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Abstract

The thesis focuses on the development of an industrial automatic guided vehicle (AGV)
with omni-directional capabilities. The omni-directional strategy used was the "swerve
drive" system, a system whereby a wheel can be rotated about both its y axis (rolling
axis) and z axis (vertical axis). Unlike most commonly used swerve drive systems that
have swerve capabilities on each wheel attached to the body of the vehicle, this re-
search seeks to reduce cost by only having swerve capabilities on two diagonal wheels.
The remaining two wheels will act as castor units. AC drives are used on the sys-
tem in place of more traditional DC drives, due to their cost vs capability advantage
over DC and their prevalence in the industrial environment. Since an AGV is a mo-
bile platform any power source found on it is usually derived from batteries, a DC
source. Usage of DC introduces several limitations including difficulty transforming
voltage levels for different systems, inability to run AC drives directly from the power
source and comparably larger conduction wires. These limitations were overcome by
adding a stand-alone power-plant on the AGV in the form of an inverter. The inverter
transformed the DC power supplied by a battery bank from 48 volts DC to 230 volts
AC. Thus, the primary focus of this research is on the development and validation of
a novel two wheel omni-directional drive system that makes use of inexpensive and

readily available components that have already been proven to work in industry.
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Nomenclature

Symbols

Symbol

»~cs=-=maQfmwes rffewast s~ o0 2 Ik

Unat
[unitless]
[rad/sz]
V]
[unitless]
[rad]

[°]
[unitless]
[Fa/m?]
[N'm]
[Wb]
[rad/s]
[rad/ s]
[m?]
[m/s2]
[N5/m]
7]
["Vh/n]
[Ah]

[H~]
/]
[A]
[/m]
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Meaning

Number of ...

Angular Acceleration
Electromotive Force (EMF)
Dampening effect

Angle in Radians

Angle in Degrees

Coefficient of Rolling Friction
Density

Mechanical Torque

Magnetic Flux (Webers)
Angular Velocity

Natural Frequency

Area, Normally Cross-sectional
Acceleration

Dampening Co-efficient
Magnetic Field Strength (Teslas)
Electrical Energy

Electrical Capacity

Force

Frequency (Hertz)
Gravitational Constant (9.817/s)
Electrical Current

Spring Constant



v =23 &R

RPM

S

~

Mechanical Kinetic Energy
Inductance (Henry)

Mass

Normal Force

Power

Angular Velocity in Revolutions per Minute
Radius

Time (Seconds)

Time (Hours)
Time(Minutes)

Mechanical Potential Energy
Velocity

Electrical Voltage
Mechanical Work

Vertical Displacement
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Explanation of abbreviations

Shortcut
AC

AGV
AGC

Al

AMTC

AP
AQ

ASTPM

BLDC
CAD
CO,
CNC

CSIR

DC
DDoS

DHCP

DI
DoD

DPDT

DPST
DQ
EU
EV
FNB
F-DI
F-DQ
FOSS
GUI

Meaning

Alternating Current
Automated Guided Vehicle
Automated Guided Carts
Analogue Input

Advanced Mechatronic
Technology Centre

Access Point (Network)
Analogue Output

Association of Steel Tube & Pipe
Manufacturers of South Africa
Brushless DC Motor
Computer Aided Design
Carbon Dioxide

Computer Numerical Control
Council for Scientific and
Industrial Research

Direct Current

Distributed Denial-of-Service
Dynamic Host Configuration
Protocol

Digital Input

Depth of Discharge

Double Pole Double Throw
Relay

Double Pole Single Throw Relay
Digital Output

European Union

Electric Vehicle

First National Battery
Fail-safe (Safety) Digital Input
Fail-safe (Safety) Digital Output
Free and Open Source

Graphical User Interface
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IC

IP
[oT
IPC
MAC
MIG
MMA
NTP
NAT
NC
NUT
OS
NIC
PC
PCD
PL
PM
PMDC
PSU
PTO
PWM
REE
REDOX
ROS
RT
SIL

SPWM

SR
SoC
SSH
STO
TIG
UPS
VM
WINE

Internal Combustion

Internet Protocol Address
Internet of Things

Industrial Personal Computer
Media Access Control

Metal Inert Gas (Welding)
Manual Metal Arc (Welding)
Network Time Protocol
Network Address Translation
Numerical Control

