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Abstract

This document outlines the design specifications of Life Automation’s autonomous waste cart
moving system, Bin Buddy. Design options and choices are explored and justified for each of the
subsystems and subcomponents. For each of these subsystems, design requirements are carefully
chosen to satisfy the requirements as described in the requirements document, exploring
technical details with respect to the mechanical, hardware, and software components of the
system. Supporting test plans are also included in the appendix to address testing the
subcomponents and components.
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Glossary

Calibration: A process that involves a general product setup.
Large Obstacles: Cars, waste carts, bikes.
Small Obstacles: Branches and stones less than 3.5 cm in height.

Stuck: The state when the product is not able to move around a large obstacle, also, when the
product is not standing straight (i.e. tipped over).



Design Specification - Bin Buddy LifeAutomat'=on

1. Introduction

Stand-alone or semi-detached houses are allocated waste collection schedules. To date, most
cities adopt a rotating bi-weekly collection schedule for the different carts (organics, recyclables,
and garbage) and have by-laws, imposing narrow time windows to place the carts out [1] [2] [3].
With these restrictions, bringing the waste cart to the front of the driveway becomes a
cumbersome task for the typical working population and the elderly, resulting in missed
collections due to mistiming, or wrong carts being placed on the curb.

LifeAutomation believes that Bin Buddy will be a solution to automating the waste collection
service. Bin Buddy attaches to existing city waste carts, autonomously wheeling the cart to the
front of the driveway and back once emptied after its initial boundary and app calibration. The
smart waste cart system will detect large obstacles, such as cars on the driveway, while
navigating to its docking location. A general overview of the Bin Buddy system is outlined in
Figure 1.1.

Home Location

Application Scheduler Docking Location

Figure 1. 1: General Overview of the Bin Buddy system

1.1 Scope

The purpose of this document is to specify the design requirements of the Bin Buddy device.
Design choices, challenges, and alternatives are explored for each component, and justifications
are provided for each subsystem and their components. For elaborated details on all design
options, please refer to Appendix C.

1. Mechanical Design
The mechanical design section will describe the design of the body and chassis structure.
2. Hardware Design
The hardware design section will analyze all hardware components such as the
microcontroller, navigation sensors, motors and driver motor, and the power supplies.
3. Software Design
The software design section will detail the line recognition system as well as the front-
end and back-end servers.
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1.2 Intended Audience

This document will serve as LifeAutomation’s design requirements guide for the
LifeAutomation team, potential clients/partners, Dr. Craig Scratchley, Dr. Shervin Jannesar, Dr.
Andrew Rawicz, Mike Hegedus, and Chris Hynes.

1.3 Design Classification

The three stages of the project are categorized in the following format:
Des {Section}.{Sub-Section}.{Sub-Des Requirement (optional)}-{Product Phase Acronym}
Each product phase has an associated acronym for better readability.

Table 1. 1: Product Phases

Product Phase Acronym
Alpha Phase (Proof of Concept) POC
Beta Phase (Engineering Prototype) EP
Production Phase (Final Product) FP
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2. System Overview

Bin Buddy consists of two main components: the Bin Buddy attachment, and the user
application. Figure 2.1 shows a system overview of the design. The Bin Buddy waste cart
attachment consists of various sensors that work with the motor driver and motors for navigation.
This system is paired with the mobile application and will communicate with the Node.js server
hosted on the Raspberry Pi microcontroller via Wi-Fi. Additionally, there is a MongoDB
database which will be hosted on the cloud through MongoDB Atlas. The database will be
responsible for storing and retrieving all user, device, and schedule information input by the user.

Bin Buddy Waste Cart Attachment User Application

s N

React Native

MPU-6050 Accel. & Mobile Application

Gyro. Sensor

_ J r
e >
HC-SR04 )
Ultrasonic Sensors )
L Uy
Y
( ™
Raspberry Pi » MDDS30 MongoDB
Camera Module Motor Driver Database
- _J ¢
24V DC 250W
Motors

Figure 2. 1: General System Diagram
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3. Mechanical Design

3.1 Body Structure

The POC version of Bin Buddy’s body will be made from light weight but strong wooden beams
and panels. The body structure of Bin Buddy is composed of a back wooden panel attached at 90
degrees to two supporting wooden beams as shown in Figure 3.1. Two stainless steel L brackets
are added for support as shown in Figure 3.1. The back plate will slide behind the metal bar of
waste cart and two U brackets will be secured onto the back plate to hold the device in place as
shown in Figure 3.2 (left). This installation design will be made more user friendly for the EP
version. The U-bracket will be placed at a height to ensure that Bin Buddy lifts the waste cart up
from the front as shown in Figure 3.2 (right).

This wood and metal bracket design is chosen for the POC because it is lightweight, strong and
highly customizable for the mechanical design testing phase.

U brackets \

Back panel

L brackets

Support beams

Bottom panel

Figure 3. 1: Structure of POC version of Bin Buddy
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Motor flanges

Figure 3. 2: Angled view [left] and side view [right] of Bin Buddy attached to a waste cart

Table 3. 1: Body Structure Design Requirements

Design ID Design Description Corresponding
Requirements

Des 3.1.1 - POC | The back panel of body will have a height of 56 cm. Req4.1.1-EP

Des 3.1.2 - POC | The length of the support beams will be 25.5 cm. Req4.1.2 - EP

Des 3.1.3 - POC | The U brackets will secure the back panel onto the bar Req 4.1.6 - EP
tightly. Req 8.1.4 - EP

Des3.1.1-EP The electronics, motors and battery will be enclosed ina | Req 8.1.1 - EP
casing.
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3.2 Chassis Structure

The POC chassis structure includes a bottom plate as shown in Figure 3.1, two motors bolted
onto the bottom plate using motor flanges as shown in Figure 3.2 (left) and two wheels attached
to the motors. The wheels are rubber with a diameter of 20.32 cm.

To steer the device, a differential steering mechanism will be used where the speed of one DC
motor is controlled relative to the other to change the direction of travel. Differential steering
was chosen to decrease the number of mechanical parts needed for the assembly. This reduces
size and weight of Bin Buddy.

Since differential steering is being used, each motor will be attached separately to each wheel. A
flange coupler will be bolted to the disk of the wheel. The motor’s shaft will then be coupled to

the flange coupler using a set screw.

Table 3. 2: Chassis Structure Design Requirements

Design ID Design Description Corresponding
Requirements
Des 3.2.1 - POC | The wheels will be 6.2 cm wide with a diameter of Req 3.1.2 - POC
20.32cm to maximize the device stability. Req 3.1.3 - POC
Req8.1.5 - EP
Des 3.2.2 - POC | The bottom plate will be 38 cm long to increase the Req 8.1.5 - EP

stability of the device-cart system.

Des 3.2.3 - POC | Two DC motors will be attached directly to both wheels | Req 5.3.2 - POC
to use differential steering method to change Bin Req4.1.1-FP
Buddy’s direction.

Des 3.2.4 - POC | The flange coupler will have a bore size of 1.2 cm to fit | Des 3.2.3 - POC
the motor shaft.

Des 3.2.1-EP The wheels will be made from the rubber. Req4.1.4 - EP
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3.3 Braking Mechanism

To avoid Bin Buddy from rolling away while parked, there must be a braking mechanism in
place. To keep the braking system simple, an electromagnetic spring contact brake will be used
to impose friction on one of the wheels.

Table 3. 3: Braking Mechanism Design Requirements

Design ID Design Description Corresponding
Requirements

Des 3.3.1 - EP | The braking system will be a physical locking mechanism | Req 8.1.3 - EP
that prevents Bin Buddy from rolling away while not in

motion.

Des 3.3.2 - EP | The braking system will apply friction on one of the Req 8.1.3 - EP
wheels using a spring contact and an electromagnet as
control.
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4. Hardware Design

4.1 Microcontroller Unit

Bin Buddy must support web server communication, multiple sensors for different purposes, a
camera, and a medium-sized motor system.

Raspberry Pi 3 Model B+ is a 64-bit quad-core microcomputer that allows that wide range of
functionalities. Raspberry Pi is a powerful compact microcomputer that carries
multiprogramming. Raspberry Pi 3 is the most suitable for the Bin Buddy system in power,
energy consumption, and extra connectivity. The Model B+ was specifically chosen because it
supports HATs (Hardware Attached on Top) which can be used for the drive system. The overall
price for the MCU does not differ significantly, however, the performance with Raspberry Pi is
multiple times greater than with other microcontrollers. Figure 4.1 and Table 4.1 show the layout
and specifications of the MCU.

