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Abstract

Segway was once a mysterious invention created by Dean Kamen. The Segway
Human Transporter is a personal transport device that uses a built-in computer to

remain upright.

The aim of this project is to mimic the design of the Segway and build a low cost DIY
Segway. The first stage of this project is to design the mechanical structure of the
transport device. According to different power and functional requirements, different

mechanical and electronic components have been chosen for the implementation.

The rider shifting weight and a manual turning mechanism on the handlebar are used
to control the speed and direction of the Segway. Gyroscope and variable resistor are

used to monitor user’s physical motion.

The control board used in this project is an Arduino ATMEGA2560. A control
software for monitoring the sensor readings, calculating PID and also outputting
motor speed values has been developed. The two motors are controlled by a Maxon
power board which receive signal from a purposely built DAC board. The control

board varies the Segway speed by sending required data to the DAC board.
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Chapter 1 Introduction

1.1 What is a Segway [1]

Dean Kamen first introduce the idea of personal transportation during the mid-1990.

Nowadays, this invention — Segway Human Transporter, is common sight around the world.

The Segway PT is a two-wheeled, battery-powered, self-balancing electric vehicle . The two
coaxial wheels driven independently by a controller that balances the vehicle both without
and with a rider. Sensors and gyroscopes in the car base give the feedback for regulation of
balancing. The system is responsive to provide adequate balancing for different riders and

riding styles and it is robust enough to accept riders of different weights

A user can command the Segway to go forward or backward by shifting their weight on the
platform. The Segway will detect the tilting angle and the change in its center of mass. In
order to maintain balance, it will first establishes and then maintain a corresponding speed to
go forward or backward. A handle bar is used for user to command the car to go to left or

right. The Segway can reach a maximum speed of 12.5 miles per hour.


http://en.wikipedia.org/wiki/Dean_Kamen
http://en.wikipedia.org/wiki/Dicycle_(vehicle)
http://en.wikipedia.org/wiki/Battery_electric_vehicle

1.2 How to use a Segway [2]

in Dock

Console with Console Trim

e )|
= r Fender
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Figure 1: Component of Segway PT

The Segway PT that sold on website consist of the above components and
subsystems. The follow shows some steps in using the Segway PT. This project is
going to mimic some of the steps, functions and components to design the DIT

Segway.

1. Choose a flat and smooth area to start up your Segway. User should put on their
helmet when riding this car.

2. The handlebars on the Segway should be adjust for a comfortable and safe ride.

3. User should find the mode button, key port, display and steering grip on the
handlebars. The display will provide information for a safe ride.

4. Segway need to be turn on by putting the key into the key port. User should
stand on the side of the Segway and tap and hold the mode button. A green

smiling face on the display represent the Segway is ready to ride.



The balance mode should be tested by moving the handlebar back and forth to
see if the wheels respond.

When a rider is ready to step on the Segway, another person should stand in front
of the Segway and hold the handlebar securely. After the rider step onto the
Segway, the rider should stand straight and feel the Segway balance

Figure 2: To step on the Segway

Rider should keep their legs and arms loose with knees slightly bent. Rider
should grip the handlebar lightly
Rider could lean forward to more the Segway forward and lean backward to

travel backwards on the Segway. To turn the car, rider can shift the handlebar.

Figure 3: To control Segway going forward and backward



Figure 4: To turn the Segway left or right

9. When rider want to stop he should first shift his weight to the centre. Rider
should step off the Segway one foot at a time. After stepping off the Segway, the
power should be turned off.

1.3 Some common use of Segway

When Segway was first invented, it develop a reputation for being nerdy and useless,
but in the last few years people found plenty of things that it can be used for. This
personal transporter become more popular as more uses are found and the gas prices

rise.

Figure 5: Segway Polo

Segway Polo [3] 1s like regular polo, players ride on a Segway instead of houses.

Segway PT is used on the field. Two teams of five players each hit a ball with their



mallets and try to get the ball into other team’s goal. The first organized match was in

2004 and now the game is played worldwide.

Figure 6: Segway guided tours

Many historical areas and cities offer Segway guided tours [4]. Sightseeing can be
hard and tiring on the feet. This easy mode of transportation allows visitors to quickly

glide around town from point to point.

Figure 7: Police using SegWay in the airport [5]

The maximum speed of the police use Segway can reach to 12mph. Although it could
not keep up with a car, police can kept the road in sight. It was easy to catch up with
the perpetrators when they were on foot. The Segway widens their field of vision

which help them arrive an emergency scene more safely and quickly.



Figure 8: Segway X2 Golf model [6]

Segway have different models that suit for different usage. There is off-road models
for some off road sports. There are also “Segway X2 Golf” which is a special model

that equipped with special tires and golf club bag for golf players to use.

1.4 Regulations about Segway [7]

Below shows some regulations in some areas about Segway. It shows that many

countries and company accept these kind of transporters

» Asia

B China: Police have begun using Segway to patrol certain areas, such as
Tiananmen Square.

B Japan: Segway was classified as a motorcycle. There is no report of
registration. Manufacturers commonly sell Segway to corporations to use in
facilities

B Singapore: Segway were used in Airport, it can be by customer service and
security employees.

»  Europe

B Austria: Segway can be rented in parks.



B [taly: Segway is allowed to use within city limits wherever pedestrians or
bicycles are allowed. For example some sidewalks, bicycle paths and parks.

B Germany: Segway is allowed on bicycle paths and public roads within city
limited. Segway used on public roads must be equipped with front and rear
lighting, reflectors, a bell, and an insurance plate. The driver must have
procured a vehicle insurance and license.

B Switzerland: Segway is classified as a light motorcycle. Segway PT i2
model has been approved for use. It can be used on roads provided that it is

equipped with a license plate and Swiss road kit.

In Hong Kong, according to Road Traffic Ordinance chapter 374 [8]. Any battery
powered and three wheeled car should have license in order to use on public roads. In
addition the car should be examined by Transport Department. The car should
equipped with front and rear lighting, license plates and mechanical brakes. The
design of the Segway in this project is not allowed to use in public areas in Hong

Kong.


http://en.wikipedia.org/wiki/Bicycle_lighting
http://en.wikipedia.org/wiki/Bicycle_lighting
http://en.wikipedia.org/wiki/Bicycle_reflector
http://en.wikipedia.org/wiki/Vehicle_registration_plates_of_Germany#Insurance_plates
http://en.wikipedia.org/wiki/Vehicle_insurance
http://en.wikipedia.org/wiki/Bicycle_lighting

Chapter 2 Background study

Literature review was undertaken, focussing on the hardware and software part of the
project. Session 2.1 discuss about the hardware informations. They included the
hardware components, main boards, external sensor device and communication
protocol. In Session 2.2 software that used in this project is discuss. They included the

programing software and mathematical algorithms.

2.1 Hardware

Section 2.1.1, 2.2.2 and 2.2.3 discuss about the motors, battery and the motor
controller. They are the most important components in this project. Calculation need
to be carried out in order to avoid compatibility problem. Main board and the external
sensors is discussed in section 2.1.4, 2.1.5 and 2.1.6. In Section 2.1.7, 2.1.8 and 2.1.9,

DAC and communication protocol like I?C and SPI is discussed.