Network UPS Tools
Operation System

Network Interface Card
Computer (Personal Computer)
Pitch Circle Diameter
Performance Level
Permanent Magnet
Permanent Magnet DC
Power Supply Unit

Power Take-Off

Pulse Width Modulation
Rare Earth Element
Oxidation-Reduction Reaction
Robot Operating System
Real-time Communication
Safety Integrated Level
Sinewave Pulse Width
Modulation

Switched Reluctance

State of Charge

Secure Shell

Safe Torque Off

Tungsten Inert Gas (Welding)
Uninterrupted Power Supply
Virtual Machine

WINE is Not an Emulator
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1 Introduction

The introduction contains academic goals, technical objectives, funding sources and a

list of publications related to this thesis.

1.1 Research Objectives

Primary research goal:

"Creation of the First Industry Compilation Two Wheel Swerve Drive
AGYV with a corresponding algorithm capable of controlling it"

Auxiliary research goals:

e Creating a PLC based AGV capable of utilising ROS that fully conforms to SIL

standards
e Integrating a suspension system into a swerve drive system

Four-wheeled swerve drive AGVs are common in the academic space and have seen
limited usage in industry. A swerve drive mechanism allows omnidirectional holonomic
motions by rotating standard wheels on an axis perpendicular to the ground plane
[1]. The limitation of the adoption of swerve-drive AGVs in industry is due to their
relatively high cost when compared to the other omnidirectional strategies currently
available (for information on other systems, see section . The cost can theoretically
be optimised by reducing the number of driven units of a traditional swerve drive AGV
from four to two, thus reducing the total number of motors needed from eight to four.
The issue with reducing the number of driven wheels in a swerve drive system to less
than four is that the system becomes inherently unstable. The primary research goal

for this thesis is therefore to design the mechanical system and algorithm necessary to



prove the viability of a two-wheeled swerve drive system. The secondary research goal
is to ensure that the system is designed and coded in such a way as to adhere to SIL
safety standards, making the AGV usable in the "real world". Finally, it is necessary to
implement a suspension system on the swerve drive units due to the unique conditions
found in South Africa. Research on adding suspension systems to swerve drive systems

is not readily available.

1.2 Technical Objectives

It is the objective of this research to produce an electric, modular, scalable omnidirec-
tional AGC type AGV that uses a two swerve drive unit system (with the other two
wheels being unpowered casters). This research requires that a kinematic model of this
AGYV be created, with an appropriate control system, to allow for efficient control of

the AGV when performing omnidirectional manoeuvres.

1.2.1 Specifications
The specifications of the AGV are listed in the itemised list:

1. The gross mass of the AGV (including payload) will be between 500 kg and 1
000 kg

2. The AGV will have 4 wheels (two powered and two unpowered)
3. The powered units will have their own drive train and steering mechanism
4. A basic suspension system is to be implemented

5. The wheel/drive train combos must be modular and removable from the AGV
body

6. The maximum speed of the AGV should be 1.3 m/s

7. The AGV should be able to climb an incline of 5°

1.2.2 Related Publications

Publications related to this research are listed in table [L.1k



Table 1.1: List of Related Publications

Publication/Conference Year
Robotics and Mechatronics Conference (RobMech) 2016
Robotics and Mechatronics Conference (RobMech) 2017
ICCMAT’19 2019
SAUPEC 2020 2020

1.3 Delimitation

The following aspects will be beyond the scope of the project described in the thesis:
e Design and implementation of the navigational system

e Design of the battery management system and automated battery changing sys-

tems

e Design of any expansion modules to increase the capability of the AGV beyond
that of a AGC

1.4 Funding and Resources

The author would like to thank the following entities for funding this research:

e CSIR: (Council for Scientific and Industrial Research) for their financial contri-

bution to the research over a three year period via the ROSSA initiative

e The Rupert’s fund: which was awarded for the purchase or research textbooks,

journals and other texts

e AMTC: (Advanced Mechatronic Technology Centre), a research entity at the
Nelson Mandela University (NMU) which the author was a member of for the
duration of this research; which provided tools, equipment, space and additional

funding.

e NMU: (Nelson Mandela University, formally Nelson Mandela Metropolitan Uni-

versity) for facilitating this degree



1.5 Completed AGV Pictures

As the name implies, this section is dedicated to photographs of the real world AGV.