Power Over
” Ethernet (PoE)
40 Pin GPIO Header
header

BCM2837B0
1.4 GHz 64-bit
processor

www.eTechnophiles.com

5V microUSB HDMI CSI Camera
Port Port Port

Figure 4. 1: Raspberry Pi 3 Model B+ [4]

Table 4. 1: Microcontroller Design Requirements

Design Requirement Description Corresponding
Requirement Requirements
Des 4.1.1 - POC | The MCU will support 2.4GHz wireless LAN. Req5.1.1 - POC
Des 4.1.2 - POC | The MCU will carry a 2.5A-3A output. Req5.1.2 - POC
Req 5.1.3 - POC
Des 4.1.3 - POC | The MCU will support camera streaming. Req 5.1.3 - POC
Req 5.1.5 - POC
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Table 4. 2: Raspberry Pi 3 Model B+ specifications [5]

Specification type

Value

Dimensions 85mm x 56mm x 17mm

Weight 459

Processor Broadcom BCM2837B0, Cortex-A53 64-bit
SoC @ 1.4GHz

Memory 1GB LPDDR2 SDRAM

Access Extended 40-pin GPIO header

SD card support Micro SD format for loading operating system

and data storage

Connectivity

2.4GHz and 5GHz IEEE 802.11.b/g/n/ac
wireless LAN, Bluetooth 4.2, BLE
Gigabit Ethernet over USB 2.0 (maximum
throughput 300Mbps)

4 x USB 2.0 ports

Video & sound

MIP1 CSI camera port

Input Power

5V/2.5A DC via micro-USB connector
5V DC via GPIO header

Environment

Operating temperature, 0-50°C

GPIO Specifications

Figure 4.2 shows the layout of Raspberry Pi pins. For an input pin, any voltage between 1.8V
and 3.3V is read as “HIGH” and a voltage lower than 1.8V as “LOW?” by the Raspberry Pi. No
devices with an input voltage higher than 3.3V should be connected to the microcomputer, or it
may result in the frying the pins. For the output pin, if the pin is set to “HIGH”, the voltage is
3.3V. Ifitis set to “LOW?, the voltage at the output is OV.

Pulse-width modulation is available on all the pins on the software side and on GP1012,
GPIO13, GP1018, GP1019 for the hardware.
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3.3v

GPIO 2 Serial Data (12C)|
GPIO3 Serial Clock (12C)

GPIO 4

Ground|
PIO 17 Chip Enable-CE1 (SPI1)|
GPIO 27

GPIO 22

3.3v

GPIO 10 MOSI (SP1 0)
GPIO 09 MISO (SP1 0)

GPIO 11 SCLK (SP1 0)

1102 14 Kaiagdsoy ()

+§ 19p0K ¢ g Kii3qdsoy

Ground

GPIO 0 EEPROM Serial DATA (12C)|

GPIO 5

GPIO 6

bl e it e e e L o e e e e

GPIO 13 (PWM)
[PWM] GPIO 19 MISO (SPI 1))
GPIO 26

Ground

5v

sv

Ground

GPIO 14 (UART TX)

GPIO 15 (UART RX)

GPIO 18 Chip Enable-CEO (SP1) [PWM]
Ground

GPIO 23

GPIO 24

Ground

GPIO 25

GPIO 8 Chip Enable-CEO (SPIO)
GPIO 7 Chip Enable-CE1(SPI0)
GPIO 1 EEPROM Serial Clock (12C)
Ground

GPIO 12 (PWM)

Ground

GPIO 16 Chip Enable-CE2 (SPI 1)
GPIO 20 MISO (SPI 1)

GPIO 21 SCLK (SPI 1)

www.eTechnophiles.com

Figure 4. 2: Raspberry Pi 3 Model B+ GP10 Layout [6]
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4.2 Sensors System

4.2.1 Obstacle Detection

For the obstacle detection with Raspberry Pi, ultrasonic sensors HC-SR04 are chosen as they can
operate in an outdoor environment.

The Bin Buddy system will have one ultrasonic sensor placed at the front and one on each side
except the rear of the waste cart to avoid driving into large obstacles. To maneuver around a
large obstacle, Bin Buddy requires at least 90 cm to operate. Therefore, the ultrasonic sensors
will be used to detect large obstacles from within 180 cm away.

Table 4.3 lists some of the sensor’s specifications that are relevant to Bin Buddy.

Table 4. 3: Ultrasonic Sensor Specifications [7]

Parameter Value
Working Voltage DC5V
Working Current 15mA
Working Frequency 40Hz

Min, Max Range 2cm, 400cm

Practical Measuring Distance | 2cm - 80cm

Measuring Angle 15°
Trigger Input Signal 10us TTL pulse
Dimensions 45mm x 20mm x 15mm

Crystal Oscillator (4 MHz)

GND (C to OV or Ground)

Trig (Input Pin)

Figure 4. 3: Ultrasonic Sensor HC-SR04

11
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For the trigger input to start the ranging, a short 10us high (5V) pulse must be supplied. This
initiates the sensor to transmit 8 cycles of ultrasonic burst at 40kHz, and to wait for the reflected
burst of ultrasound. In order to prevent a trigger signal to the echo signal, the measurement cycle
must be over 60ms. After the sensor detects ultrasound from the receiver, it will set the Echo pin
to a high voltage (5V) and delay for a period, proportional to the distance. The distance can be
calculated at followed:

, time * sound velocit, .
distance = > Y where the sound velocity = 340 m/s
10uS TTL Timing Diagram
Trigger Input |
to Module

8 Cycle Sonic Burst
Somc Burst HHH l
from Module
Input TTL lever

Echo Pulse Output signal with a range
to User Timemng Circuit in proportion

Figure 4. 4: Ultrasonic Sensor Timing Diagram [7]
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Figure 4. 5: Ultrasonic Sensor Operation Diagram [8]
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Table 4.4 lists the design requirements for each phase of the project.

Table 4. 4: Ultrasonic Sensors Design Requirements

{V:VW
LifeAutomat -on

at least 90 cm of distance between Bin Buddy’s
body structure and large obstacles.

Design ID Requirement Description Corresponding
Requirements
Des4.2.1.1 - POC | The HC-SR04 sensor will detect large obstacles Req 5.5.1- POC
within 180 cm, which falls within its non-contact Req5.5.1 - EP
measurement range of 2-400cm.
Des 4.2.1.2 - POC | The ranging accuracy of the HC-SR04 sensor will Req 5.5.1 - POC
not exceed 3 mm. Req5.5.1 - EP
Des4.2.1.1 - EP The Bin Buddy system will have one ultrasonic Req 3.2.2 - EP
sensor placed at the front and one on each side Req5.5.1 - EP
except the rear of the waste cart to allow maintaining | Req 6.2.5 - EP
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4.2.2 Empty Waste Cart Detection

The MPU-6050 sensor is used to detect when the waste cart is emptied to signal Bin Buddy to
return home. It will also detect when Bin Buddy is tipped over to alert the user. This sensor is
chosen as it has both the accelerometer and the gyroscope.

Based on feedback from the instructional team, the accelerometer and the gyroscope sensor is
sufficient for detecting the tilt. Changes that are as drastic as the angle change of 180 degrees to
Bin Buddy itself would rarely occur unless a waste cart is being emptied out by the waste
collection truck. If Bin Buddy topples over due to an unfortunate event instead of being emptied
out, the MPU-6050 sensor will be used to detect that Bin Buddy is unable to travel due to being
flipped over and the detected condition will be used to trigger a function call to alert the user.

The MPU-6050 sensor defines the x, y and z axes as shown in Figure 4.6.

Figure 4. 6: Orientation of Axes of Sensitivity and Polarity of Rotation [9]

As shown in Figure 4.7, the MPU-6050 sensor has three independent axes each for gyroscope
and accelerometer where the gyroscope detects rotation to provide angular velocity and the
accelerometer measures displacement on axes. On a flat surface, x and y axes measure 0g and 1g
on z-axis [9].
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1
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Pin names in square brackets [ ] apply only to MPU-8050

Figure 4. 7: MPU-6050 Block Diagram
Table 4.5 lists some of the important parameters of MPU-6050.

Table 4. 5: MPUG6050 Specification

Specification Gyroscope Accelerometer
Measurement Ranges +250°/sec, +2g,
+500°/sec, t4g,
+1000°/sec, +8g,
+2000°/sec +16g
exc‘_g_; Yo Operating Current 3.8mA (gyroscope + accelerometer only,
\ g Mok -
| @600 ‘;‘Y' DMP disabled)
O Temperature Range -40 to 85 °C
Figure #: MPU 6050
VDD 2.375V-3.46V
(absolute maximum rating: -0.5V to 6V)

Pins that are of interest to us are Pin 13 (VDD), Pin 18 (GND), Pin 23 (SCL), Pin 24 (SDA).
VDD and GND are power supply rails. SCL and SDA are I°C serial clock and data, respectively.
The MPUG050 sensor will use the Inter-Integrated Circuit (12C) communication protocol, which
allows for the ease of identifying the address of the sensor as shown in Figure 4.8 [10].
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SDA <——¢————3> SDA

Controller 1 Peripheral 1
SCL > SCL

SDA SDA
Controller 2 Peripheral 2
SCL »——»SCL

Figure 4. 8: i2cdetect and 1°C Block Diagram

The 12C protocol is useful for peripheral communication, requiring only two wires while
supporting multiple peripheral devices as shown in Figure 4.8 [10]. Controllers 1 and 2 in the
block diagram above would be Raspberry Pi B+ and the peripherals would be the MPU6050
sensor for Bin Buddy.