2.1.1 DC geared Motor [9]

Gear motor is a design that allows low horsepower motor to drive a large force on an
object but with a low speed. The increase in torque is inversely proportional to the
decrease in speed. With the gear motor, even a small motor can support as large

torque as human weight.
To choose a motor, the following calculations need to be carried out:

1) Convert mph to km/h
2) Convert km/h to m/s
3) Calculate the force

4) Calculate the power of the motor



5) Calculate the rpm and the diameter of the wheels

Segways found in market have three different speed standard to suit for different level of

users. For the beginner standard, the maximum speed is 6mph. For intermediate standard, the

maximum speed is 8mph. For the advance standard, the maximum speed is 12mph. In

addition, the standard Segway weighted 60kg.

1) Convert mph to km/h and km/h to m/s

a)beginner b)intermediate c)advance
6mph = 10km/h 8mph = 13km/h 12mph = 20km/h
10km/h = 2.7m/s 13km/h = 3.61m/s 20km/h = 5.5m/s

Table 1: Caculation of mph to m/s

2) Calculate the force (F=ma i.e. Assume 5s is used to go to top speed)

a)beginner b)intermediate c)advance

F =ma F=ma F =ma

F = (120kg) 2.7777m/s F =(120kg)3.611511m/s = =(120kg)5.5555m/s
S

F =66.6N F =86.6N F =133.3N

Table 2: Calculation of Force

3) Calculate the power of each motor ( power = FV )

a)beginner

b)intermediate

c)advance

P = (66.66N)*(2.77m/s)
P =179.9999W

P = (86.66N)*(3.61m/s)
P =312.8666W

P =(133.3N)*(5.55m/s)
P =733.333W

Table 3: Calculation of power




As there is two motor for driving the car, the power of each motor is total power divided by

two.
a)beginner b)intermediate c)advance
p_ 179.9999W p_ 312.8666W p_ 733.333W
2 2 2
P =89.999W P =156.433W P =366.666W
Power of the motor Power of the motor Power of the motor
available = 250W available = 250W available = 350W

Table 4: Calculation of power for each motor

For battery voltage up to 24V, beginner and intermediate standard require 10A and advance

standard require 16.666A.
4) Calculate the rpm and the diameter of the wheels

(rpmy* 2y * (FEET)

60s

Speed =
Equation 1: Speed equation
The above equation is used to relate speed and the diameter of the wheel. In choosing the

motor of 350W standard, it can have a maximum of 400rpm per second with no load. When

there is load, the maximum rpm is 320.

a)beginner b)intermediate c)advance
d d d
(400)*(27)* () (400)*(27)* () (400)*(27)* ()
2777 = 2 |36l1= 2 | 5555= 2
60s 60s 60s
d=0.1326m d=0.1724m d =0.2652m

10



320+ 2m)*(%) (320)*2m)*(%) 320)*2)*(%)
2. | 36l11= 2° | 5555= 2

60s 60s 60s
d =0.1658m d =0.2155m d =0.3316m

2,777 =

The wheels’ diameter should be chosen with a value between the loaded rpm and without

load rpm.

By the above calculations, a motor of 24V with 350W should be chosen and a wheel
of diameter about 30cm should be used. In addition, a motor controller that can

support 20A should be chosen.

Figure 9: DC geared motor
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Figure 10: A 30cm diameter wheel

2.1.2 Battery

Form the calculation in section 2.1.1, the battery chosen in this project should have at

least 24V and 17A to support the motors and the system to operate.

The lead—acid battery [10] is the oldest type of rechargeable battery. It is able to
supply high surge currents and the cells have a relatively large power-to-weight ratio.
The price of these kind of battery is relative low and it is popular among motor

vehicles for the high current requirement.

Figure 11: Detail of a lead—acid battery

12


http://en.wikipedia.org/wiki/Rechargeable_battery
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Each battery can have a voltage level of 12V, by connecting two battery in serious can
achieve the target of 24V. This set of batteries was used in the early stage of the

project. Considering the weight of them, another replacement was researched.

o8y

-

o &
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LR al

Figure 12: A Lithium Iron Phosphate battery

Lithium Iron Phosphate battery [11] is the battery that used in the finalized Segway.
The voltage and current level of it is 24V and 20A. It is enough for supporting the

system to run.

Lithium Iron Phosphate battery can provide stable voltage output upon fully charged.
The chemical is non-toxic, green and stable. It can be worked under high temperature
and the lifetime is long. Weight of this battery is about 4.5kg which is suitable for

small vehicles.
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Figure 13: Connection part of the Lithium Iron Phosphate battery

The connection part of this battery is a “T-head”, which can prevent the swapping

between positive and negative terminal.

2.1.3 Maxon Motor Controller

Figure 14: Maxon motor controller board
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Maxon Motor controller is a powerful servo amplifier, it can be used to drive motors
from 80Watts up to 500Watts. It support different mode depends on user requirement.
User can choose to use a tacho signals or an encoder signals to control the speed.

There is also torque or current control and IxR compensated speed control.

Maxon Motor controller is protected against excess temperature, short circuit and excess
current on the motor winding. The efficiency of the motor control can reach to 95% with the
FET power transistors incorporated in the servo amplifier. It support a nominal supply
voltage range of 12-50VDC. The maximum output current can reach 20A. It is suitable for

using in an electric vehicle with require high power.

2.1.4 Arduino Mega2560 [12]

Atmega2560 is the controller that use on Arduino Mega2560 microcontroller board. It
has 15 PWM output, 16 analog inputs and 54 input and output pins. The board
provide a USB connection, a power jack, a reset button, and ICSP header and a
16MHz crystal oscillator. To program the device, user can connect the board to the
computer using a USB cable. Accept from USB port to supply power, the board can
be also power up by connecting the power jack with a 5V supply.

Figure 15: Arduino Mega2560 controller board
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Many computer have an internal protection on the USB ports. This Arduino board
provide an extra protection of a resettable polyfuse that protect from overcurrent or
short circuit. If there is more than 500 mA applied to port, connection will be
automatically break until overload or short circuit is removed. It is useful during
debugging stage as the Segway system under test is running at a high power level

which may damage the computer if accidents occur.

2.1.5 Accelerometer and Gyroscope [13]

MPU-6050 combines an on board Digital Motion Processor with a 3-axis accelerometer and a
3-axis gyroscope on the same silicon die. It can be used to process complex 9-axis Motion
Fusion algorithms. Communication with MPU-6050 is achieved over two pins SCL and
SDA. He ADO pin can be connected to ground of VCC, it determine the I?C address of the
chip. This ADO feature allows you to have multiple gyroscopes without mixing the 12C
address together.

Figure 16: MPU6050 front look

16



Figure 17: MPU6050 back look

2.1.6 Variable resistor [14]

A variable resistor is a three-terminal resistor with a continuously adjustable knob in
which use can rotate it to adjust the resistance value. These resistors are known as the
potentiometers, they act as a continuously adjustable voltage divider. One of the

example usage is the volume adjust in a radio.

Figure 18: logic on a variable resistor

V=I-H.

Equation 2: Ohm’s law
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When a user turn the knob the pointer will rotate to a corresponding location. The
resistance value is depends on the length of the yellow circle it touch. With the above
equation, the analog output of the resistor will be vary according to the resistance

value.
2.1.7 DAC [15]

Digital to analog converter is the circuit that performs the digital to analog
conversion. This process is to convert signals having a few defined levels or states

into signals that have a theoretically infinite number of states.

8-8it DAC L Analog Voltac

Digital input
v
&
|
Y

Figure 19: A -8 bit DAC logic
2.1.8 12C [16]

I>C is a communication protocol uses 2 signal lines. They are called SDA (serial data)
and SCL (serial clock). It is a multi-master protocol in which the number of slaves

and masters are not limited.