The photos in figure [I.1] figure [[.2] and figure [I.3] show the completed AGV. Note in
these photos that the acrylic side panels and the SCADA screen on the sensor stalk

have been removed.
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Figure 1.1: AGV Photo: Side View
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Figure 1.3: AGV Photo: Isometric View



Figure shows the AGV during maintenance with the lid removed. The SCADA
screen has been reattached to the sensor stalk, and the acrylic side panels are in place

in this photo.

Figure 1.4: AGV Photo: Opened Up



1.6 Layout of Chapters

The chapters of the thesis are set out as follows:

1.

10.

Literature Survey:
A critical examination of the current (circa. 2020) AGV market, justification for
the use of AGVs and identification of the knowledge gap that exits in regard to

swerve drive AGVs.

. Theoretical Basis:

Theoretical knowledge that will be needed to comprehend the research project.

Not relevant to those whom are well versed in the field.

. AGV Design Tool:

A chapter about a MATLAB based tool the author created to aid with the

development and implementation of the swerve-drive based AGV.

. Mechanical Design of the AGV :

A complete record of the vehicle’s mechanical design, including a record of the de-
sign methodology and decisions. This chapter spans from mechanical conceptual

design through computer aid design to manufacturing of the AGV.

. Electrical Design of the AGV:

A record of both the power distribution systems and control systems. Listing

power requirements, electrical layouts, networking, I/O assignment, etc.

Safety Evaluation:
An evaluation of the AGV’s level of safety per the SIL safety standards.

. Kinematics:

A description of how the kinematic model of the AGV was developed, including
the completed model.

. Programming and Future ROS Integration:

A description of the code architecture for the AGV. Including the PLC code, IPC
code, SCADA code and drive configurations.

. Testing

Results of testing the AGV results include both calibration tests and validation

tests.

Conclusion

Conclusions are drawn on the behaviour of the AGV along with possible future



improvements.

1.7 Chapter Conclusion

The research aim is stated along with the rationale and motivation behind the original
proposal. The desired outcomes of the research are specified in the form of an objectives

list. This chapter includes a list of delimitations for the research and a layout of chapters

for the thesis.



2 Literature Review

The literature survey will systematically justify the pursuit of the research project.

2.1 Background

An Automatic Guided Vehicle (AGV) is an intelligent self-driving mobile device that
has become a popular means of material handling and distribution in automated fac-
tories (Industry 4.0 Compliant) [2]. Although there is no standard definition of AGV
categories, manufacturers of these devices often group them into the following cate-
gories [T}

e Automated Guided Carts (AGC’s)

These vehicles have no method of loading or offloading payloads; they are
either loaded manually or by an external device [4]. The AGC is comparable

to a conveyor belt.
e Mobile Robots

Mobile robots are essentially autonomous platforms onto which an industrial
robot is mounted; this extends the robot’s work area beyond the limit of

its arm’s reach [5].
e Autonomous Forklifts

The "ISO Standard 6780: Flat pallets for intercontinental materials han-
dling" is a ubiquitous standard used for material handling. The manipu-
lation of these pallets is done mainly through the use of operator driven
forklifts. However, as of 2009, many of these forklifts have been replaced

with autonomous variants [6].

e Tugger AGVs

List compiled from Savant Automation [3]



Tugger AGVs are similar to AGCs; however, unlike AGCs, tugger AGVs
tow their payload rather than carry it [7].

e Unit Load AGVs

Unit load AGVs are AGCs with an onboard method for loading and offload-
ing parts [§].

