
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NO 

Yes 

Start Setup the interrupts and 
pin statuses 

Declare Global 
variables 

Is the 
switch 

on? 
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interrupt pins? 

Perform interrupt 
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output and 
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rotated 

DC motor rotates cart 
in direction of falling 

rod 

Figure 34 – Flow chart of C code 
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Disturbance of the 
rod(Tilt of rod) 

Rotary Encoder 
reads the angle of 

the rod 

Information of the 
angle is sent to 

microcontroller to 
compute PID vales 

Microcontroller 
sends information 
of the speed and 

the direction 
needed for the DC 

motor to the H-
bridge 

DC motor moves in 
the direction of the 

falling rod to 
attempt to keep it 

up right 

Pendulum is forced 
in an upright 

possition 

system is ballanced 
and the cycle starts 

again 

5.5 Integration of electrical, IT and mechanical 

Figure 35 indicates the sequence of steps that the system will undergo as it attempts to balance the 
inverted pendulum rod. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 35 - Sequence of operations 
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6. Theoretical Background of the final design  

This section will cover the theoretical aspect of the project. The feedback analysis was done as well as all 
necessary calculations to choose the correct components for a successful project 

6.1 Mathematical analysis  

An Inverted pendulum, unlike a normal pendulum, is inherently unstable. An inverted pendulum must 
be continuously balanced to remain upright. 

The system only contains one feedback component, which is the reading of the angle of the inverted 
pendulum rod, from the rotary encoder. Figure 36 illustrates the feedback loop of the system 

 

 

 

 

 

 

 

6.1.1 Transfer function of the system 

To simplify calculations, it can be understood that for a small increment in time, the rotational cart is 
moving in a linear direction. A linear system can be used to determine the transfer function. Figure 37 
illustrates the forces acting on the cart and the rod. 

 

 

 

 

 

Figure 36 - Closed loop describing the system (Khalil, 2006) 

Figure 37 - Force Diagram of Cart and Rod (Khalil ,2006) 
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Where: 

 M – Mass of cart 
 m –Mass of pendulum rod 
 l – Length of rod 
 b – Friction 
 g – gravitational constant 

The following transfer function has been obtained (Full derivation may be found in the appendix A): 

    

    
 

  
   

   
        

 
   

        
 

   
    

 
 

 

Where   
                     

6.1.2 Physical parameters of the system 

Table 7- Physical Parameters 

Table 3 indicates the values of the variables of the transfer functions. 

Parameters Values 

Mass of cart(M) 250 grams 

Mass of pendulum(m) 150 grams 

Inertia of rod(I) 5.3gm-m^2 

Friction(b) 0 (assume frictionless) 

Inserting the values to the transfer function above, and assuming that the system is frictionless, the 
following transfer function is obtained: 

                                    

         

    

    
 

       

         
 

This transfer function was then evaluated using the Automatic Control System (Acsys) package in 

Matlab. This program is used to work out the PID values that will make the system stable. 
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Initially with no controller(C(t) in Figure 36) in the feedback loop, the system is an unstable one as 
illustrated in figure 38. Figure 38 illustrates the step response of the system without any PID 
implemented. 

 

 

 

 

 

 

 

 

 

To make an unstable system stable, PID had to be used. Initially, the integral and deferential part of the 
PID was kept at 0. The proportional part of the PID was then slowly increased and it was noted when the 
system started becoming respondent. When KP = 1.1193 the system started responding and the 
following graph were obtained: 

 

 

 

 

 

 

 

 

Figure 38 - Step response without PID 

Figure 39 - Step response with a P controller 
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After it was concluded that a KP value of 1.1193 is sufficient, KD was then slowly increased until the 
system became more stable. When KD was increased to a value of 0.71 and KP also further increased to 
32.086. The following step response and root locus were obtained: 

Figure 40 shows that the step response has clearly become a more stable system, with the following 
characteristics: 

 Settling time - 0.123s 

 Steady state error - 1.04  

 Rise Time – 0.0714s 

 Peak Amplitude – 1.04 

The final Transfer function with PD included in the system is as follows: 

    

    
 

     

                     
 

From these calculations and analysis it was found that a value of 32.086 for KP and a value of 0.71 for KD 
should be sufficient for a stable inverted pendulum system. However, due to the fact that it was 
assumed to be a frictionless system, these values might be different in practical than in theory. It was 
tested in section 8 to see how the theoretical values compare to the practical ones. 