Table 4.6 contains the design requirements for the inertial sensor.

Table 4. 6: Inertial Sensor Design Requirements

Design ID Design Description Corresponding
Requirements

Des 4.2.2.1 - POC | The MPU-6050 sensor will detect a rotational change | Req 5.4.1 - POC

between 40 -180 ° with respect to the base frame. Req 6.2.6 - EP
Des 4.2.2.1 - EP The MPU-6050 sensor will distinguish between a Req 3.1.2 - POC
rotational change of 40 - 90°and 90 -180°to Req 3.2.4 - EP

determine if Bin Buddy fell over or was emptied out. | Req 3.2.5-EP
This condition will initiate the method to either alert Req 5.4.1-EP
the user or return to the home base. Req 6.2.6 - EP
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4.2.3 Navigation

The Raspberry Pi Camera Module will be used to implement line following using the Hallway
Problem concept. The Hallway Problem significantly narrows down the scope of the navigation
area by constraining Bin Buddy’s field of navigation to a set of virtual or physical walls. This
allows Bin Buddy to have a path to always follow, eliminating the complexities of path mapping
and pinpointing the system’s precise location. Line following can be used to exercise this
problem using a Raspberry Pi camera module. As the line strays away from the camera’s frame
of view, Bin Buddy will readjust so the line returns to the center of the frame.

Figure 4.9 shows the common cases that will be addressed, some of which will be incorporated
in conjunction with the ultrasonic sensors. The dashed lines are the virtual boundaries while the
solid line is the line that will be set up by the user.

N

Case a) Case b) Case c)

Obstacle 1
|
|
|
|
|
|
F |
|
|

Case d) Case e)

Figure 4. 9: Common Line Following Cases
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Case a) is the base case containing a straight line. Bin Buddy will make no changes to its driving
direction and can continue driving forwards. Cases b) and c) contain curved lines in either
direction. Bin Buddy will traverse these curves based on the instructions of the image
recognition software. Cases d) and e) describe the presence of obstacles at both sides. Bin Buddy
will attempt to avoid these obstacles while remaining within the scope of the virtual walls. In all
other cases, assistance will be required from the user as Bin Buddy will either be located beyond
the scope of the virtual walls, or an obstacle is completely blocking the width of the possible path
of travel.

The camera module is also used to recognize the docking stations, which is the beginning and the
end of the navigation process of Bin Buddy. It will detect a simple, distinct colour at each

docking station.

Table 4. 7: Camera Design Requirements

Design ID Design Description Corresponding
Requirements
Des 4.2.3.1 - POC | The camera will support a resolution of 1080p. Req 3.1.1 - POC
Req 3.1.1.1 - POC
Req 3.2.1 - EP
Req 3.2.5-EP
Des 4.2.3.2 - POC | The camera will support a frame rate of 30 fps. Req 3.1.1 - POC
Req 3.1.1.1 - POC
Req 3.2.1 - EP
Req 3.2.5-EP
Des 4.2.3.3-POC | The camera will be connected to the Raspberry 3B+ | Req 3.2.1 - EP
microcontroller. Req 3.2.1.1-EP
Des4.2.3.4-EP The camera will detect the docking station by Req 3.2.1-EP
recognizing the docking station colours. Req3.2.1.1-EP
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4.3 Motor

Two geared PMDC (Permanent Magnet DC) motors of rated power 250W, rated current of 14A
and voltage of 24V are used to control the mobility of Bin Buddy. These motors meet the torque
and power requirements from calculations shown in sections below. PMDC motors are selected
because they offer high power for low cost and offer bi-directional speed control using a simple
controller with H-bridge and PWM support.

4.3.1 Motor torgque and power calculations

Figure 4.10 is a sketch of a one-wheeled system on an incline. Figure 4.11 shows the symbols
used in the calculations.

Figure 4. 10: A One-wheeled System on an Incline of 6 Degrees.

Radius of the wheel Ry
Mass of the wheel N
Angular acceleration of the wheel a
Linear acceleration of the wheel d.
Moment of Inertia of the wheel I
Frictional force between rubber wheel and concrete ground E

Static friction constant g
Normal reaction force Fy
Weight of the system 5

Mass of the load (includes device’s and waste cart’s mass) my
Acceleration due to gravity g = 9.8m/s
Angle of incline g
Torque required from motor T

Net torque on the system .

Figure 4. 11: Mathematical Symbols used in Torque and Power Calculations
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All calculations are the worst-case scenarios for torque required from the motor.

For example, more torque will be required by the motor system while the device is climbing up
an incline of 10°. The frictional force for impending motion — in other words, when the device is
just starting up and is about to move — has the maximum value as shown in Figure 4.12.
Therefore, the maximum frictional force (static friction) will be used to calculate the worst-case
scenario torque.

fe = N

0

F
0
|=— Static region —=}« Kinetic region =]

Figure 4. 12: Applied force vs frictional force graph showing static and kinetic friction regions [11]

Given the assumption that the wheel is a solid cylinder,

1
1= 2 m)Rw)?

and the angular acceleration is

the net torque equation with the clockwise direction set as the positive sense of rotation is:
1 a
U T= Ty = Ryk = la =35 (my)(Ry)’ =
2 Ry

= T = RuFy + 5 (my) (Ru)(@

Assuming the wheel is impending motion, meaning F, considers only the static friction value,
F. = psFy = psFycost = pg(myg)coso
20
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This is the torque required by the motor to overcome friction between the wheel and ground, and
to overcome the wheel’s moment of inertia:

1
= T = (Rw) (1s) (M) (g)cosO + = (M) (Rw)(a)

T = (Rw)[(Ks)(m;)(g)cosO + %(mw)(a)]

From the requirements document, the following parameters and their values are derived.

R, = 0.10m [Req 3.1.3 — POC]

m,, = 1.45kg

6 = 10°[Req 3.2.4 — EP]

Load mass m; = 50kg - 1.45kg = 48.6kg [Req 5.3.2 — FP]

us = 1[12]

Max Linear Velocity = 10 km/hr = 2.8m/s [Req 6.1.3 — POC]

Operating linear velocity on a 10° incline = 0.5m/s
(based on the average speed of a Roomba which is 0.3m/s [13]).

At a velocity of 0.5m/s, Bin Buddy will take approximately 40 seconds one way to travel a
driveway length of 20m, meeting requirement [Req 5.2.2 - EP].

From this velocity value, the value of acceleration is chosen to ensure that Bin Buddy has
sufficient time to accelerate from Om/s to 0.5 m/s without inducing sudden jerks. The time to
accelerate is chosen to be 2 seconds as an upper boundary.

From these approximations, the linear acceleration can be calculated:

_17—0_0.5—0_025 5
a = = 5 = 0.25m/s

These values are used to calculate the torque required.
= T = (Rw)[(1s)(m;)(g)cosd + %(mw)(a)]
= T, = (0.1)[(1)(48.6)(9.8)cos(10°) + %(1.45)(0.25)]

= T, = (0.1)[469.044 + 0.1813]

=T, = 46.9 Nm
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A service/safety factor of 1.5 will be accounted for in the required torque [14].
= T,, = 70.35 Nm for the whole chassis system
The load will be distributed evenly on two motors.

Therefore, the rated torque required from each motor is: T,,; = 35.2 Nm

Using the rated torque, the power requirements for the motors can also be derived.

Angular velocity, w = RL = % = 5rad/s

w

RPM = (X80 _ B0 o 48 rpM
21 21

Power required for each motor, B,, = (T),1)(RPM)(Conversion Factor) [15]

P,, = (35.2)(48)(0.1047) ~ 177 Watt

Table 4.8 outlines the motor requirements for Bin Buddy based on the torque and power
calculation.