2.2 Motivation for AGV Research in South Africa

AGVs have begun to replace traditional fixed production lines, consisting of conveyor
belts and large fixtures (called monuments). Replacement is due to the high cost, size,
inflexibility and lack of scalability of these production lines compared to AGV based
production lines [9]. It is often far more cost-effective and flexible to place all tooling

and fixtures on mobile robotic systems such as AGVs [10)].

The intelligence of the AGV can vary from the simple line following up to swarm
logic, but regardless of the level of intelligence of the given device, they all have one
thing in common, they can work independently of human guidance [I1I]. Almost all
AGVs require a connection to a more extensive network to operate efficiently since
the AGV needs to "know" what is happening in the factory as a whole (i.e. where
parts need to be collected, what inventory slots are open, etc.) [12]. The high level of
interconnectivity is dubbed "The Internet of Things (IoT)". The "Internet of Things"
or "IoT" forms a cornerstone of "Industry 4.0". Industry 4.0 originated in Germany

as a new ideological practice aimed at industry and focuses on the following elements
[13]:

e Value Creation of Products and Quality of Life Improvement of Workers

Networking and Transfer of Intelligent Systems

Improved Pace of Innovation in Industry

Creation of an Innovation Friendly Framework
e Transparency and Participation of Industrial Stakeholders

Since Germany is pushing for Industry 4.0 and the AGVs that go hand in hand with
it, it will not be long before the automotive industry in South Africa follows suit.
South Africa is following Germany’s lead primarily due to two of the largest auto
manufactures in South Africa being German. Namely, Volkswagen and Mercedes [14],

whom are aligning their goals with the industry 4.0 narrative. Industry 4.0 has also
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been at the forefront of South Africa’s current (circa 2019 - 2022) economic strategy;
thus, becoming Industry 4.0 compliant will require locally produced AGVs to do so [15].
The global trend toward IoT necessitates the uptake of AGVs in the manufacturing
sector [16].

The AGV researched in this thesis is intended for usage in the South African market;
therefore, it should be viewed through such optics. It was estimated by Danielle Le
Roux that up to 35% of South African jobs would be displaced by automation [17].
This replacement includes cashiers, tellers, construction workers, mine workers, factory
workers and maintenance workers [18]. In South Africa, a large majority of automation
is linked to the automotive sector or "auto industry", whose GDP contribution to South
Africa has increased, on average, by 1.26% annually (0.8% in 2018, 1.2% in 2019 and
1.8% in 2020). This profitability increase occurred alongside a gradual decrease in
the employment numbers by 2.6% on average (between the years 2018 to 2020) [19].
This increase can be directly attributed to the increased proliferation of automation
in the automotive sector. Whether this is socially a positive or a negative, it is an
inevitability. Thus, research into AGVs (especially in South Africa) is more relevant

than ever.

AGVs also have a place in older factories, replacing workers performing repetitive,
mundane tasks. This replacement improves efficiency of the factory as a whole since
errors and safety lapses that are inherent with humans performing repetitive tasks are
eliminated [20]. Other benefits that AGVs have over manual labour include lower labour
costs, increased productivity and keeping humans away from potentially dangerous

activities [21].

2.3 Motivation for the use of Omnidirectional AGVs

AGVs that have omnidirectional capabilities and thus increased flexibility are of
great interest to the manufacturing industry, especially when compared to their non-
holonomic counterparts [22]. An "omnidirectional" vehicle can move in any direction
instantaneously from its current location and orientation in 2D space [23], in many
regards similar to how a human being would negotiate their surroundings. Omnidi-
rectional capabilities reduce the footprint required for vehicle manoeuvres, especially
the large turning radii characteristic of Ackerman steering or differential steering [24].
This footprint reduction reduces the size of the manufacturing space overall, reducing
monthly maintenance costs and capital costs associated with expansion. Omnidirec-

tional AGVs can better function in complex working environments and older factories.
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These older factories were never intended to host mobile robots or AGVs and were

instead designed around human kinesiology, and ergonomics [25].