Each slave will have their own unique address. When a master want to address the slave, the
address is used in waking up the slave device. First, master will issue a start signal. All the
device on the bus will listen to the incoming data. Then master will sends the address of the
device it is going to access and also whether it is going to read or write. After that all the
device will compare the address, device that are not match will wait until the bus is released

by stop signal, the device that match will produce a acknowledge signal. After the
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acknowledgment, master can start to transmit or receive data and slave will start sending the

requested data byte by byte.

i?Rp Vdd
L 1 ) ¢ 1 1 SDA
Ir I 11 T—SCL

nC ADC DAC HC
Master|| Slave || Slave || Slave

Figure 20: I>C connection and logic

2.1.9 SPI [17]

SPI is a single-master communication protocol. A central device is named master and
it is responsible to initiates all the communications with the slaves. When a master
want to send data to a slave or request data from slave, it need to select the slave by
pulling the SS line low and activates the clock signal with a clock frequency that is
usable by the master and the slave. The master will then generates information onto

the MOSI line while it will samples the MISO line to receive data.

=) (
SCLK » SCLK
MOosi ¥l Mos
m M"t“ M|§ L3 '_d_lSO Sﬁ gav.
ss g -
4 o

Figure 21: SPI connections
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2.2 Software Study

This session provide the software and the mathematic algorithms that had been used
in this project. They include Arduino as the programing software, PID algorithm,

Kalman filter and eagle software for drawing board layout.

2.2.1 Arduino [18]

Arduino is an open source computing platform for Arduino microcontroller board. It
provide a development environment for user to write software program and upload to
the controller. The extensible software and the open source resources provide user a
clear and simple programing environment. Arduino board is cheaper comparing with

other microcontroller which is suitable for project development.

ARDUINO

AN OPIN PROJECT WRITTEN, ©
BY MASEIMD BANZT . DAVID O
CIANLUCA MARTING AND DAVID

PASID ON PROCTESSING BY CASEY SEAS AND NN FRY

Figure 22: Arduino IDE logo
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sketch_apr20a

Arduino Mega 2560 or Mega ADK on COM7

Figure 23: Arduino Programming environment

2.2.2 Kalman filter [19]

Kalman filter is known as the linear quadratic estimation. It is an algorithm that use a
series of measurements observed over time to produces estimations. These data
contains random variations like inaccuracies and noise. Based on the data, Kalman
filter can produce the value of an unknown variable that tend to be more precise than

measurement done alone.

Numerous applications in technology can apply Kalman filter. A common application is for
navigation, control and guidance of aircraft, spacecraft and vehicles. It can also be applied in

time series analysis used in fields such as econometrics and signal processing.

The Kalman filter algorithm works in a recursive manner. In the prediction step, Kalman
filter produces estimation of the current state variables along with the uncertainties. When the

next measurement is read, together with the random noise and error, the estimation model is
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undated using a weighted average. After a few run, with more weight being given to

estimates with higher certainty.

3, Prediction step
Prior knowledge Py 1ik-1 = Based O €0
k-1

‘ol state ™" x, physical model
t '

Next timestep P
ke k+1 Xhik -1

{ !

P Update step Measurements

5 w-Compare prediction e— ,
L Vi
‘ to measurements .

Output estimate
of state

Figure 24: The Kalman model

2.2.3 Proportional-Integral-Derivative Control [20]

P, I, D stands for proportional, integral and derivative. A PID controller is a control
loop feedback mechanism used in some industrial control system for example
temperature control. PID control calculates and error value as the difference between
the desired set point and a measured process variable. The controller attempts to

minimize the error by adjusting the process control inputs.

The three value P, I, D is constant parameters that used in the control algorithm.
Proportional depends on the present error, integral is the accumulation of the past
errors and derivative is a prediction to the future error based on the current rate of

change.

P, I and D can do different combination depends on the system needs. It can be changed into

a PD, PI, I or P controller.
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Figure 25: The PID algorithm

2.2.4 Eagle [21]

Eagle is a PCB design software, it stands for Easily Applicable Graphical Layout
Editor. Eagle is a powerful, user friendly and affordable for users to implement their
PCB design. It included variety of functions for example library drawing for

electronic components, schematic drawing and board layout design.

Eagle is a popular PCB design software that consist of lots of online or build in
libraries to support user’s design. The build in standard libraries consist of some
normal use components. If user cannot find the required components in the build in
library, a lot of libraries can be found on web or even users can design their own

components.
After the design, user need to fabricate the PCB. Eagle software provide a Gerber file

output for user’s PCB layout. User can choose the required file or data from the

setting and these files can be used in fabrication.
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CAM Processor Jobs Professonsl Eaton

Figure 26: Eagle start up page
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Chapter 3 Project description

3.1 Motivation of the project

The Segway is a product that can be used in many different kind of area. It can be
used in some parks like Ocean Park or Disney land for visitors to navigate. It can also

use to replace police car for policemen to make an arrest.

There is no lack of examples for the using of this product. Many of the tourist sight in
Singapore have Segway Eco Adventures. User can ride on a Segway and pay visit to
the beach sides and some off road areas. In China, Segway was used in some airports
and Tiananmen Square for police to patrol. It help to reduce the time for patrols and

complete more patrols of the premises in the expected time.

The problem of this product is the prize is quite high and also user concern about its’
safety problems. The advertisement is also not enough, as a result it is not very

popular among citizens.

In Hong Kong, it is not popular and even people have no idea what is a Segway. This
project aims to promote the benefits and the use of Segway. As a result, a DIY
Segway was build up with some necessary components and mechanisms, so as to

demonstrate the ideas of this personal transporter.
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3.2 Project description

Component list:

Accelerometer (analog signal)

Gyroscope (analog signal)

1. Arduino ATMEGA2560

2. 24V Lithium Iron Phosphate battery
3. DC geared motor x2

4. Maxon motor controller x2

5. DAC board

6. Power board

7.

8.

9.

Variable resistor (analog signal)

Implementation:

Gyroscope is used to monitor the angle of the car chassis. The gyroscope output gives
the angle but it drifts a lot. By combining the result with the accelerometer values and
pass though the Kalman filter, the output angle will be more precise. If the car is
leaning, micro-controller will notice the angle changed and output a speed signal to
the dac board after calculation. The speed of the wheels depends on the leaning angle.
Platform balancing is done by controlling the motor speed and direction, and PID is
the algorithm in calculating the speed value. The speed value include the direction and

magnitude.

Variable resistor is used for detecting the turning motion of the handle bar. The value
of variable resistor will be originally set to middle. Micro-controller will keep
monitoring the analog value of the resistor. If the resistance increased or decreased,
which means the handlebar is turned. Micro-controller will give out a signal to speed

up one wheel which gives a result of turning left or right.
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Over speed problem will be solved depending on the actual model and user, as
weight, centre of gravity will also need to be considered. One of the solution to this
problem is before the speed of the wheel cannot balance the user as the rider lean too

down, micro-controller will increase the wheel even more to push back the rider.
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3.3 Project objectives

1) To design a Car Chassis which can/have

2)

3)

>

YV V. V V V

Support 90kg person

Fit through door frames

Non-slip surface on platform for feet
Ergonomic and aesthetically pleasing
Handle bar for turning

Safety Wheels

To choose components

>

Motors that are

< Bidirectional

<> Enough speed

<> Small

Battery that

< Is Rechargeable

< Provide power to all components
<> Provide adequate current to motors
Motor Controller

Wheels

Controller

< Enough processing speed

< Enough I/Os

< Low power consumption

To write a program that perform

>

>
>
>

Monitor balancing
Monitor turning
Speed calculation

Motor controlling
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3.4 Project Block diagram

24V Battery

Power Board
'/5‘/\5\’ +-15V

Arduino
ATMEGA2560 SPI

Variable resistor e

DAC Board

\ v
MPUG050 j3
Gyroscope and

acceleromteter

L ~hannel A Chapnel B
i2c

24 analog signa

Maxon motor Maxon motor

controller controller

1 It
Step voltage Step voltage

DC geared motor DC geared motor

Figure 27: Project block diagram
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Chapter 4 Implementation

4.1 Chassis design

Below shows the design of the chassis and their description.