Figure 10 - Step response with PD controller 
Figure 41 - Root locus with PD controller 
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6.2 Angular Acceleration 

For the rod of the inverted pendulum to balance, the cart has to move at the same angular velocity as 
what the rod falls. Therefore, the rod’s angular acceleration had to be calculated in order to choose a 
motor that can move the cart at the required angular acceleration. 

Maximum angular acceleration caused by the pendulum is worked out by equation: 

    
   (

 

 
)    

Where: 

     
   is the maximum angular acceleration. 

 g is the gravitational constant. 

 R is the radius of the pendulum. 

   is the angle displacement of the pendulum. 

This project took the maximum angle of the pendulum to be     or 0.35 radians. The length of the rod is 
about 0.5m and the gravitational constant is 9.81. The maximum angular acceleration can be calculated 
as follows: 

    
   (

    

 
)      

    
                

Therefore, the motor chosen must be able to cause a 3.4335 rad/   angular acceleration to counter that 
of the falling pendulum. 

 6.3 Torque 

       ̈ 

Equation 2 gives the net torque of the pendulum. From equation 1,  ̈ has been calculated to 
be              . To calculate the net torque of the system, one needs to get the moment of inertia 

where      . This is due to the fact that the pendulum is treated as a point mass. Substituting the 

length of the rod, l, into equation, it becomes     . 

Equation 2 then becomes          ̈ 

Where: 
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 M=148g 

 L=0.65m 

  ̈             from equation 1 

Therefore:  

                              

             

From this it can be deduced that the DC motor chosen must be able to handle 0.86N.m of torque. 

5.4 Matlab torque code 

A small Matlab program was written to get a straight line equation relating the torque of the system 
with respect to the angle of the rod. 

Figure 42 is a short snippet of the Matlab code written to calculate the torque needed for an angle from 
0 to 90 degrees 

  

 

Figure 43 indicates the different torque required by the motors as the angle of the inverted pendulum 
rod increases. As the gear motor can only produce 0.9N.m torque the maximum angle the inverted 
pendulum will be able to produce is about 21 degrees.  This can be increased if either makes the cart 
lighter or get a stronger motor. However for this project 20 degrees will be adequate 

The following graph was produced from 0 to 90 degrees 

 

Figure 42 - Matlab code 
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From Figure 43 a straight line equation was calculated to be                   , where y is the 
torque of the rod and x the angle of the rod. This equation can be used to calculate either the angle for a 
specific torque or the torque for a specific angle 

6.5 Calibration of rotary Encoder 

The rotary encoder chosen was a quadrature rotary encoder with 1024 pulses per revolution. This 
rotary encoder was used to measure the angle of the rod attached to the cart. The rotary encoder, as 
discussed in section 4.2.4, has two outputs which output either a 1 or a 0. Therefore, a calibration 
has to be done to get the gray code of the rotary encoder to correspond correctly to the tilt of the 
rod in degrees. 

When the shaft of the rotary encoder was rotated by 360 degrees it was noted that the microcontroller 
captured 4095 pulses. This is due to the fact that there are four positive edge triggers in every pulse and 
each positive edge initiates the interrupt in the program written. 

To convert the quadrature encoder signal into degrees, corresponding to the tilt of the pendulum, a 
simple mathematic equation was used: 

  
             

    
     

The encoder value is the incrimination value of the rotation of the encoder. When the encoder shaft 
rotates clockwise the encoder value increases, when it rotates counter clockwise the encoder value 
decreases.   is the angle of the inverted pendulum rod in degrees. 

Figure 43 - Torque vs. angle graph 
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6.6 Rod balancing calculations 

One of the most important components of an inverted pendulum is the rod that is being balanced. 
There are many factors that will make the balancing of the rod easier or harder depending on the 
following factors: 

 Weight 

 Length 

 Stiffness  

 Composition 

The reason for these having impact on the balancing of the rod is all to do with how they affect the 
angular velocity of the rod. This will be explained in the following section using various mathematical 
calculations. 

Consider the rod in figure 44; this is a simple diagram which indicates the effects that certain 
characteristics of the stick have on the angular velocity, which has an effect on the balancing time. 