There exist two strategies to achieve omnidirectional motion in a vehicle [26]. The first
strategy is to use a custom wheel capable of holonomic motion. Currently (circa 2022),
three standard holonomic wheels exist, namely the mecanum wheel [27], the omniwheel
[28] and the spherical wheel [29]. The second strategy is to use a standard wheel and

rotate it about its z-axis; this is often referred to as a swerve drive system [30].

2.3.1 Mecanum Wheels

Mecanum wheels were first developed in Sweden in 1975 [3I]. A mecanum wheeled
system does not require a traditional steering system but instead can steer thanks to
the unique characteristics of these wheels. A mecanum wheel consists of a hub that
carries freely rotating rollers that are angled at 45° to the hub’s rotational axis [32],
traction is generated at 90° to the rollers and thus 45° to the AGV’s body. A pair of
left and right-handed mecanum wheels are illustrated in figure 2.1]

Left Right

Figure 2.1: Left & Right Mecanum Wheels

Since the traction generated by a mecanum wheel is at 45° to the body of the AGV,
the driving force of the mecanum wheel (resultant force) is also at 45° to the AGV’s
body. An illustration of this effect can be seen in figure 2.2

Resultant Force Drive Force

Slip Force

1 Direction
of Travel

Figure 2.2: Forces on a Left Hand Mecanum Wheel
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When left and right-handed mecanum wheels are combined, as illustrated in figure
, the slip forces of all the wheels cancel (when the wheels are all rotating the same
way and at the same speed); thus, the AGV can drive in a forward in a straight line.
Omnidirectional motion is achieved by disturbing this balance by changing the wheels’
speed or rotation direction relative to each other. In figure 2.3] the traction force of
each wheel is represented by a red arrow, while black arrows represent the components

of these forces.

/A A
_ DDA ¢
Right Hand Wheel Z—D ------- 4 {|Left Hand Wheel

oY

Left Hand Wheel

Right Hand Wheel

Figure 2.3: Typical 4 Mecanum Wheel Layout

Mecanum wheels are inherently unstable; this instability results from the balancing
act that the system must continuously perform to operate. If at any time the contact
profile of one of the AGVs wheels changes due to suspension influences or traction
problems, the AGV will begin to move in an erroneous motion as the balancing act
has been disturbed [33]. This erroneous motion is complicated to compensate for [31]
since the wheel slippage cannot be detected using shaft encoders. Thus some form
of high-level absolute positioning system must be used. An attempt to use the SICK
NAV 350 laser scanner for this purpose was made by G. Scott [§] in 2015. The sensor
proved ineffective for this task as both the resolution and update frequency proved
insufficient to correct for the mecanum wheels’ slippage fast enough. This slow update
cycle resulted in the AGV vibrating as it moved under slippage conditions. A second
significant drawback is that one component force of the wheel is always cancelled.
Therefore, this cancelled force does not contribute to the overall motion of the AGV.
These cancelled forces require energy to produce, energy which is essentially used by
the AGV to work against itself or is lost through the rollers [34]. Excessive energy

expenditure is not ideal since this is a battery-powered mobile platform.
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2.3.2 Holonomic Wheels

Like the mecanum drive system, the holonomic drive system requires no steering mecha-
nism. Steering is done by unbalancing the outputs of the wheels attached to the device.
A holonomic wheel consists of a hub around which rollers are attached. The rollers

have a rotational axis 90° to the hubs axis of rotation, see figure [2.4}

R, *
Figure 2.4: Holonomic Wheel?]

Holonomic wheels are usually attached at 45° angles to the AGV’s body, as illustrated
in figure [2.5] The wheels provide traction in a direction normal to their rotational axis
(like conventional wheels), while the rollers attached around the hub of the wheel allow
"slip" in the direction normal to the desired direction of travel [36]. In figure 2.5 the
red arrow represents the traction forces each wheel produces, while the black arrows

represent the components of these forces.

Figure 2.5: Holonomic Wheel Layout

As can be seen in figure[2.5] for the holonomic drive to achieve forward motion, the lat-

eral components of the wheel’s traction forces must cancel. Similarly to the mecanum

2Image adapted from Pitsco [35].
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wheel drive, all the wheels must maintain the same traction profile and angular velocity
for these forces to cancel. This system is often rejected for industrial usage as, in ad-
dition to having all the drawbacks of the mecanum wheel, these wheels are notoriously

fragile [37]. This fragility makes mecanum wheels a better choice when compared.