(X Y W
N OSSR
%S e % e 0 0

""" X I 28 SIS
A A R R R R R R TR

Figure 28: Base part design

N —w— T

g 20 [ro

e |

dl

Figure 29: Wheel and axle design
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Figure 30: Component parts after manufacture

The two sets of motors are installed in the opposite side to balance their weight

Figure 31: Car chassis with motor and wheel installed
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The axle of the motor has a short diameter, it is not enough to support large torque as human

weight. A thicker axle is designed and used to support human weight and it is connected to

the motor though a chain mechanism.

Figure 32: Motor and Wheel connected with a chain mechanism
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Figure 33: Handlebar design
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Figure 34: Handlebar case design
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Figure 35: Connection part design and the variable resistor
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Figure 36: Base design for variable resistor



Figure 37: Connection part, base and the variable resistor

Figure 38: Springs used in the handlebar case
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Figure 39: Handlebar and the case

The handlebar part is connected to the chassis though a case. The case use a spring to
maintain the handlebar in the centre part of the Segway. When the handlebar is turned, the

knob of the variable resistor will be rotate.

ws A

4
T

C-2

5o

k—32 —

Figure 40: Shell design for variable resistor
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Figure 41: Shell for variable resistor
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Figure 42: Shell designed for motors and battery

Figure 43: Shells for the motors and battery
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Some shells are designed to protect the components and user from getting hurt.

N

Figure 44: Safety wheel design and product

A safety wheel is designed to protect the Segway from turnover. The safety wheel limited the

angle of the Segway can tilt, so it can also prevent over speed.
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4.2 Hardware implementation

In this chapter the implementation of the hardware design is discussed. It include the design

of semantic, board layout, finalized appearance and their output. The software eagle is used

in the board designing.

4.2.1 Power Board [22]

Lithium Iron Phosphate battery provide a voltage level of 24V. Arduino board and the DAC

board need a supply of 5V, a positive and negative 15V to operate. In order to make the
system with a single power source, a power board is used to regulate the voltage into

different level to suit for different components. The logic flow to the power board design is

shown in the below figure.

Battery
26V

The implementation of schematic and board layout are shown in the below figures.

DCto DC
conversion

DCto DC
conversion

DCto DC
conversion

—5\V—

—+- 15\V—B»

—5V—®=

Figure 45: Logic of power board

Arduino controller
board

DAC board

38



TeiT

s

Al
-

o

Figure 46: Schematic of power board

Figure 47: Layout of power board
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POWER
DC/DC Converter e

- Vead
Input: 18 -34VDC .

Owtput: SVDC / SA

TEN 25-2411 @& _

ofor TRACO™ ™ |

POWER
DC/DC Converter

Input: 18 -36VDC
Output: SVDC / 5A

~Vin

TEN 25-2411

- ————

Figure 48: Soldered power board
Two standard of “Traco block™ is used in the power board. TEN25-2411 is used to convert

26V into 5SVDC. TEN10-2423 is used to convert 26V into positive and negative 15V.
The Power board is tested with CRO after soldering. The CRO result is shown below.
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Figure 49: CRO measure of battery output
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Figure 50: CRO measure of 5V output
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Figure 51: CRO measure of the another 5V output

Figure 52: CRO measure of the positive 15V
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Figure 53: CRO measure of the negative 15V
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4.2.2 DAC Board [23]

DAC Board is used as a bridge between the Arduino and the Maxon motor controller. For the
ease of installation of the hardware devices to the chassis, DAC board is purposely design as
an Arduino shield. In addition, the DAC board also provide a connection of MPU6050 to the

Arduino controller board.

The Schematic design is divide into three parts. The first part is for the connection between

Gyroscope and the Arduino controller board.
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Figure 54: Schematic of DAC board partl
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The second part is for the input power source.

Figure 55: Schematic of DAC board part2

The third part is for the isolator ADUM1400 and the DAC AD5734R.
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Figure 56: Schematic of DAC board part3

The layout of the board is than generated from the schematic. Below shows the final

appearance of the layout with all components placed.
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Figure 59: Soldered DAC board
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4.3 Software implementation

In this chapter the implementation of the software for controlling the Segway is discussed.
Arduino programing environment and the overview is discussed in Section 4.3.1. In Section
4.3.2 and section 4.3.3, the communication program SPI and i2c is examined. In Section
4.3.4, section 4.3.5 and section 4.3.6, gyroscope, Kalman filter and PID control is discussed.
Section 4.3.7 discuss about variable resistor. The final software implementation on motor

control is discussed in section 4.3.8.

4.3.1 Arduino and program overview

When Arduino is first start up, it need to initialize the components, the communication

protocol and the mathematic algorithms.

Power on
Arduino
board
Initialize L T
Initialize PID variable Initialize i2c Initialize SPI
control resistor
variable l
Initialize
Gyroscope
Initialize
Kalman filter

Figure 60: Flow chart for the initialization of Arduino
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SPI_init
EPI_finish_init
Gyro_scrope_init
Gyro_scrope_end_init
dac_start_init
output range init
output range init
power control init
Dac_end_init
PID_1mit
FID end_init.

START time:12305264

Figure 61: Console output of initialization

After the initialization, the flow of program is shown below:

l’ \
y
o ~
,’ Monitor Gyroscope Monitor Resistor
/ (Car Balancing) (Steering)
Il
I
1
I
|
i r
| PID Control
! (Speed and Balance control) H
1
< \ Speed offset >' ArdUIno
\}
\
\ Forward/Backward speed
\

~—
—_——

Combine speed

SPI

‘ DAC Board

I .
analog signal

Step " Itage

Figure 62: Program flow after initialization



4.3.2 SPI and DAC initialization

SPI communication is used in controlling the analog output of the DAC board.

Arduino board

MOSI

MISO

SCK

SS

Mega 2560

51

50

52

53

Table 5: SPI pins for Arduino controller board

Arduino Mega 2560 have the predefined pins for SPI protocol. The program need to first

define the pins and set their nature in the setup. In the SPI initialization, the start-up signal

level and SPI speed is also defined.

The SPI transmission can be achieve by:

byte BPI_Transmitibvte clata)

{

M Btart transmizsion */
SPIR = clata;

M Wait for transmission complete */

while{ (EPER & (12<2FIF)))

retion BPIR;

}

Figure 63: Program for SPI transmit

The DAC board can then be reached though the SPI_Transmit function. To use this function,

the SS pin must be pull low first. After the transmission of the data, the SS pin need to pull

high.

delav(40);
digitalWrite(d%, LOWY;
SPI_Transmi t{0x0C);
SPI_Transmit{0x00);
SPI_Tranzmit{0x04);
delawvi407;
digitalWrite(®%, HIGH);

Figure 64: Send data though SPI
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DAC [24] is initialization with first sending a dummy packet follow by an output range select

packet and a power control packet. These data are send though SPI, which is already

initialized in the setup part.