 

 

 

 

 

 

 

 

The angular motion equation is given by: 

     

  represents the torque about some point and I is the moment of inertia. They are equivalent 
to: 

       
 

 
    

Figure 11 – Diagram of simple rod(Rhett, 
2006) 
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Inserting these equations into the (above equation) results in the following: 

 

 
       

 

 
     

  
      

  
 

The important fact to notice is that the mass of the rod gets canceled in the above equations. However, 
the length does not get canceled. It is clear that due to the fact that the length of the rod is in the 
denominator of the equation, the length is inversely proportional to the angular velocity. Therefore, a 
longer rod will have less angular velocity than a shorter one. 

Another method of decreasing the angular velocity of the rod and increasing the balancing time is to add 
a mass at the end of the rod. Figure 45 illustrates a mass at the end of the rod. This mass is assumed to 
be twice the mass of the rod. 

 

 

 

 

 

 

 

 

The first step in analysing this system is to calculate a new centre of mass. This system can be treated as 
two different masses. The rod has a mass m with a centre of mass in the middle of the rod, and the top 
mass can be treated as 2xm with a centre of mass at the end of the rod. 

A new centre of mass results in a new moment of inertia. This can be seen as two objects put together, 
the rod plus the extra mass. This would result in the following moment of inertia: 

Figure 45 - Mass added at the end of 
the rod (Rhett, 2006) 
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The torque would be the same as before, except with a new centre of mass and a new mass. The new 
torque is given by the following equation: 

  
 

 
           

 

 
      

  
  

  

     

 
 

The angular acceleration with this extra mass is less than it was without the extra mass. Therefore, the 
rod will be easier to balance with a mass at the end. 

All these calculations indicated that a long rod with a mass at the end will be the best solution. 

6.7 Calculating PID parameters 

To determine the optimum PID values to make the unstable system stable, the Ziegler-Nichols closed-
loop tuning method was used. In this sub-section an explanation will be given on how this method works 
and how it was implemented in this project to determine the correct PID parameters. 

The Ziegler-Nichols closed-loop tuning method uses an ultimate gain value,   , and the ultimate period 
of oscillation,  , to calculate the PID values needed to stabilise the system. The    value is determined 
by increasing only the proportional gain, P, until the system begins to oscillate at a steady state. In this 
project the gain value will be increased until the rod oscillates around the vertical position. When this 
   value is determined the PID values can be calculated from the equations illustrated in Table 7. 

 

Ziegler-Nichols method 

Control Type Kp Ki Kd 

P Ku/2     

PI Ku/2.2 1.2Kp/Tu   

PID 0.60Ku 2Kp/Tu KpTu/8 

 

   ,    and    are the proportional, integral and deferential values respectably. Figure 46 illustrates the 
expected graph that will be produced by the inverted pendulum and the effects that a high and a low 
gain would have on the system. 

Table 1 –Equations for calculating PID 

Figure 46  - Ziegler-Nichols Open-Loop Tuning Method (Bennet 
,2006) 
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The gain will be increased in intervals of 200 in the C code, and an output graph will be produced to find 
the ideal ultimate gain value. These tests and calculations are in the Appendix A. 

6.8 Finite element analyses 

The main mechanical component that might come under stress is the inverted pendulum rod. Due to all 
the rotational movements and sudden direction change the rod will experience forces. Analyses were 
done by clamping the top of the rod; this is the worst case scenario as the rod is always free to rotate. 

At the bottom of the rod the maximum torque of the motor is applied 0.9 N.m applying that torque 
resulted in the following FEA: 

 

 

Figure 47 - FEA on rod Figure 48 - FEA of rod 
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It can be noted from Figure 49 that even though the rod is not free to move in this scenario, it is still 
strong enough to withstand the torque applied by the motor. Figure illustrates that no major bending of 
the rod takes place when 0.9 N.m is applies therefore aluminum is an adequate material for the rod. 

7. Problems and Solutions 

This section will mention all the problems that were experienced throughout the designing phase of this 
project. Attempted solution to these problems is mentioned. It is important to note that most of these 
where done using trial and error, therefore most of these solution are not used in the final design, The 
final working design is discussed in Section 7 

7.1 Mechanical 

7.1.1 The Rod 

The initial rod chosen was a 0.5 m X 3 mm welding rod. This seems to be ideal due to the fact that it is 
light and rigid. The rod never seemed to stabilize itself at 0.5 m. it was then increased to 1 m, due to the 
fact that a longer rod is easier to balance than a short one. The longer the rod is the lower the angular 
acceleration is (Explained in Appendix). 