2.3.3 Spherical Wheels

These wheels are the most costly to produce compared to their holonomic and mecanum
cousins. Spherical drive systems consist of three or more spherical wheels; each of these
spheres is actuated by two traditional wheels that make tangential contact with the
spheres surface [38]. This system requires a minimum of 6 motors to operate as two
motors are needed for each of the three spheres. This system is illustrated in figure
2.0l

Ball wheel

Drive wheel

Active rotating
axis

. Passive rotating
axis

Figure 2.6: Spherical Wheel SystemEl

This system has the disadvantage of being expensive to machine, is relatively fragile and
is temperamental on rough ground [34]; hence why no commercial AGV manufacturer

has ever attempted to use this system.

2.3.4 Traditional Swerve Drive Systems

Swerve drive systems are also known as powered castors or castor drives. Swerve
steering is an omnidirectional strategy based on four powered castor wheels. A powered
castor wheel has powered rotation about the y axis (rolling rotation of the wheel) and
z-axis (steering axis perpendicular to the ground plane). The powered rotation about

the z-axis of the castor wheels allows for omnidirectional capabilities. Two layouts are

3Image adapted from Diegel et al. [34].
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commonly used for powered castors in swerve-drive systems. The first is an in-line
system where the z-axis and y-axis share a common origin point. The second is the
offset system, where the z-axis and y-axis are still perpendicular to each other, but
their origin points are separated by a distance called the castor offset. The in-line
system is illustrated in figure 2.7h , while the offset system is illustrated in figure 2.7p.

Castor Offset
(a) ()

Figure 2.7: Power Castor Wheel Axes

The "castor offset" ensures that the wheels do not scuff when the wheel is rotated
about its steering axis (z-axis) as this offset forces a steering arc. Without the offset,
compensation must be performed by rotating the wheel about its rolling axis (y-axis)

while steering occurs to form a turning arc.

For a four-wheel swerve drive system to achieve complete omnidirectional motion, the
z-axis of the four wheels must be placed on the corners of a virtual square. If this is
not done, rotation about the centroid of the vehicle will be impossible without scuffing
the wheels. See figure for an illustration of this effect; note the orientations of the
wheels, which form a tangent to a virtual circle whose centre point coincides with the
centroid of the AGV’s body. The direction of motion of each wheel in figure [2.§] is
illustrated with a black arrow. The overall motion of the AGV’s body is also indicated.

Figure 2.8: Swerve Drive Rotational Operation
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The remaining omnidirectional motions of the AGV can be achieved by orienting the
wheels of the AGV as shown in figure All of the motions swerve drive is capable

of are summarised in table 2.1]

Table 2.1: Swerve Drive Omnidirectional Motions Summary

Figure Figure Letter Description

2.8 A Anti-clockwise rotation about the centroid
2.8 B Clockwise rotation about the centroid

2.9 C Forward / Reverse motion

2.9 D Left / Right motion

2.9 E Forward diagonal motion

2.9 F Reverse diagonal motion
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Figure 2.9: Swerve Drive Omnidirectional Operation

The original patent for a swerve drive system is titled "Powered Castor Wheel Module

for use on omnidirectional drive systems" [39]. It was first filed in 1998. The original
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system developed called for four in-line powered castor units to be placed on a pitch
circle diameter (PCD) of an arbitrary radius. See figure [2.10]

A
Drive Motor

Steering Motor—p

Powered Caster —, | B

~

Placemw S -

e e

Remaining Powered Casters

Figure 2.10: Holmberg & Slater’s Powered Castor Conceptf]

One of the primary concerns when using a swerve drive system based on Holmberg
et al.’s [39] work is the sheer number of motors that the system would require. Since
each unit needs steering and drive motors. The number of motors for a four-wheeled
system will be eight individual motors. One approach commonly used to reduce the
number of motors is to couple all the drives and steering motors together. This idea
was explored by Wada et al. [40], their design is illustrated in figure .