OQUTPUT RANGE SELECT REGISTER

The output range select register ks addressed by setting the three REG bits to 001. The DAC address bits select the DAC chaniel, while the
range bits (B2, B1, R0) select the :\equl.rud. clu.t|ﬂ.|.l range {see Table 22 and Table 23).

Table 22, Programming the Required Output Range

M5B L5B
RIW Zero | REGZ | REG1 | REGD | A2 X [ Ao DB15to DB3 | DB2 DB1 DBO
1/0 o o 1] 1 DAL address D't care Rz A1 RO
Table 23. Quiput Range (ptions

R2 1 RO Output Range (V)

0 0 ] +5

o o 1 +10

0 1 o +10.8

0 1 1 +5

1 0 o +10

1 0 1 +10.8

Figure 65: Output range Select register of AD5734R

In the project, output range of positive to negative 10V is used in controlling both forward

and backward rotation of the motor. The data to send in output range select register is

0x0C0004.

POWER CONTROL REGISTER

The power control register is sddressed by setting the three REG bits to 010. This regaster allows the user to control and determine the
power and thermal status of the ADST24ESADSFIRSADSTSE. The power control register opions are shown in Table 27 and Table 28,

Table 27. Programming the Power Control Register

MER LsE
_ DE1Sto

AW | Zero | mEG2 | REG1 | REGOD | A2 | A1 | Ao | DB11 | DB1o | DB | Des | DB7 | DBe | DBS | DB4 | DB3 | DB2 | DB | DBD
o ] o 1 0 0 |a |o |x O |0k |OG |0 |0 TSD | Pl | PUo | PUc | Pl | Pl

This register is used in controlling the thermal status and the power of the AD5734R.
According to the description of different data bits in the data sheet, the data that send in the

Figure 66: Power control register of AD5734R

power control packet is 0x10001F.
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With the success in the initialization of AD5734R, a reference voltage of 2.5V should be

achieved and this reference voltage is used to test whether the chip is working.

After the success in the initialization of the DAC board, analog output can then be controlled

by sending the corresponding speed value to the corresponding channel though SPI.
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433 1°C

I’C is used in communication between controller board and MPU6050. The I’C
communication protocol can be waked up by calling the build in wire library. By using the

wire functions, program of I>C read and I°C write are developed.

Register address, array for storing

data, read how many data

Initialize time out
variable

Initialize by IMU address

!

Send register address

/\success

’/fail \‘
If fail to find,
send error signal Request data by giving IMU

address, repeat start signal
and data length wanted

/wirﬁ,is avaliable  wire is not av_%‘

Read the data and store Record the time, wait for
in given array time out.

'/wire is avaliable wire is not avalable

Read the data and store
in given array

send time out signal

Figure 67: I°C read program flow chart



register address, data, length of
data, send stop

'

Initialize by IMU address

l

Send device address

l

Send the Data

'

Print error if fail. Otherwise
return success

Figure 68: I°C write program flow chart

Arduino provide the default pins for SDA and SCL which will be waked up when calling the

wire library. Programmer do not need to define the pins and pin modes for using I>C protocol.

Figure 69: I>C Pins in Arduino board
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4.3.4 Gyroscope and accelerometer [25]

Gyroscope and accelerometer are the device that use to monitor the tilting angle of the

Segway. They are the key issue in balancing control. The value read from the sensors are

filtered by Kalman filter which is discussed in section 4.3.5. The filtered angle is then used to

calculate the balancing force by PID algorithm which is discussed in section 4.3.6.

i2chata[0] = 7; /F Zet the zample rate to 1000Hz - SkH=/(7+1) = 1000Hz

i2clata[l] = Ox00; // Disable FEYNC and set 260 Hz dco filtering, 256 He Oyvro filtering, 5 FEHe sampling
i2clata[2] = 0x00; // Set Ovro Full Scale Range to $250des/s

i2clata[3] = Ox00; // 3et fccelerometer Full Scale Range to f2g

Figure 70: Setting for gyroscope and accelerometer

According to the MPU6050datasheet, different parameters are initialized according to the

project requirements.

while{i12cRead{0x3B,12cData,14));

accX = ((12cData[0] << 8) | i2cData[l]);
accY = {({12cData[2] << 8) | 12cData[3]);
accZ = ((12cData[4] << 8) | 12cData[5]);
tempRaw = ({i2cData[6] << 8) | 12cData[7]);
gyrof = ({i2cData[8] << 8) | i2cData[9]);
gyrof = ({i2cData[10] << 8) | i2cData[l1]);
gyvroZ = ({12cData[12] =< 8) | i2cData[l13]);

Figure 71: Reading data from sensors

The data from both sensors can then be read consecutively and store in variables.

The Gyroscope:

The value read in from gyroscope is a number. It need to be translated in to something useful

by the equation: gyroRate = (gyroAdc-gyroZero)/sensitivity.
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Figure 72: Gyroscope sensitivity

double gyroXrate = (double)eyroX/131.0;

double gyroYrate

Figure 73: Program for calculation of gyro rate

-{{double)gyro¥/131.0);

PARAMETER CONDITIONS MIN TYP MAX | UNITS NOTES

GYROSCOPE SENSITIVITY

Full-Scale Range FS_SEL=0 +250 s
FS_SEL=1 +500 s
FS_SEL=2 +1000 g
FS_SEL=3 +2000 g

Gyroscope ADC Word Length 16 bits

Sensitivity Scale Factor FS_SEL=0 131 LSBI(%/=)
FS_SEL=1 B65.5 LSBi{®/s)
FS_SEL=2 328 LSBI{"s)
FS_SEL=3 16.4 LSBI{%s)

The resulted value is the degree per second. The current angle can be calculated by adding

the change in angle with the angle value in the last cycle. The change in angle can be

calculated by multiplying the change of time with the gyroRate.

The gyroscope value drifts over time and it cannot be trusted for a long period, but it is

precise for a short time.

The accelerometer:

It measures the acceleration in g of the three dimensions. The values need to translate into the

angle value by using atan2 [26].

atan2(v3, 1) = w3
1,3

atan2(1, 0) = m/2
0,1
A -

- —

~ 143
w2 (23)
/3 .

/ \
/ w3 (=607 |

T

)

|
-
T\ The limit of atan2
\“\frum this side is -
\

AN

atan2(0, 1) =0 |

/
/

/
Vi

-T2 /

tan

Figure 74: atan2 around a circle
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(arctan (f)
arctan (f) +7
arctan (f) -7
+5

m

2
| undefined

atan2(y, x) = <

x>0

y=0,z<0
y<0,xz<0
y=>0,xz=0
y<0,z=0
y=0,x=0

Equation 3: arctan equations

The angle can be calculated by

accangle = (atanZ{accY,accZ }+PI y*RAD_TO_DEG;
accYangle = (atanZ(acck,accZ +PI )*RAD_TO_DEG;

Figure 75: Program for the calculations

RAD TO DEG is used in transforming the radians to degrees and it is a build in variable.
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4.3.5 Kalman filter [27]

Tilting angle sensing is the key issue in this project. The angle read should be very precise
otherwise accident may happen. Gyroscope value is very precise but tend to drift. The
accelerometer is unstable but does not drift. By applying Kalman filter, the precise angle can
be calculated. The estimation model consist of different equation and they will be

implemented using C++ code.

0. Initialize the Kalman filter

To use a Kalman filter, a list of variables are need to be initialized.