Table 4. 8: Motor Design Requirements

Design ID Design Description Corresponding
Requirements
Des 4.3.1 - POC | The motor will be bi-directional. Req 5.3.1-POC
Req 5.3.2 - POC
Des 4.3.2 - POC | The motor will be able to maintain a speed of 0.5m/sor | Req5.3.1-POC
48RPM.
Des 4.3.3 - POC | The motor will have rated torque of at least 35.2Nm. Req5.3.1-EP
Req5.3.2-FP
Des 4.3.4 - POC | The motor will have rated power of at least 177W. Req5.3.1-EP
Req5.3.2-FP
Des 4.3.5- POC | The motor will be reasonably quiet. Req5.3.2 - EP
Des 4.3.6 - POC | The motor will last a reasonable lifespan of product. Req5.3.1-FP
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4.4 Motor Driver
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The motor driver used in Bin Buddy will be the MDDS30 SmartDriveDuo Smart Dual Channel
30A Motor Driver by Cytron Technologies. This will be referred to as MDDS30 driver from

hereon. This driver was chosen because it offers all POC and EP requirements while being an
inexpensive option.

Table 4. 9: Motor Driver Design Requirements

Design ID Design Description Corresponding
Requirements
Des 4.4.1 - POC | The MDDS30 driver will offer bi-directional control. | Req 5.3.1 - POC
Des 4.4.2 - POC | The MDDS30 driver will offer PWM speed control Req 5.3.2 - POC
for each motor.
Des 4.4.3 - POC | The MDDS30 driver will allow current draw of at Des 4.3.3—-POC
least 14A per motor. Des 4.3.4 - POC
Req5.3.1 - EP
Req5.3.2-FP
Des 4.4.4 - POC | The MDDS30 driver must have thermal and current | Req 8.1.4 - FP
limit protection.
Des 4.4.5 - POC | The MDDS30 driver will be reasonably quiet. Req 5.3.2 - EP
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4.5 Power Supplies

4.5.1 Chassis Power Supply

The power of the motor, Pm = 177 Watt, is calculated in section 4.3. Therefore, the power
required for two motors is 354W, which is then rounded to 360W.

In section 4.3, a device moving at a velocity of 0.5m/s device is approximated to take 40 seconds
to cross a driveway length of 20m. After accounting for extra distance covered due to
maneuvering around obstacles, the roundtrip time will be approximated to have an upper bound
of 5 minutes.

Goal: Power a 360W system continuously for 5 minutes.

Power of system in Watts, P = 360W
Time system needs to run for continuously in minutes, T = 5min
Efficiency of battery, e = 98% = 0.98

As shown in Figure 4.13, the left and right motors in chassis are connected in parallel with the
power supply using the motor controller. The voltage required from the battery needs to be the
rated voltage of each motor. 24V lead-acid batteries are not readily available, so two 12V
batteries are used in series.

Rated 24V + Rated 24V

! 2x 12V
| batteries in
—_ series= 24V

Figure 4.13: Circuit diagram shows chassis motors connected in parallel with the power source
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Given
Voltage of battery in Volts, V, = 24V
Energy stored in battery in watt-hours = Ep
Capacity of battery in amp-hours = Cp

T 5
(Pn) (@ hours) _ (360W) (@ hours) _ 30

= E, = . 0.98 =098 ~ 31 watt — hours
c Ep 31Wh 13 b
50 =—=> —— =~ 1. —
b 7, AV amp ours

Therefore, the chassis requires a 1.3AH capacity and a 24V power supply to run continuously for
a 5-minute roundtrip.

To keep the battery weight and cost to a minimum, two rechargeable 12V SLA (Sealed Lead
Acid) batteries connected in series with a capacity of 4.5Ah will be used. Thus, the device will
be able to make approximately 3 roundtrips of 5 minutes each before requiring a recharge.

Table 4. 10: Chassis Power Supply Design Requirements

Design ID Design Description Corresponding
Requirements
Des 4.5.1.1 - POC | The power supply will supply a voltage of 24V. Req 5.2.1 - POC
Des 4.5.1.2 - POC | The power supply will provide at least 1.3amps per | Req 5.2.1 - EP
hour. Req 5.2.2 - EP
Des 4.5.1.3 - POC | The power supply will last 3 roundtrip cycles Req5.2.1 - EP
before requiring a recharge.
Des 4.5.1.4 - POC | The power supply will be rechargeable. Req5.2.1-FP
Des4.5.1.1-FP The power supply will weigh no more than 3kg Req4.1.1-FP

each to minimize the product weight.
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4.5.2 MCU Power Supply

Typically, the Raspberry Pi 3 B+ requires a power of 2.5Ah with 5V [16]. However, since the
camera module is present in the project, the Raspberry Pi requires a portable battery of ~3Ah that
will output 5V. Due to the implementation of a new board design but keeping some old
components, the Raspberry Pi 3 has a ~0.6V voltage drop from the USB port to the chip.
Therefore, an adapter that will provide 5.2 - 5.4V is ideal.

Table 4. 11: MCU Power Supply Requirements

Design ID Design Description Corresponding
Requirements

Des 4.5.2.1 - POC | The power supply will supply a voltage of at least 5V. | Req5.1.2 - POC

Des 4.5.2.2 - POC | The power supply will provide at least 2.5Ah. Req 5.1.2 - POC
Req 5.1.3 - POC
Des 4.5.2.3-POC | The power supply will have a micro-USB power Req 5.1.5 - POC
connector.
Des4.5.2.1-FP The power supply will be rechargeable. Req5.2.1-FP

MCU Power Consumption Calculations
According to the Raspberry Pi documentation, the typical bare-board active current consumption
for Raspberry Pi 3 B+ is 500mA and ~260mA on average [16].

Therefore, the power consumption by the microcomputer is:

P (consumed by Raspberry Pi) = V xI = 500mA = 5.0V = 2.5W
P (consumed by Raspberry Pi,average) = V *1 =~ 260mA = 5.0V =~ 1.3W

The portable battery will output ~5V with 2.5Ah. Therefore, the power * hours provided by the
battery before recharged is:

P x hours (provided by the battery) = V*[+xh = 5V x25Ah = 12.5Wh
As a result, the battery life before recharging in hours can be estimated as:

P x hours(provided by the battery) 12.5Wh
P(consumed by Raspberry Pi)  2.5W

Battery lifetime = =~ 5 hours
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Battery lifetime (average) =

P x hours(provided by the battery) ~ 12.5Wh

P(consumed by Raspberry Pi,average)  1.3W
=~ 9.6 hours

4.5.3 Emergency power button for motor

Since Bin Buddy operates on a 24V battery with a high motor current draw of 28A, a battery
isolation system is needed as a safety feature. A battery kill switch will be used to cut off the
input terminal connection from battery.

Table 4. 12: Emergency Power Button Requirements

Design ID Design Description Corresponding
Requirements

Des 4.5.3.1 - POC | An emergency power button will mechanically Req 8.1.1 - POC
rotate out to safely disconnect the chassis motors
from the power supply.

Des4.5.3.1-EP | A small push-button control will be used to Req 8.1.1 - POC
energize the relay coil to be used as an emergency
button to isolate the chassis system from the 24V
SLA battery.
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5. Software Design

5.1 Line Recognition

Using the camera module mentioned in the section above, Bin Buddy will utilize the following
algorithms and Python libraries from OpenCV on Raspberry Pi B+ to recognize a line as needed
for the navigation of Bin Buddy [17].

Gaussian Blur is one of the pre-processing techniques used in smoothing images for the purposes
of noise reduction through diminishing details [18]. Applying a Gaussian Blur is effectively
applying a low-pass filter, removing high frequency components of an image. To use the
GaussianBlur function from OpenCV, the width and height parameters of the Gaussian Kernel
must be specified [19].

Hough Transform is another important technique used in feature extraction of an image where
every edge point is transformed into a line over iterations and the regions with the highest
density of lines crossing are considered as true lines [20]. To use the Hough Line Transform
function in OpenCV, the function needs to intake the minimum length of line and the maximum
amount of gap between the lines as its parameters [21]. In our case, we are adopting
HoughLinesP() as the probabilistic Hough Transform is less computationally exhaustive and
therefore, faster [22].

Colour Space Conversion is also an important component in image processing and needed to
translate the colour space from one basis to another. The cvtColor function is used.

Figure 5.1 demonstrates what these techniques will result.

Figure 5. 1: Line Recognition Demo
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Table 5. 1: Line Recognition Design Requirements
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Design ID Design Description Corresponding
Requirements

Des 5.1.1 - POC | The image recognition software will use Python to Req 3.1.1 - POC
utilize OpenCV functions, such as cvtColor, Req 3.1.1.1 - POC
HoughLinesP and Gaussian Blur, to process the line | Req 6.1.1 - POC
as images in a frame rate up to 17 frames per second.

Des 5.1.2 - POC | The image recognition software will detect a light- Req 3.1.1 - POC
colored line and update driving directions to Bin Req3.1.1.1 - POC
Buddy every second. Req 6.1.1 - POC

Des 5.1.3 - POC [ The image recognition software will throw a flag Req 3.2.5-EP
when the line is not in the field of view of the camera Seq g-?-i - Egg
m_odule after 20 seconds to adjust its travel. The user Rgg 6.2 4_'1 _EP
will be alerted after 60 seconds.