However, increasing the length of the rod caused more bending to occur, which made the system 
unstable, so a new rod had to be used that is more rigid and less likely to bend. 

A threaded steel rod was chosen for this application. This significantly increased the stability of the 
system, however, not adequately enough. Further increasing the rod’s length was not an option, due to 
the fact the longer the rod becomes the more bending will occur. 

Weights were then added to the end of the rod to change the moment of inertia and the centre of the 
mass (Explained in details in appendix) .Fortunately, the rod is threaded so nuts where screwed on at 

Figure 49 - Bending of rod 
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the top to increase the weight, illustrated in figure 51. This did increase the stability of the system, 
however, not adequately enough.  

Weights were then specially manufactured to screw on top of the rod, increasing the moment of inertia 
even more. These are illustrated in Figure 50 and Figure 52 

This weight increased the stability of the system tenfold. Heavier weights where then manufactured to 
see what would happen when one increases the weights.  

  

 

 

 

 

7.1.2 The motor’s (Torque) 

As discussed in section 4.2.4, a DC motor was chosen over a stepper motor or a servo motor. The main 
problem that occurred with the DC motor is that it did not have enough torque for the system. 
Measuring the torque of a brushed DC motor is not a simple practice. There were no data sheets for the 
motor. At first the size of the wheels for the system were decreased to increase the torque. 

 

 

 

 

 

 

 

Figure 51 - Nuts as weights Figure 50 - Side view of 
weight 

Figure 52 - Bottom view of 
weights 

Figure 53 - 1st Reduction of wheel side view 
Figure 54 -1st wheel reduction - TOP VIEW 

Figure 55 - 2nd wheel reduction (SIDE 
VIEW) 

Figure 56 - 2nd wheel reduction (TOP 
VIEW) 
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The system did react faster with this reduction, however, not fast enough. The measurement of the 
torque was required. 

A torque sensor could not be located; therefore, an experiment was created. A 1m rod was connected 
to the DC motor with weights at the end. Then using mathematics equations, the torque of the motors 
was calculated. 

The torque value that was calculated reviled that the motor does not have adequate torque, even after 
adding another motor to the other wheel. 

The only option was to use a geared motor. There were two ways this could be done: add a gear 
configuration to the system, or purchase a geared motor. The latter was chosen. This solved the 
problem of insufficient torque. All the torque calculations are in the appendixes. 

7.1.3 Slipping 

The fact that a wooden base was used, slipping occurred between the wheels and the base. When 
slipping occurs, the system loses torque due to the loss of traction. To attempt to solve this problem the 
wheels where manufactured out of rubber to increase traction between the base and the wheels. This is 
illustrated in figure 57. 

 

 

 

 

 

 

 

 

 

The problem the rubber wheels created was that they were very soft, so deformation occurred easily. 
This caused the system to bounce around and vibrate too much. 

Figure 57 - Rubber wheels 
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Therefore, rubber wheels could not be used. An alternative to this was to place a flat, round rubber ring 
around the base for the wheels to rest on. This is illustrated in figure 58. The rubber ring successfully 
eliminated slipping. This increased the stability of the system significantly.  

 

 

 

 

 

7.1.4 Pod for the rod 

The pod that connected the rod to the inverted pendulum has a diameter of 6mm as can been seen in 
figure 59. 

 

 

 

 

 

 

 

 

The main problem with this design was that the rod was only 4mm. The difference in sizes meant that 
the rod had the possibility of being secured slightly to the left or to the right. This could lead to an 
imbalance of the system; due to the fact the majority of the weight would be off-centre.  

To solve this problem, a holder was designed that was 6mm in diameter. The holder is shown in figure 
60. 

 

Figure 59 - Link between rod and encoder 

6mm Hole for rod 

Figure 58 - Illustration of rubber ring 

Rubber ring to remove 
slipping 
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This holder was specially designed to make sure that each time the rod gets connected to the pod; it is 
always in its center. This will make sure that there is no unnecessary tilting to the left or to the right. 

7.1.5 Wires in the way 

Due to the fact that this inverted pendulum is not the typical linear system that is so popular around the 
world, the wires that are connected to the DC motor and the inverted pendulum get in the way on the 
ground as the inverted pendulum rotates in a circle. To overcome this problem, a special rod was 
manufactured to be bolted just behind the rotary joint as illustrated in figure 61. 