M Kalman filter variahles */
douhle Q_angle; /¢ Process nolze wariance for the accelerometer
doubkle [ _bias; ff Process nolse wvariance For the gyvro bias

douhle B_measure; // Measurement nolse variance

double angle: /f The angle calculated by the Ealman filter - part of the 2xl state matriz
double bias; #f The gvro bias calculated by the Kalman filter - part of the 2xl state matrix

double rate; /f Tnbiased rate calculated from the rate and the calculated bias

double P[2][2]; /¢ Error covariance matrlix
dovbkle E[2]; /F Ealman gain

double v; /F dngle difference

double 8; FFf Eztimate errvor

Figure 76: Variable used in Kalman filter
0 angle = 0.001;

(_hias = 0.003;
R measure = 0.03;

bias = 0; // Reset hias

P[OJ[0] = O;
P[OI[1] = Oy
PIII[0] = O;
PIII1] = O;

]

Figure 77: Init value of variables
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1. State prediction based on dynamic model.

The model is used in predicting the next state value based on the current state and the signals.

The model can reduce the effect of noise and error.

== )
k: *
IlE'I!':- I

Equation 4: State matrix

7). represent the state matrix with bias ?» and angle # , they are the measurements from the

gyroscope and accelerometer and bias is the amount the gyro has drifted.

To predict the next state, the equation is given by:

[EHK'—] = F'?Ik—]lk—] + BIE‘IA_

t e 11 AR il
. = . i
Ilal!':- |k —1 (0 1 ﬁl!.:_ k—1[k—1 ()

) [e - a;,ﬂ ., [_ﬂ "

B le — Oyt + Eiiu}
— 0

_ [H + At — 5"!-,}]

ty

Equation 5: Equation for prediction

F is a state transition model matrix is applied to the previous state and B is the control input

model matrix.

The C code can be implemented as:
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M Btep 1%
rate = newRate - hias;

angle += dt * rate;

Figure 78: Program code for prediction step

2. To update the state covariance matrix

Matrix P measures how much we trust the current value. Small P value implies the filter is

close to the real value. After model predictions have been done in step 1, P matrix has to be

updated according to the uncertainties induced by the model noise w with the covariance Q.

This is done with the equation
P.=FP,_ ,F'+Q

Equation 6: To update the state covariance matrix

T means that the matrix is transposed.

P = FPk—1|k—1FT +Qy
Fuw  Fin _ 1 —At| | Py Fy 1 0 n [or 0 At
Po Pulyy 001 [ [Po Puy g [-AE L 0@y,
_ | Foo — AtPy Fo — AtPy L0 Qs 0],
B { Fyg Py 1kt —ar 1 "o Qj, Al

_ Foo — A#P]u - .ﬁ?‘[ﬂu - -"3”?1]) -F:I] - _-ﬁff’]] Q{J 0 At
Pg — AtFy Py k1 0 Qy

_ [ﬂm — AtPio— At{For — AtPi) + QedAt P — .-"_\?‘Fn:|

Pig — At Py Pip +Qy At
[P+ At{AtPy — Py — P+ Qs) For — AtPiy
- Py — At Py Py + (3{]!,5‘3#

Equation 7: To update the state covariance matrix

After the transformation of the equation it can be written into C code as:
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I Tpdate estimation error covariance - Project the error covariance ahead
M Step 2%/

PIOT[O] 4= dt * {dt*P[1][1] - P[O][1] - P[1][0] + Q_angle);

PlOT[1] -=dt * P[1][1]

PL1][O] -=dt * P[1][1];

P[1][1] 4= Q_hias * di;

Figure 79: Program code for update the state covariance matrix

3. Compare reality and prediction

A new measurements arrive and the difference between it and the states. The equation is

given by
Y =2z, — Hippy
f
= Zp — [1 []] |:I‘3|,;| -
be| ke —1
— .zk — HJ-.‘“-_‘—]

Equation 8: Compare reality and prediction

With the gyroscope measure the angle based on the gravity vector and translate it using atan’

(b, a). It will results in a measurement vector and the code can be implemented by

FF Caleulate angle and bias - Update estimate with measurement =k {newlngle)
¥ Btep 3 ¥/
v o= newingle - angle;

Figure 80: Program code for comparing the values
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4. Covariance update

S is representing the covariance matrix. It is calculated by following equation:

S, =HP,, ;H' +R

_ ﬂlil nl] 1
- [1 []] Ln“' P”Lu-_] LJ Th
= .““klk—] + R

= .““klk—] + I”I"I'I'[I”:I

Equation 9: Covariance update

The covariance matrix S is depending on the covariance predictions of the previous model. If
value of S increased, it implies a low confidence in the value. On the other side if S

decreased, it implies a high confidence and the data is more accurate.

M Btep 4 #/
s o= P[O][0] + R_measure;

Figure 81: Program code for updating covariance

5. Kalman gain calculation

This step is going to merge the knowledge from previous calculated model and the
measurements. It is achieved by a matrix named Kalman gain K. It weight the measurements

and the model together.
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ffu _ .ﬁm ﬂl] 1 S_]
I . P P k1 0 b
_ Fao -1
_ H S;

K|k —1

RHI
Fo ke [l—1

RECH

Equation 10: Calculate the Kalman gain

H matrix is used to map the state onto the measurements.

A large value of K implies there is low confidence in the model and a high confidence in

measurement. A small value of K implies there is a high confidence in the model and a low

confidence in the measurements.

FfCaloulate Ealman gain - Compote the Ealman gain
M Btep 5 */

E[0] = P[OI[O] # &:

E[1] = P[1][0] / &;

Figure 82: Program code for calculate Kalman gain

6. Improvement of the model prediction
As the Kalman filter is a recursive loop algorithm, each time it need to update the prediction

to achieve a better predict in the next loop. The difference between the prediction in step one

and the real measurements is scaled with Kalman gain and added to the prediction.
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Ty = Tape—1 + K Yy

ool KL
. — . i I

H} [II{H ﬁ}
= | - — o
lgfm k|k—1 I“] y i

Equation 11: to update the prediction model

The improvement rate is related to the Kalman gain value calculated in the previous step. In
the previous step, if there is a small K matrix, it implies that there is a large confidence in the

current model. As a result the change to the prediction model will be small form the equation.

e Step B owS
angle += E[0] * w;
biaz += K[1] * w;

Figure 83: Program code for prediction model update

7. Using the new data to update the covariance matrix

The covariance matrix is updated after every sample has been taken and it is done by:

Pk|k = fI — K;\-H:'PW\-_]
HHI HI] _ ] [] _ .Ei‘:u [1 []] .ﬁlu .ﬁl]
_P]“ _P]] Hk [] 1 _Ei":] E -P]il P]] k“n‘—]
_ 1 [] _ .|!T‘|:1| [] ﬂlll -HI]
- [] ] .!Tfj [] i P]u F]] K|k —1

HHI ﬂl]i| _ |:_!r\’” HIII .Ku RI]:|
klk—1

P Pn Ky Fw Ky Pn

Equation 12: Update covariance matrix
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P is scaled down with increased certainty of the state values after adding measurement

knowledge.

Ff Caloulate estimation error covariance - Update the error covarlance

M Btep T %/

F[O][O] -= E[0] * P[O][O];
P[O][L] -= E[O] * P[O][1];
P[1][0] -= E[1] * P[O][0O];
PI1][1] -= E[1] * PO][1];

Figure 84: Program code for covariance update

The Kalman filter algorithm will run from step one again with new sample is coming in.

Figure 85: console output for gyroscope readings

The gyroscope angle measurements tend to be stable with the use of Kalman filter.
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4.3.6 PID control [28]

The PID equation is given below:

Output = Krel?)+X; fe(t)dt+ K, %e([}
Where : e=Setpoint - Input

Equation 13: PID equation

The value that proportional to the current error value can be produce by the term K, If the
value of K, is large, there will be a large change in the output for the change in error. If the

value of K, is small, the system will be less sensitive to errors.