Des5.1.1-EP [ The image recognition software will try to relocate Req 3.1.1.1 - POC
the line by turning around O - 180 degrees to remain | Réd5.6.1-POC

. . . Req 6.1.1 - POC

on its course of path and direction.
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5.2 Front-End: User Application
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The chosen user application for the Bin Buddy system is a mobile app developed using the React
Native framework. This framework is open-source and cross platform. Using JavaScript, React
Native ensures a fast and seamless mobile development cycle. React Native is purely front-end
and will communicate with the backend server that will be located on the Raspberry Pi

microcontroller.

The application will consist of four core functionalities.
1. Registering as a new user or logging as an existing user.
2. Adding and viewing registered devices and their statuses as well as accessing the
emergency stop button to halt all moving devices.
3. Viewing the calendar for pre-scheduled waste cart devices.

4. Using the mobile drawer navigation menu to navigate between pages.

Table 5. 2: Front End Design Requirements

Design ID Design Description Corresponding
Requirements

Des 5.2.1 - POC | The application will be available for Android devices Req6.3.1-FP
running version 9.0 and iOS devices running iOS 12 or
later.

Des 5.2.2 - POC | The application will send requests to the Raspberry Pi Req 3.2.3 - EP
through REST API calls over Wi-Fi.

Des 5.2.3 - POC | The application will send alerts to the user if the Bin Req 6.2.4.1 - EP
Buddy attachment is unable to navigate to its destination | Req 6.2.6 - EP
location autonomously, or an unexpected interrupt is Req 6.3.2 - FP
triggered.

Des5.2.1 - EP The application will send requests to the database to Req 3.2.3 - EP
store or retrieve schedules.

Des5.2.2 - EP The application will have a maximum of 6 intuitive Req 3.2.6 - EP
screens to increase productivity. Req 3.2.7 - EP

Req 3.2.7.1 - EP
Req 6.2.2 - EP
Des5.2.3-EP The application will display the location of each device. | Req6.2.3 - EP
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5.3 Back-End

5.3.1 System Communication
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A web server will be used for system communication. A node web server and mobile application
will be hosted on the raspberry pi. This will ensure that any mobile device with internet access
will be able to pull information from the Bin Buddy device through the web server. The Bin

Buddy will be able to send alerts and information to the mobile application through get/post

requests and the mobile application will be able to send collection data to a database connected
to the web server. The user will have complete control over the system if they have Wi-Fi access
regardless of their proximity to the system making the control extremely accessible.

Database . gel/post requests] Raspberry Pi gel/post requests Mobile Device
(External) {(Web Server) (Front-End U
Figure 5. 2: System Communication Flow Diagram
Table 5. 3: Web Server Design Requirements
Design ID Design Description Corresponding
Requirements
Des 5.3.1.3-POC | The system will use a web server to communicate Req 3.2.3- EP
with the mobile application using get/post requests. | Req 3.2.5 - EP
Req 6.2.4.1 - EP
Req 6.2.6 - EP
Req 6.3.2 - FP
Des 5.2.2 - POC
Des 5.2.3 - POC
Des5.2.3-EP
Des 5.3.1.2 - POC | The web server will be hosted on a Raspberry Pi. Req 5.1.1 - POC
Des5.3.1.1-EP The web server will connect to a database to store Req 3.2.3- EP
user data. Des5.2.1 - EP
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5.3.2 Database
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The data will be stored using MongoDB and MongoDB Atlas. MongoDB Atlas is a cloud
database service which is free to use and would allow Bin Buddy access to a database server
without the overhead of manually creating one. MongoDB Atlas uses MongoDB which is a
noSQL database. This is optimal as the data that needs to be stored for Bin Buddy is minimal and
fairly unstructured. The MongoDB database would consist of two collections as seen in Figure

5.3.
USERS N DEVICES
Device ID
e wiaste Type
Fassword ngr? Ilelcténrl _E_ay
. eel Lut lime
Dol Frequency
Figure 5. 3: Database Schema
Table 5. 4: Database Design Requirements
Design ID Design Description Corresponding
Requirements
Des 5.3.2.1 - EP | The database will use MongoDB and mongoose. Req 3.2.3- EP
Des5.2.1-EP
Des 5.3.2.2 - EP | The database will be hosted on MongoDB Atlas. Req 3.2.3- EP
Des5.2.1-EP
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6. Conclusion

This design document outlines design choices for Bin Buddy, with a focus on the POC. The
details of how each design choice is implemented and the design decisions are justified through
considering design alternatives. Below is a summary of each key section of the document:
1. Mechanical Design
a. Body structure
- The POC version of Bin Buddy’s body structure will be made from wooden
beams and panels with two U brackets bolted onto the back plate.
b. Chassis structure
- Differential steering mechanism will be used with two wheels. The wheels
and motors will be attached using a flange coupler.
c. Braking mechanism
- Assimple spring and contact mechanism will be used to apply pressure on one
of the two wheels while Bin Buddy is not in motion.
2. Hardware Design
a. Microcontroller Unit
- The Raspberry Pi 3 B+ is chosen as the microcomputer.
b. Sensors System
i.  Obstacle Detection will be executed using Ultrasonic Sensors HC-SRO04.
ii.  Empty Waste Cart Detection will use a MPU-6050 Inertial Sensor.
iii.  Navigation will use the Raspberry Pi Camera Module.
c. Motor and relevant calculations
- Two motors with rated power of 250W each are chosen to meet the minimum
torque requirement calculated.
d. Power Supplies
- A 24V SLA battery with a minimum 3.9AH is required to power the chassis
system for 3 roundtrips without a recharge. 5V with 2.5Ah is required to
power the Raspberry Pi 3 B+.
- A battery disconnect switch for the chassis power will be a safety feature.
3. Software Design
a. Line Recognition will use Python and OpenCV with the Camera Module
b. User Interface — mobile application
i.  Frontend
o The React Native framework will be used for cross-platform
compatibility.
ii. Backend
o A Node web server will be used for system communication.
o MongoDB will be used as Bin Buddy’s database system.
This technical document is a living document that serves as the implementation guidelines for
Bin Buddy.
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Appendix A: Test Plan

A.1l Introduction

Test Purpose
The corresponding test plan provides detailed steps for the Proof of Concept prototype testing to
demonstrate that all design specifications and requirements are met.

Test Coverage

Typically, test coverage provides testing instructions for all the lifecycles of the product.
However, for the purpose of ENSC 405W, this appendix presents a test plan solely for the Proof
of Concept. The software and hardware/electronics components and subsystems will be tested
followed by the mechanical part of the project. Upon verification, integration testing will be
performed to demonstrate the functionality of Bin Buddy as one system.

Test Methods

The test equipment required to verify Bin Buddy’s functionality is an empty 120L waste cart.
This waste cart will be filled to capacity for testing in the EP phase. Test methods will rely on
visual inspection.

Test Responsibilities
All verification will be performed by the members of LifeAutomation using the test plan steps.

The test plans (software, electronics, mechanical) for each subsystem are listed below.

A.2 Software Testing

Test Name: System Communication - Go Date:

Test Description: Press “Start Bin Buddy” on the mobile application.

Expected outcome: Bin Buddy device will begin moving within 1 second and begin following
the provided line.

Actual Outcome:
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Test Name: System Communication - Stop Date:

Test Description: Press “Stop Bin Buddy” on the mobile application.

Expected outcome: Bin Buddy device will stop moving within 1 second.

Actual Outcome:

Test Name: Line Following Date:

Test Description: Press “Start Bin Buddy” on the mobile application, ensuring there are no
obstacles obstructing the expected path.

Expected outcome: The Bin Buddy device will begin moving within 1 second and continue to
follow the line provided.

Actual Outcome:

Test Name: Obstacle Detection Date:

Test Description: Place a large obstacle that covers the line path and virtual boundaries, then
press “Start Bin Buddy” on the mobile application to start the device.

Expected outcome: The device will send a notification to the mobile application, alerting the
user that it is stuck.

Actual Outcome:
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Test Name: Empty Cart Detection Date:

Test Description: Lift the Bin Buddy device in the air and tip it over ~180 degrees, then place
it back on the ground.

Expected outcome: The Bin Buddy device will send a notification to the mobile app saying
that the device has been emptied.

Actual Outcome:

A.3 Electronics Testing

Test Name: MCU Power Up Date:

Test Description: Let the system run and consume power until the MCU stops responding
(power supply dies). Recharge the MCU power supply.

Expected outcome: The MCU will begin responding again.

Actual Outcome:

Test Name: Emergency Stop Date:

Test Description: Power up the device and press “Start Bin Buddy” on the mobile
application, then press the emergency stop button.

Expected outcome: The Bin Buddy device will power off and stop all motion.