 

 

 

 

 

 

 

 

 

 

Figure 60 - Pod for rod 

Threaded rod 

Pod for rod 

Figure 61 - Top of triangular cart plate 

Hole where the rotating joint 
is mounted 

Hole drilled for rod to 
keep up the wires 
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The rod that will keep the electrical wires off the ground is approximately 75cm long. There were two 
important criteria that this rod had to fulfill: 

1. It had to be longer than the inverted pendulum rod 
2. It had to be able to rotate with the inverted pendulum cart 

  

 

 

 

 

 

 

Figure 62 illustrates the screw and bolt that will tighten the wire rod onto the cart plate. The reason it is 
fixed onto the cart and not onto wooden base is that the wires will then be able to rotate with the cart 
and not get tangled up together. Every 20cm, the rod was bent in a circular shape. The reason for this is 
that it is easier to thread the wires through the holes which will keep them neat and organised. Figure 
63 illustrates this. 

 

 

 

 

 

 

 

 

Wire Rod 

Washers 

Nut 

Bolt 

Figure 62 - Screws and bolts to keep wire rod in 
place 

Figure 63 - Round circle shapes bent into the wire rod 

Circular shape bent 
into the wire rod 
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7.2 Programming 

7.2.1 Rotary encoder to fast 

One of the biggest problems with the programming was the encoder pulses being too fast for the 
Arduino to capture. The rotary encoder has 1024 pulses per revolution as explained in section 4.2.2. 
When the rotary encoder moved fast the Arduino missed a number of pulses. 

This was not due to the Arduino clocking speed being too slow; it was due to the written program taking 
too many cycles. This problem was resolved by writing the part of the code that is dedicated in capturing 
the rotary encoder in assembler language. It was noted that C-code took about 1000 cycles where 
assembler took about 2 cycles. This is a significant difference. 

7.2.2 PID sampling rate 

The PID sampling rate is the rate at which the Arduino captures the necessary PID values from the 
system. When this is to slow the system will not respond fast enough for the falling rod. Initially, to 
capture the PID values, a timer was used to interrupt every 0.2sec. This did not seem adequate enough 
for the system as it caused the program to freeze.  

A method in Arduino called micros () was used to measure the time taken for the PID values to be 
captured. This method was used to measure the duration of the of the programme loop. The loop was 
surprisingly much faster than the timer. The loop only took 85 micro seconds to complete which was 
fast enough to capture the PID values. After the PID calculations were removed from the timer method 
and inserted in the main loop the system responded fast enough. 

8. Test and Results 

The following section will investigate the results achieved from tests performed on this project. The 
maximum angle of the rod and the amount of time that the system can keep the rod in a vertical 
position will be investigated. These will be the main indicators to observe how successful this project is. 

To measure the maximum angle of the rod, a program called PLX-DAQ was used. PLX-DAQ is a data 
acquisition program that captures serial input from the Arduino microcontroller, while the system is 
running. Figure 64 illustrates the basic overview of the PLX-DAQ software. 

 

 

 

 

Figure 64 - Overview of PLX-DAQ 

Graph that is produced 
while the encoder 
rotates 

PLX-DAQ menu screen 

Colum indicating the time 
the system has been running 
for 

Colum indicating the 
degrees the rotary encoder 
has moved 



 

 

57 | P a g e  

 

-6.00

-4.00

-2.00

0.00

2.00

4.00

6.00

8.00

10.00

12.00

14.00

0 5 10 15 20 25 30

A
n

gl
e

(D
e

gr
e

e
) 

Time(s) 

Angle vs Time  

Full PID controll

A graph is produced which indicates the degrees that the rod has moved during operation. This graph 
will give a clear indication of what the maximum angle of the system can be, before it becomes 
unstable. These results will be compared to the theoretical results in Section 5. A comparison will be 
made of these results and any discrepancies between the theoretical and practical values will be 
analysed and explained. Full descriptions of the tests and results are found in Appendix A. After the PID 
values where calculated using the Ziegler-Nichols closed-loop method, values were calculated for Kp, Ki 
and Kd. The values calculated through trial and error using Ziegler-Nichols closed-loop method are: 

 Kp=360 

 Ki=1241 

 Kd=43.5 

When these values were implemented in the system the following graph was produced. 

Figure 65 illustrates the successful balancing of the rod. Even with an external disturbance the cart 
successfully pushed the rod back in an upright position.  