The integral term K is the term proportional to the magnitude of error and its duration. It can
be implemented simply by adding up the error over time, it gives the offset that should be

corrected.

The derivative term represent the rate of change. It is used to predict the behaviour of the

system by observation the rate.

Set point is representing the desired position of the Segway which is 180 degree. The input is
the angle value filtered by Kalman filter. In the process error between the tilting angle and the
upright position is calculated and it is used to drive the PID algorithm to modify the motor’s
speed. The tilting angle will then be changed to a closer position to the desired up right

position.

A sampling time is set in the algorithm to let the PID algorithm functions runs in a regular
interval. As direction is also an important issue in PID algorithm, in the implementation there
is an input for programmer to set the direction of the model. It simply flip the value of the

constant if the direction is reversed.
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PID(double* Input, double* Output, double* Setpoint,
double Kp, double Ki, double Kd, int ControllerDirection)

Figure 86: Function of PID algorithm

The process of PID calculation is shown in the following flow chart.

Calculate the timing
difference (dt)

/

[ Calculate the error |

Set point - Input

iterm : iterm += item+(ki*error) dterm : (input-last input) *kd

pterm : kp*error l

\l/

Combine as the output of PID

Record the variable for next
repetition : the input , the time

Figure 87: Flow chart for PID

The time dt is first calculated as the terms in the algorithm is related to time. The error
between the input and the last input is than calculated. Each value is calculated and they are
checked whether they are larger than the upper or the lower bound. If such thing happen, they
are set to the upper bound or lower bound value. The three value are combined together and

produce the output which representing the magnitude of difference between a measured
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process and the desired position. The magnitude is further mapped to a speed value to get the

forward or backward speed.

The three parameter are tunned based on the following table until the Segway can balance.

Parameter Rise time Overshoot Settling time | Steady-state error | Stability
P Decrease Increase Small change Decrease Degrade
I Decrease Increase Increase Eliminate Degrade
D Minor change Decrease Decrease No effect Improve

Table 6: P,I and D constant tunning
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4.3.7 Variable resistor

The variable resistor is use to control the turning of the Segway. To read this sensor, there is

an analog output pin in the resistor.

Figure 88: The variable resistor

resistence = analogRead({potpind; /F Read the resistence

Sextal printlnfrezistence);

fealeolate magnitude of turning
if{reziztencetd<ztableresistence )]
right={ztablereziztence- resiztence J¥xeh;

left=-{ztableresistence- resiztence Wlx25;

1
elze if{resiztence-4=ztablereziztence )|
left={rezistence-ztablerezistence J*xz5;

right=-{resistence-stableresistence P*x25;

1

elzef
left=0;
right=0;
1

Figure 89: Program for reading sensor and measuring the speed value

By reading the analog value of the resistor, the current resistance can be read. The magnitude
of turning can be calculated by comparing with the stable resistance with a threshold. The
magnitude is than scale up with a factor so that it is significant to alter the speed to perform

turning. The speed value is output together with the forward or backward speed.
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Ff Motor control | k = forward or backward, left and right for turning
DAl _writelk+left,1);
DaC_writelk+right 23

Figure 90: Program code for speed outputting

4.3.8 DAC board and motor control

The balancing speed calculated from the PID algorithm and the additional speed values
calculated according to the variable resistor is combine together to form the final speed

values. These values are send to the DAC board though SPI to achieve motor control

going to the front
it haz been zent to right wheel: 11136
it haz been zent to left wheel: 9360

Figure 91: Result of speed control
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Chapter 5 Result and testing

5.1 System testing

In the first stage of the project two LED is used to simulate the two wheels for testing of the
program. The brightness value original is at 60, the minimum value is 0 and the maximum
value is 255. The brightness of the light bulb will represent the speed of the wheel, decrease in

brightness implies moving backward and increase in the brightness represent moving forward.

Figure 93: Output of the above system

The system is at stable state when 180 degree. By applying the Kalman filter, the angle
output is very stable and keep away from drifting. In this example, the center position of the

resistor is set to be 939. The two LED have the same brightness level of 60 in the figure.
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Figure 94: Increase the resistance value

kalman gyro angle : 180.89 stablel!
resistance :1023
to the rightl!

kalman gyro angle : 180.88 stable!!
resistance :1023
to the right!!

kalman gyro angle : 180.88 stablel !
resistance :1023
to the right!!

Figure 95: Output result of increased resistance

A motion of turning the handle bar to the right is simulate by rotate the resistor clockwise.
The resistance is increased and the lightness of the right LED is lower than the left one. It

simulate the increase speed of left wheel and decrease speed on the right wheel, which will

result in turning right
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Figure 96: Decrease the resistance value

hlel |

Figure 97: Output result of decreased resistance

A motion of turning the handle bar to the left is simulate by rotate the resistor anti-clockwise.
The resistance is decreased and the lightness of the left LED is lower than the right one. It

simulate the decrease speed of left wheel and increase speed on the right wheel, which will

result in turning left

72



Figure 98: Simulation for going forward

Figure 99: Output result of going forward

The change in tilting angle of car chassis is simulate by adjusting the tilting angle of the
breadboard. The increase in the angle value simulate a user leaning forward, which will

results in the Segway moving forward. Both LEDs brightness level will be increased.
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Figure 100: Simulation for going backward

Figure 101: Output result of going backward

In the opposite, decrease in the angle value simulate the user leaning backward. It will result

in the Segway moving backward to balance the user and both LEDs brightness is decreased.

The below figures shows the combinations of turning left and right with going forward and

backward.

Figure 102: Output result of going right when moving forward
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Figure 103: Output result of going left when moving forward

Figure 104: Output result of going left when moving back

Figure 105: Output result of going right when moving back
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5.2 How to ride the DIY Segway

The steps of using the DIY Segway is shown below:

1. Choose a flat and smooth area to start up your Segway. User should put on their
helmet when riding this car.

2. Rider should first turn on the switch one for the power up of the system. User should
wait until the LED lights up which indicate the success on initialization.

3. Rider should turn Switch three to car self-balance mode. After turning switch three,
Switch two can be turn on for powering up of the motors.

4. The Segway is balanced and rider should test the Segway by moving the handlebars
back and forth to see if the wheels respond.

5. Rider should step onto Segway with one foot and turn to user balance mode and step
another foot onto the Segway.

6. Rider could lean forward to more the Segway forward and lean backward to
travel backwards on the Segway. To turn the car, rider can shift the handlebar.

7. To step off the Segway, rider should first shift his weight to the centre to stop. Next,
rider should step one foot off the Segway and turn switch three to car-self balance mode.