Actual Outcome:
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A.4 Mechanical Testing

Test Name: Load Test Date:

Test Description: Place a 45kg load in the waste cart and press “Start Bin Buddy” on the
mobile application.

Expected outcome: The device will begin to move, following the line provided.

Actual Outcome:

Test Name: Stability - Basic Date:

Test Description: Set Bin Buddy at the top of a driveway at an angle of 10 degrees, then press
“Start Bin Buddy” on the mobile application.

Expected outcome: The device will follow the expected path down the driveway without
tipping over.

Actual Outcome:

Test Name: Stability - Obstacles Date:

Test Description: Place multiple small obstacles along the expected path, then press “Start
Bin Buddy” on the mobile application.

Expected outcome: The device should easily roll over small obstacles without tipping over.

Actual Outcome:
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Test Name: Clamp Date:

Test Description: Lift the waste cart with the Bin Buddy device attached to it in the air and tip
it over ~180 degrees while shaking it.

Expected outcome: The device should remain firmly attached to the trash bin.

Actual Outcome:

Test Name: Differential steering Date:

Test Description: Set the expected path so that the device is expected to turn, then press “Start
Bin Buddy” on the mobile application.

Expected outcome: The device should be able to turn, following the expected path, without
tipping over.

Actual Outcome:
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Appendix B: User Interface and Appearance Design

This page is intentionally left blank as Appendix B was submitted separately.
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Appendix C: Supporting Design Options

C.1 Body and Chassis Structure

Table C.1 lists the requirements for the body and chassis structure. Based on these requirements,
Table C.2 lists the design alternatives for the body structure and Table C.3 lists the design
alternatives for the chassis/drive assembly (non-exhaustive).

Table C. 1: Requirements for the Body and Chassis Structure

Requirement ID | Requirement Description

411-EP The product’s height should be less than 53 cm.

4.1.2 -EP The product’s depth should be less than 38 cm to leave enough clearance
between the waste pick-up truck’s arm and the product.

4.1.6-EP The product must be secured tightly onto the city waste cart.

8.1.4-EP The product must be securely attached to the waste cart such that it does
not fall off while the waste is getting collected.

8.1.1-EP The product’s circuitry must be enclosed in a case.

3.1.2-POC The product must travel back and forth without tipping over.

3.1.3-POC The product shall drive over small obstacles.

8.15-EP The product design must be stable as to not tip and fall when going over
small branches, rocks, and inclines of less than 10°

4.1.4-EP The wheels must have enough traction to navigate with minimal slippage

5.3.2-POC The chassis must be able to steer right or left to change directions.

Table C. 2: Design Options for Body Structure

Design Options

Specification

1. Wood and
metal brackets

This design is light weight but will not be able to handle the device load
requirements overtime. The strength of this design is improved by using
metal brackets at critical stress points. This design is highly customizable
and does not require any expertise to cut and drill into wooden beams and
panels.

2. Stainless Steel
Strut/C channels

This design utilizes readily available strut channels in various sizes,
materials. These channels come with multiple holes for bolt and nut
attachments. They offer high strength for long term use and a
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customizable design but require some expertise to cut and drill into. They
also require complex mechanical design and many small brackets and
attachment parts to be able to attach different pieces together.

3. CNC machined
aluminum frame

This design is the most customizable since it offers the ease of designing
in SolidWorks and sending the CAD to get machined and/or sheet-metal
bent. Using this type of structure, we can machine various shapes and
sizes, and optimize weight and area of the product. This design also gives
the option of an in-built electronics enclosure. Although this option offers
the most flexibility it is also more expensive than the first two options.

Design option 1 was selected as the POC design because it satisfies all the requirements for POC
while being the most flexible and inexpensive option. For the EP either design option 2 or 3 will
be chosen to increase the strength of Bin Buddy. Option 3 is preferred because of the ability to
optimize the weight and cost and include an in-built enclosure.

Table C. 3: Design Options for Drive Assembly

Design Options

Specification

1. Sprocket and
chain design

This design utilizes the sprocket that comes attached with the DC motor
shaft. In this design, another shaft and a sprocket will be attached to the
wheel and a chain will be installed on both motor and wheel sprockets
with proper tension. This design offers an advantage where the chassis’
output speed and torque can be changed by adjusting the sprocket ratios.
The disadvantage of this design is that the wheel and shaft are not
concentric. The motor shaft will have to be installed at an offset on the
bottom plate to use the sprockets and chain. This increases the breadth of
bottom plate.

2. Flange coupler
design

In this design, a coupler with a flange will be bolted onto the wheel disk.
This coupler will then receive the motor shaft which will be set in place
using a set screw on the coupler. The disadvantage of this design is the
ability to find a flange coupler with the right size bore. The wheel disk, if
metal, needs to have tapped holes, or if plastic, needs to be drilled. The
advantage of this design is the smaller number of parts required. The
wheel and the motor shaft are concentric and thus require a minimal
breadth of bottom wooden plate.

Design option 2, the flange coupler design, was selected as the final POC design because it
satisfies all the requirements for the POC while providing a solid coupling of the wheel and
motor shaft without using extra number of parts.

43



. O
Design Specification - Bin Buddy LifeAutomat =on

C.2 Braking Mechanism

Table C.4 lists the requirements for the braking system. Based on these requirements, Table C.5
lists the design alternatives (non-exhaustive).

Table C. 4: Requirements for the Braking Mechanism

Requirement ID

Requirement Description

Req8.1.3 - EP

The product must have a braking system that locks the wheels in place to
prevent rolling away while not in motion.

Table C. 5: Design Options for the Braking Mechanism

Design Options

Specification

1. Worm-gear The byproduct of the worm-gear is friction and can be used to brake [23].

2. Disc brake This disc brake is less dependent on the road conditions. The brake will be
triggered either by a cable or hydraulically.

3. Rim brake The rim brake is a type of brake used predominantly in low-mid priced

bikes due to its cheap and simple mechanism; however, it will behave
poorly when the rims are wet.

4. Caster brake

The caster brake can be commonly found on shopping carts, but it may
increase our steering angle. The latch would be lowered and raised when
Bin Buddy reaches its docking stations either hydraulically or using a
cable instead of requiring manual labor. This also may not be the most
suitable for reducing the speed while Bin Buddy is in motion.

5. Wheel stopper

The wheel stopper is not a sophisticated braking system but it may suffice
for the purpose of parking Bin Buddy without affecting the performance
of Bin Buddy while in motion. In this case, the wheel stopper will be
placed at the docking stations rather than on the wheels directly; however,
this would hinder Bin Buddy’s ability to move without needing human
intervention as it would need assistance to un-stop itself. This also cannot
be used to help reduce the travelling speed of Bin Buddy.

6. Frictional
spring contact
brake with
electromagnetic
switch

This design will have a normally open relay type mechanism where when
the coil is not energized, a physical contact will stick out and apply
friction on the rim of the wheel. When the coil is energized, the physical
contact will pop in and remove the brake on the device.

To keep the braking system simple, design option 6, an electromagnetic spring contact will be
used to impose friction on one of the wheels, eliminating additional complexities to the motors.
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C.3 MCU

Table C.6 lists requirements relevant to the microcontroller/microcomputer unit. Based on these
requirements, Table C.7 lists the possible design options.

Table C. 6: Requirements for the MCU

Requirement ID

Requirement Description

5.1.1-POC MCU must have Wi-Fi capabilities

5.1.2-POC MCU must have a 5V/2.5A DC unit.

5.1.3-POC MCU must have up to 3A capacity.

5.14-POC The GPIO (General Purpose Input/Output) header must consist of 40 pins.
5.1.5-POC MCU must have at least one USB 2.0 port for powering up and uploading
5.1.6 - POC MCU should have a micro-SD port to support loading an operating system

and storing data.

Table C. 7: Design Options for the MCU

Design Options

Specification

1. Arduino

This microcontroller option is relatively simple and satisfies most of the
requirements listed above. However, it does not have built-in modules like
the Raspberry Pi, requiring additional units to be purchased and optimized
to the system. Additionally, since Bin Buddy’s system requires real-time
updates, the timing becomes critical. The chips are slower, and the
microcontroller does not support multiple programs at a time.

2. ESP32

This design option is considered as the most simple and cost-efficient.
However, it would be suitable for the Bin Buddy system if a camera was
not intended to be used. Since this is not a microcomputer, additional
modules must be purchased as well.

3. Raspberry Pi
3B+

This microcomputer satisfies all the requirements and has options of
adding HAT along with having read to be used built-in modules.

4.Raspberry Pi
Zero W

This microcomputer does not have an option of adding HAT (Hardware
Attached on Top). Therefore, working the medium sized motors can
create complications.