The calculated PID values are much higher than the theoretical values calculated in Section 5. This could 
be due to the fact that friction was neglected and that there are many external factors that are 
impossible to take into account. One main reason could also be that it was assumed to be a linear 
system for a small period of time; therefore, not taking into account the centrifugal force that is created 

Figure 65 - Angle vs Time (Full PID Control) 
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when an object rotates in a circular motion. The centrifugal force played a significant role in the stability 
of the system. If the centrifugal force is too large it will cause the rod to move inwards and outwards as 
well as left and right. This will lead to the rod vibrating excessively. 

9. Possible applications 

The main purpose that an inverted pendulum has, in this form, is a tool used for educational purposes. 
Therefore, this section will look at possible methods of implementing the project in an educational 
institution.  This project is ideal for an academic purpose as it has all three aspects of mechatronics: 
mechanical, electrical and IT. Therefore, it will be an opportunity for students to get practical experience 
with an unstable system. To achieve this goal, an educational program was written in Matlab that was 
interlinked with the inverted pendulum system. 

Students could use this program to test theoretical methods of determining PID values and view the 
physical effects of their calculations. The reason Matlab was chosen is that it is compatible with the 
Arduino and communication between the microcontroller and Matlab is not too complicated. When 
students input their calculated PID values into the Matlab program, the values will be updated in the 
Arduino itself.  Figure 66 illustrates the screen that students would see when they enter the theoretical 
values that they determined. 

 

 

 

 

 

 

 

 

 

 

The procedure to follow for this programme is as follows: 

1. Enter calculated PID values in the corresponding text boxes 
2. Press the zero button on the screen to zero the rotary encoder of the inverted pendulum 

Figure 12 - GUI program screen 

Tex boxes to enter 
the calculated the 
PID values 

Step 
response 
graph 

Indication of the time 
the system was stable Operation 

Buttons 
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3. Press start and let the inverted pendulum run and attempt to balance the rod 
4. While the inverted pendulum runs, a graph will be produced on the right hand side of the 

screen 
5. The student can then compare the practical step response graph to their theoretical one 

This is an ideal way of introducing students to a practical method of observing the differences that 
theoretical and practical values might have.  

10. Conclusion 

The aim of this project was to build an inverted pendulum that would successfully keep a hinged rod 
balanced in a vertical position. This was done by using a microcontroller to accept readings from a rotary 
encoder and then controlling the direction and speed of the DC motor via the H-bridge. 

Three concepts were designed and the advantages and disadvantages were discussed. The cost, 
reproducibility, robustness and complexity were taken into consideration when the final design was 
selected and implemented. Concept three was chosen as the final design because it met all the 
requirements the best. 

The mechanical parts for concept three were then manufactured and assembled. Electrical components 
were tested on their own before being integrated with the mechanical parts. A quadrature rotary 
encoder was used to measure the tilt of the rod of the inverted pendulum. This reading was sent back to 
the microcontroller. The microcontroller communicates the desired motor speed and direction to the H-
bridge motor controller to compensate for the falling rod. This process was implemented by using a 
simple feedback loop. FEA was not conducted on any critical points because the stresses acting on the 
inverted pendulum were very small and so they were considered negligible.  

PID values were calculated using the Ziegler-Nichols closed-loop method. These calculated values were 
implemented within the C code of the system. This method proved to be a successful way to calculate 
Kp, Ki and Kd. The disadvantage of the Ziegler-Nichols closed-loop method is that it is a trial and error 
method. Even though the calculated values allowed the system to be balanced sufficiently, further 
improvements could be made to decrease the overshoot or to decrease the settling time. This will still 
be done in attempt to get the inverted pendulum to rotate as smoothly as possible. 

Since the motor does not have enough torque to balance the rod when it goes past the 20 degree mark, 
the inverted pendulum was programmed to switch off when the rod surpasses 20 degrees. This is done 
in case the rod falls and the inverted pendulum continues to move, this would heavily damage the 
system. 

This project can be considered a success. The main goal was to design an inverted pendulum that would 
keep a rod balanced in an upright position. This was successfully done. However, further improvements 
may be obtained by fine tuning the PID values to smooth out the system. All the software and 
techniques learned in the past four years were used in the designing and construction of the inverted 
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pendulum. This proves that sufficient knowledge and skills were acquired during the four years of BEng 
(Mechatronics) to successfully design and build an inverted pendulum. 
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