Finally, rider can step off the car and close switch one and switch two consecutively.

itch thige

Figure 106: DIY Segway
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5.3 Segway self-balance

Figure 107: Self balanced Segway

With the success in controlling the motors, the hardware system and the software
system were integrated. The motors and computer in the base maintain the Segway
balance during operation. In order to test the stability of the system, external force
were given to the Segway to disrupt its stable state. It could rebalance itself under
normal force and the settling time is very short. It was not able to rebalance in a few

tests if a very large force was given to it.
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5.4 Segway Balancing with user

Figure 108: Segway balancing in user mode

By turning the switch to user mode, a user can step on the car. User can command the
Segway by shifting their weight forward or backward, the breaking distance is very
short. User can either preform rotating or drifting by turning the handle bar to left or
right. Rotation can be perform if the user turn the handlebar when the car is in stable
state and drift can be perform if a user turn the handle bar while the car is moving

forward or backward.
With the safety wheel, user feel more relax in using the Segway. Tests was carried out

by letting different users to try to ride on the Segway. Some users were able to control

the Segway after five trials.
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5.5 Top speed of the Segway
The speed of the motor can be calculated by using the following equation:

(rpm)*(zm*(c”"’“;eter)

60s
Equation 14: Speed equation

Speed =

The rpm for the DC geared motor is 320 revolution per minute. The diameter of the
wheel is 30cm. By the equation the maximum forward and backward speed it can
reach is about 5m/s. To reach this speed, the DAC board channel A and B should
output positive 10V for going forward or negative 10V for going backward. Below

shows the corresponding speed value output form the control board:

Movement Forward Maximum | Not moving | Backward Maximum
Voltage output +10V ov -10V
Speed value 16383 8191 0

Table 7: DAC speed value

START time:137701092
fngle:-180.03 PID:-0.24
Fesiztence:536

eoing to the front
it has heen zent to right wheel: 8282
1t has been szent to left wheel: 9232

Figure 109: Console output of balance speed

The angle value for balancing is 180 degree. In this state, the motor should stop
moving and the analog output signal measure form DAC board using CRO is about

OV.
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START time:343079120

Angle:193 37 PID:-106.94
Rezistence:538

zoing to the front

it haz been sent to right wheel: 10194

it haz been sent to left wheel: 10194
END time:244007472

Figure 110: Console output of forward speed

In this state, it is the maximum tilting angle and the maximum speed value used for
going forward. The analog output signal measured from CRO is about 2.3V, by

estimation the speed it can reach is 1.15 m/s.

2.3V

Tov * 5m/s = 1.15m/s
10194 — 8191

8191 *5m/s = 1.22m/s

Equation 15: Calculation for forward maximum speed

In testing, it reached about 1m/s with a rider on the Segway. Considering the user

weight and friction, the speed is reasonable.

START time:17642996

Angle:171 .41 PID:68.714
Rezistence:537

eoing to the back

1t haz been zent to right wheel: 6&74

it haz been zent to left wheel: AAT4
END time:17670376

Figure 111: Console output of backward speed
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In this state, it is the minimum tilting angle and the maximum speed value used for
going backward. The analog output signal measured from CRO is about -2V, by

estimation the speed it can reach is 1m/s.

=2V

Tov *5m/s =—1m/s
6674 — 8191
8191 " 5m/s = —-0.93m/s

Figure 112: Calculation for backward maximum speed

In testing, it reached about 0.8m/s for going backward with a rider on the Segway. It

is also a reasonable speed.
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Chapter 6 Discussion

In this project only one mainboard is used to perform all the calculations, signal input and

signal output.

6.1 SPI signalling

SPI is used in speed value signalling, the delay in SPI causes the two motor not synchronized.

delav(5y;
digitalWrite(S3, LOW);
BFT transferivl);

SPI tranzferivid);

SPT tranzfer(vd);
delav(5y;
digitalWrite(33, HIGHY;

Figure 113: SPI program

This part of program will run consecutively in order to drive the two motor. One motor is
start early than another for 15ms, this results in a slightly turning in a long run. Although the
effect is not significant, it can be improved by using multiple controllers. Each controller will
response for one set of motor so that the two motor can be commanded in a synchronised

mode.
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6.2 Sampling time of PID

The processing power of Arduino is very good, the reading of sensors and calculation of PID

can perform very fast. However due to the delay in SPI signalling, the process is forced to

stop.

Figure 114: Consecutive output during operation

The time frame is shown in the above figure. The process of calculation and motor control

require 28ms to complete. The process can perform 35 times in one second which is not the

ETART time:137701002

fngle:180.02 FID:-0.24
Resiztence (536

going to the front

it has been =ent to right wheel: 8282
it haz been zent to left wheel: BZ2B2
ENDl time:137720104

START time:137731144

Angle:180.05 PID:-0_36
Resistence: 536

zoing to the front

it has been zent to right wheel: 8282
it haz been sent to left wheel: 8282
END time:13775Q160

START time:137761200

fngle:180.06 PID:-0.50
Resiztence (537

going to the front

it has been =ent to right wheel: 8282
it has been zent to left wheel: 8282
ENDl time:137780224

ETART time: 137791264

fngle:180.08 FID:-0.61
Resistence (537

going to the front

it has been =ent to right wheel: 8282
it haz been zent to left wheel: BZ2B2
ENDl time:137810276

best sampling rate. The Segway could be more responsive to the change in tilting angle if the

sampling frequency is higher.
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Chapter 7 Further development

There are several changes that could be made to increase the performance and functionality
of the Segway. As this was the first version of Segway, it was considered infeasible to

address these issues in the allowable time frame.

» Dynamic variation of the control system based on tilt angle and current battery capacity
would provide a safer and more consistent ride.
» Implementing a wireless communication for the main board, so as to monitor the
operation during operation for more precise tunings.
»  Reducing the cost of Segway could be achieved by using a cheaper motor and motor
controller
»  The delay of the two wheels can be eliminated by using multiple micro-controller. Two
main board could be used and each main board is responsible for controlling one set of
motor.
»  Reduce of the cost of main board could be achieved by self-designing a PCB that
integrated the main controller, DAC and MPU6050. As the 1/O is quite adequate, more
sensors and components could be added on the PCB to increase the functionality.
»  Encoder could be added to enhance the feedback control.
» A panel could be implemented to provide user with more information. For example the
battery capacity, the current speed and the mode of the Segway.
»  Warning signals can be added for increasing of safety
B Distance sensors can be used for helping the user to maintain a safe distance when
riding the Segway

B Over speed warning should be given to the user, encoder can be used to calculating
the speed of the car.

B User should avoid obstacles when using the Segway, sensors can be used to detect

obstacles and notice the rider to prevent collision.
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Chapter 8 Budget

Electronic
Arduino mega 2560 $295
10K variable resistor $0
GY521 MPU6050 3axis gyroscope and accelerometer $0
Maxon motor driver(x2) $0
DC Motor ¥590
Bearing house ¥100
Metal chain ¥35
Sprocket wheel ¥74
PCB fabrication $196
24V 350W Battery $671
Electronic Total $2161
Raw Material
Steel plate for base $0
Spring(x2) $0
Wheels(x2) $0
Steel column for hand-bar $0
Misc tooling $0
Raw Material Total $0
Material and Service
DC plug for Arduino mega2560 $5
Transportation cost and shipping service $283
LEDs $21
9V battery $20
Raw Material Total $329
Grand Total $2490
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Chapter 9 Conclusion

The aim of this project was to design and build a rideable, self-balancing and coaxial
scooter, which it is called “The Segway”. This aim has been achieved and a Segway

with control and on-board power has been made and successfully tested.

A comprehensive literature review was conducted, including software and technical

information relevant to the project.

Mathematical models and algorithms like Kalman filter and PID control is used to
compute the calculation. In one way, it can make the result more precise so as to
achieve a better balancing. It can also increase the safety, to prevent the errors in

calculations which will affect the speed of motors.

A formulated design approach was used to create the most efficient and robust
configuration to satisfy all the project goals. The structural design was considered
concurrently with component selection, aesthetics, and ergonomics to minimise
mechanical, electrical and rider integration problems. The use of safety wheels and

control switch provide a high safety and ease of control to the Segway.

The outcome of this project has been a mechanically sound, aesthetically pleasing and

easy to ride self-balancing Segway.
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