Among these options, option 3, the Raspberry Pi 3 B+ was selected as it satisfies all the
requirements for Bin Buddy at a higher efficiency and lower cost than the other options.
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C.4 Obstacle Detection

Table C.8 lists requirements relevant to the microcontroller/microcomputer unit. Based on these
requirements, Table C.9 lists the possible design options.

Table C. 8: Requirements for Obstacle Detection

Requirement ID

Requirement Description

5.5.1-POC The sensor must be able to detect large obstacles, given that the obstacles
are within 180 cm.

5.5.2-POC The sensor must directly connect to the microcontroller.

5.5.3-POC The sensor shall have a current consumption of less than 2 mA.

5.5.4 - POC The sensor shall be connected to a power supply of around 5V DC.

55.1-EP The sensor must detect large obstacles on each side of the waste cart for at

least three sides.

Table C. 9: Design Options for Obstacle Detection

Design Options

Specification

1. Infrared sensors

This design option has certain limitations, especially for outdoor
applications, such as Bin Buddy. They are less costly; however, this
results in compromising the accuracy, which is not reliable for the small
obstacles detection required for the product.

2. Ultrasonic
sensors

Ultrasonic sensors provide the accuracy for obstacle detection in outdoor
settings and meets all the requirements.

The price difference between infrared and ultrasonic sensors does not significantly affect the
budget, while the performance differs considerably. As a result, HC-SR04 ultrasonic sensors are
picked for the system.
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C.5 Empty Waste Cart Detection

Table C.10 lists the requirements for the empty waste cart detection and Table C.11 lists the
design options that were considered.

Table C. 10: Requirements for the Empty Waste Cart Detection

Requirement ID | Requirement Description

Req 3.1.2 - POC | The product must travel back and forth without tipping over.

Req 3.2.4 - EP The product shall be able to safely travel up and down a driveway slope of
maximum 10° without toppling over.

Req 3.2.5 - EP The product shall be able to recognize when it is stuck and alert the user.

Req5.4.1-EP The inertial sensor must be able to distinguish between a rotational change
of 40-90 °and 90-180 °to determine if Bin Buddy fell over or being
emptied out.

Req 6.2.6 - EP The software must alert the users in case of needing attention/user action -
theft, stuck somewhere.

Table C. 11: Design Options for the Empty Waste Cart Detection

Design Options

Specification

1. Weight sensor

A weight sensor will detect the weight difference once the waste cart has
been emptied. Relying on the weight parameter makes it difficult to tell if
Bin Buddy has been put down on the ground after being emptied out or if
it is still midair, but now emptied out. Changes that are as drastic as the
angle change of 180 degrees to Bin Buddy itself would rarely occur unless
a waste cart is being emptied out by the waste collection truck.

2. Magnetometer

Introducing a magnetometer to detect orientation is also an option, but
after the discussion from the second progress review meeting and
research, we have determined that a magnetometer will not contribute to
bettering accuracy.

3. Inertial sensor

An inertial sensor detects angular changes. An accelerometer measures
the forces of acceleration and a gyroscope is for measures the angular
velocity.

An inertial sensor, specifically the MPU-6050, is chosen as the sensor of choice because it is
capable of clearly detecting when a waste cart is being emptied by the waste collection truck.

47




. O
Design Specification - Bin Buddy LifeAutomat =on

C.6 Navigation

Table C.12 lists requirements relevant to the navigation. Based on these requirements, Table
C.13 lists the possible design options.

Table C. 12: Requirements for the Navigation

Requirement ID

Requirement Description

3.1.1-POC The product must be capable of moving from a defined point A to a

defined point B.
3.1.1.1 - POC [ The product shall be able to navigate and stay within the preset virtual or

physical boundaries

3.21-EP The product must be capable of recognizing the designated point A (where
the user stores their waste cart) and the designated point B (waste pick-up
area).

3.2.1.1 - EP | The product must stop within 10 cm of either docking station.
3.25-EP The product shall be able to recognize when it is stuck and alert the user.

Table C. 13: Design Options for the Navigation

Design Options

Specification

1. LiDAR

LiDAR technology can be used to analyze the distance to an object by
measuring the time of flight of a light wave [24]. For example, the
LIDAR-Lite 3 Laser Rangefinder can track a target distance accurately up
to 40 meters at a cost of $172.65 CAD. Though accurate, LiDAR is too
costly for the purpose of Bin Buddy [25]. LiDAR is also prone to
inaccuracies and loss of information when directed to objects of
inconsistent shape or width [26].

2. BLE Beacon

BLE Beacons can be used at both docking stations. The signals sent can
be used to position a device. However, the accuracy decreases as the
distance between the beacons increases [27]. Environment factors can also
contribute to the blocking of signals, decreasing positioning accuracy [27].

3. Encoders

Encoders work best on smooth surfaces. As a result. bumpy driveways
might interfere with the accuracy or contribute to offset that will be
required to be accounted for. Additionally, accumulation of error increases
as the distance increases. Consequently, encoders will work best alongside
a calibration method at a midpoint.
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4. Camera
Module

A Raspberry Pi Camera module is modular and can directly interface with
the Raspberry Pi at a low cost. If it is used alongside image recognition
software, such as openCV, line following can be implemented. The
camera module can also be used for colour detection.

5. Colour Sensor

A colour sensor is another option that can be used to detect the docking
station colours; however, it cannot be utilized well for the main aspect of
navigation. The outdoor setting is also not optimal for the colour sensor.

Among these options, the Raspberry Pi camera module was selected as the navigation method
because it satisfies all the requirements while having the advantage of better narrowing the scope
of the navigation at a low cost.

C.7 Motors

Table C.14 lists requirements relevant to the motors. Based on these requirements, Table C.15
lists the possible design options.

Table C. 14: Requirements for the Motors

Requirement ID | Requirement Description

53.1-POC The chassis shall move forwards and backwards at less than 10km/h.

5.3.2-POC The chassis must be able to steer right or left to change directions

53.1-EP The chassis must be able to pull the load of the waste cart and the product
up an incline of 10°.

53.2-EP The chassis shall be reasonably quiet while operating.

53.1-FP The chassis drive motor shall last a reasonable lifespan of the product.

53.2-FP The chassis drive motor must be able to support a load of 50kg (45kg
maximum for waste cart and 5kg maximum for product).
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Table C. 15: Design Options for the Motors

Design Options

Specification

1. Brushed DC

A brushed DC motor consists of a permanent magnet in the rotor and
electromagnets in the stator [28]. Brushes are used to detect a change in
orientation to flip the current which in turn generates the rotor’s rotation
[28]. DC motors are generally inexpensive compared to other motors and
require simple controllers for speed and direction control. They also offer
the ability to adjust torque to speed ratio [28].

2. Induction

Induction motors use electromagnetic induction to produce torque [29].
These types of motors need an AC power supply [29]. Since the device is
portable, a power supply in the form of a battery is more desirable. To use
an AC motor with a battery, a DC to AC converter is required which adds
extra weight and complexity to the device. AC motors are less efficient
than DC motors since some of the energy provided is used on creating an
electromagnet whereas DC motors use a permanent magnet and as such,
most of the energy is used in the mechanical power output.

3. Servo or
Stepper

A servo or stepper motor is not suitable for the Bin Buddy system as these
motors are usually embedded in systems that require precise rotational
motion. Because they come with precise motion control and feedback
control (in servos), these motors are very expensive for high torque and
power values [30].

Among these options, the brushed DC motor was selected as the POC and EP motor because it
satisfies most of the requirements while being cost effective. It also offers high torque and power

for the application.
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Table C.16 lists requirements relevant to the motors. Based on these requirements, Table C.17
lists the possible design options.

Table C. 16: Requirements for the Motor Driver

Requirement ID | Requirement Description

53.1-POC The chassis shall move forwards and backwards at less than 10km/h.

5.3.2-POC The chassis must be able to steer right or left to change directions

53.1-EP The chassis drive motor must be able to pull the load of the waste cart and
the product up an incline of 10°.

53.2-EP The chassis drive motor shall be reasonably quiet while operating.

53.2-FP The chassis drive motor must be able to support a load of 50kg (45kg
maximum for waste cart and 5kg maximum for product).

Table C. 17: Design Options for the Motor driver

Design Options

Specification

1. Sabertooth dual
25A motor driver

This motor controller can control two brushed DC motors, offering bi-
directional and speed control of the motors. It can provide continuous
current values of up to 25A per channel and a peak current of up to 50A
per channel. The voltage rating of this driver is 6-30V nominal. It offers
thermal and current overprotection. An advantage of this driver is that it
offers regenerative topology which means the flyback energy produced
from the motors when they are slowing down or reversing can be used to
recharge the batteries. A disadvantage of this driver is that it is more
costly than other drivers.

2. Cytron
SmartDriveDuo
Smart Dual
Channel 30A
Motor Driver

This motor controller has an H-bridge and PWM control to offer speed
and direction control of two brushed DC motors. It allows continuous
current drawn per channel of 30A and a peak current of 80A per channel.
The operating voltage on this controller is 7 to 35V. This controller does
not offer polarity protection but does offer overcurrent and thermal
protection. It also has an indicator for low battery. An advantage of this
controller is that it offers all the requirements for Bin Buddy application
while being the more inexpensive option in controllers on the market.

Among these options, option 2, Cytron SmartDriveDuo Smart Dual Channel 30A Motor Driver,
was selected because it satisfies most of the requirements while being cost effective.
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C.9 Chassis Motor Power Supply

The power requirements are shown in Table C.18. Based on these requirements Table C.19 lists
the possible design options.

Table C. 18: Requirements for Chassis Power Supply

Requirement ID

Requirement Description

5.2.1-POC The power supply must be able to power the sensors and motors
521-EP The power supply must last 3 roundtrip cycles before a battery recharge
522-EP The power supply must be able to power the chassis motor continuously
for at least 5 minutes one way on a driveway that is about 20m long.

521-FP The power supply must be able to self-recharge at docking station
331-FP The product shall cost less than $500
44.1-FP The weight of the product shall not exceed 5kg
CSA C22.2 No. General requirements for battery-powered appliances
0.23-15
(R2020)

Table C. 19: Design Options for the Chassis Motor Power Supply

Design Options

Specification

1. Lead-Acid Lead-Acid batteries are typically used in cars and some electric scooters.

Battery Their capacity to cost ratio is high. A disadvantage to using this type of
battery is that it is much heavier than using lithium-ion batteries.

2. Lithium-ion Lithium-ion batteries are lightweight and have high capacity. However,

Battery the cost is much higher than lead-acid batteries. Additionally, the battery

is not easily accessible for the high-power requirements required to power
the motors. The longer shipping time and cost places this option at a
disadvantage.

Among the two options, a lead-acid battery was selected as the motor power supply because it
satisfies the power requirements at a lower cost. Bin Buddy’s design will take its larger weight
and size into consideration.
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C.10 Emergency Power On/Off button

Table C.20 lists requirements relevant to emergency power button. Based on these requirements,
Table C.21 lists the possible design options.

Table C. 20: Requirements for Chassis Power Supply

Requirement ID

Requirement Description

8.1.1-POC

The product must have an emergency/power button to disconnect the
system from the power supply

Table C. 21: Design Options for the Line Recognition

Design Options

Specification

1. Mechanical
battery Kill switch

This type of switch is attached to the battery terminal wires, and it
physically disconnects the connection of the rest of the circuit to the
terminals of the battery. It uses a key with a conductive bolt which when
in contact with terminal wires, allows a current flow for the amount of
current required. When the key is rotated it disconnects the bolt and thus
the current flow into the circuit. The advantage of this switch is that it is
easy to implement and can support a current flow of up to 100A for a
cheap price. The disadvantage is that this type of mechanical switch is not
very user-friendly.

2. Isolation circuit
using relay and
control push-
button

This design uses a relay that can handle a current draw of up to 28A. A
push-button controls current flow through the relay coil. When the coil is
energized, it closes the relay contacts and completes the power circuit
which connects the SLA battery to the chassis motors. Since regular
switches cannot handle the amount of current drawn by the Bin Buddy
chassis motors, this design is beneficial as it gives the user a simple push-
button interface to control a larger relay which in turn controls the large
power from the battery. The disadvantage of this design is the complexity
to implement.

Among the two options, option 1, mechanical battery kill switch was selected for POC since the
POC design needs to be safe while also adding less complexity. Since the EP version needs to be
more user-friendly, option 2, relay isolation circuit, will be implemented for safety, design
aesthetic and user comfortability.
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C.11 Line Recognition

In addition to the design options listed under the Navigation section, the Line Recognition
section extends its design options to the techniques that can be used instead of the choices made
in the main body of the document. Table C.22 lists some design options that were considered to
meet the requirements listed in Table C.12 of the Navigation section.

Table C. 22: Design Options for the Line Recognition

Design Options | Specification

1. Standard The Standard Hough Transform is an application of Hough transform;
Hough Transform | however, it is less optimized than the probabilistic Hough transform.
Therefore, it is computationally more straining and slower.

2. Probabilistic The Probabilistic Hough Transform is a more optimized version of the
Hough Transform | Hough transform application, and therefore, is computationally faster.

3. Homogeneous | The Homogeneous Smoothing/Box Blur is a technique that can be used
Smoothing/Box | for image smoothing. This is an approximate of Gaussian Blur. If the
Blur kernel size is too large, small details of an image may be removed.

4. Gaussian Blur | The Gaussian Blur is another image smoothing technique that is most
commonly used [17].

The probabilistic Hough Transform technique was chosen because it is computationally less
exhaustive and faster than the standard method. The Gaussian Blur technique was chosen
because it eliminates less details of an image compared to the Box Blur technique.
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C.12 Front-End: User Application

Table C.23 lists requirements relevant to the front-end user application. Based on these
requirements, Table C.24 lists the possible design options.

Table C. 23: Requirements for the Front-End User Application

Requirement ID

Requirement Description

3.26-EP The device must be able to be set up in less than 1 hour by a moderately
mobile person of age 12 or above.

3.2.7-EP The product must allow the user to input a monthly collection schedule

3.2.7.1-EP A person with 1-2 years of experience using a smartphone shall be able to
figure out how to input a monthly collection schedule in less than 20
minutes.

6.2.2 - EP There must be an interface for users to communicate with the product with
little to no user expertise and training.

6.2.3 - EP The interface shall correctly display the product's destination.

6.2.4.1 - EP If unable to move around the large obstacles without deviating away from
the preset boundary, Bin Buddy shall alert the user.

6.2.6 - EP The software must alert the users in case of needing attention/user action -
theft, stuck somewhere.

6.3.1-FP The software shall boot up within 60 seconds

6.3.2-FP Any major, unexpected and unaccounted interrupts or failures shall alert

the user.

Table C. 24: Design Options for the Front-End User Application

Design Options

Specification

1. On-Board A screen on the Bin Buddy system can be used for the input of the waste

Screen cart schedule. However, because this system will be located outdoors, the
screen will be required to be waterproof. An on-board screen also means
that the user will not be able to control the system remotely.

2. Website A website allows for remote control of the system. It can be cross
platform and can communicate with the microcontroller. However, it is
not very portable and convenient for the typical user.

3. Mobile A mobile application has all the features that a website fulfills while also

Application providing the portability.
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Among these options, the mobile application was selected as the front-end user application
because it satisfies all the requirements while also providing the portability and convenience for

the user.

C.13 Backend: System Communication

Table C.25 lists requirements relevant to the web server. Based on these requirements, Table
C.26 lists the possible design options.

Table C. 25: Requirements for the System Communication

Requirement ID | Requirement Description

3.23-EP The product shall follow the waste collection schedule input by the user.

3.25-EP The product shall be able to recognize when it is stuck and alert the user.

5.1.1-POC MCU must have Wi-Fi capabilities.

6.2.4.1 - EP If unable to move around the large obstacles without deviating away from
the preset boundary, Bin Buddy shall alert the user.

6.2.6 - EP The software must alert the users in case of needing attention/user action -
theft, stuck somewhere.

6.3.2-FP Ar\\ny major, unexpected, and unaccounted interrupts or failures shall alert
the user.

Table C. 26: Design Options for the System Communication

Design Options

Specification

1. Bluetooth

Bluetooth communication allows the user to interact with a mobile
application causing messages to be sent to the Bin Buddy device.
Bluetooth communication, however, requires proximity to the system.

2. Web Server

A web server allows the user to interact with a mobile application which
can then implement get/post requests to communicate with the backend
web server hosted on the device itself. This ensures that the user has
control over the device as long as a Wi-Fi connection is available,
meaning proximity will not be necessary

Among these options, the web server was selected as the system communication because it
satisfies all the requirements while also ensuring the user has control without requiring proximity

to the system.
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C.14 Backend: Database

Table 21 lists requirements relevant to the database. Based on these requirements, Table 22 lists
the possible design options.

Table C. 27: Requirements for the Database

Requirement ID

Requirement Description

3.23-EP

The product shall follow the waste collection schedule input by the user.

Table C. 28: Design Options for the Database

Design Options

Specification

1. MongoDB
Atlas

MongoDB Atlas is a cloud database service that hosts MongoDB servers
[31]. This resource is free to use and is very simple to set up.

2. Internally made
DB server

Creating a personal database server allows for the choice of a NoSQL or
SQL database, however, the data that needs to be stored for Bin Buddy is
minimal and relatively unstructured. This option requires more work to set
up and will take space and power from the microcontroller.

Among these options, MongoDB Atlas was selected as the database server because it satisfies all
the requirements while being simple and free.
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