Rnta!ionl
Steering §
ocki

Side View

Top View

Figure 2.11: Wada, Takagi & Mori’s Synchronous Powered Castor Concept[]

4Image adapted from Holmberg et al. [39].
SImage adapted from Wada et al. [40].
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Wada et al. [40] coupled all four wheels to a single drive motor and a single steering
motor using a belting system. One crucial feature that must be noted with this system
is that the steering sprockets of one diagonal wheel pair must be wound opposite to

the remaining diagonal pair to ensure the steering works correctly.

This design effectively reduced the number of motors from eight to two. There are,
however, two significant drawbacks to this system. The first is when the steering is
coupled, as shown in figure , the AGV can no longer rotate about its centroid (as
done in figure and ) The system is thus no longer truly omnidirectional or
holonomic. The second drawback is that with all of the drive motors coupled, Ackerman
turning the AGV will cause the wheels to scuff without any form of a differential gear.

The need for a differential, when Ackerman turning, is described in figure [2.12

— -l' ~5 Turns 3 Turns i

(3 Tumns

(B T

é/ e 4 Turns i
~ &/ [ ] [
/o .
]

/ | F

AE__. 7 _.f Tavelling Straight Ahead
“ " Comering Wheels Turn at Same Speed

TInner Wheel Turns More Slowly

Figure 2.12: Differential Gear JustificationY]

The swerve drive system does, however, have the advantage of using traditional wheels
rather than specialised holonomic wheels. The use of traditional wheels is significant
as the wearing component of any AGV is the wheel, and as such cheaper wheels will

ensure a cheaper running cost, even if the upfront cost is greater with this system.

2.4 Justifying Research: Two Wheel Swerve Drive
System

The research aims to produce an omnidirectional AGV for use in industry; thus, this
system must take industrial demands into account. The omniwheel and spherical wheel
system can therefore be immediately discarded for industrial use due to their relative
fragility [37] [38]. Discarding these systems would leave only mecanum wheels and

swerve drive systems as viable options.

SImage adpated from Patel [41].
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Since the mecanum wheel is the wearing part of the mecanum wheel system, mainte-
nance will be costly. Swerve drive systems do not suffer from this issue as they use
conventional wheels that are cost-effective to replace. Mecanum wheels have difficulty
with stability as the change in traction of a single wheel can affect the motion of the
whole AGV [33]. This issue is compounded by the fact that wheel encoders cannot
be easily implemented to determine slippage and compensate appropriately due to the
nature of the mecanum wheel [31]. Swerve drive systems can directly compensate
for slippage with an encoder and torque feedback as they use traditional wheels [42].
The final issue with mecanum wheels, when compared to the traditional wheels of the
swerve drive system, is the vibration that all mecanum wheels produce as the load is

transferred from one peripheral roller to the next [34].

With all of the mentioned disadvantages of mecanum wheels, it would appear that the
traditional swerve drive system should be completely dominant in the manufacturing
industry. Swerve drive system are, however, not dominant. For all their benefits, swerve
drive systems are less common than mecanum systems in industry(when a holonomic
omnidirectional vehicle is required). This lack of dominance is solely due to the initial
cost of a traditional swerve drive system compared to a mecanum system. The high
initial cost of swerve-drive AGVs is directly attributable to the eight motors that are
needed to produce a functional four-wheeled system [37] when compared to the four

required for an equivalent mecanum wheeled system.

This research proposes alleviating the high initial cost of the traditional swerve drive
system by removing two diagonal swerve units and replacing them with unconstrained
castors. This removal will reduce the number of motors from eight to four, in line with

a typical mecanum wheel system.

2.5 Justifying Research: Conforming to SIL Stan-
dards

Any machine that operates in an industrial environment must, by law, conform to ap-
propriate legally binding safety standards. In South Africa, this is the SANS standard,
which is based on a combination of the international standards ISO and IEC [43].
Most academic research fails to take this into account and often produces machines
and prototypes that are marvels of research but need to be completely redesigned from
the ground up when commercialised. This redesign is necessary as preliminary de-
sign choices made in a "safety vacuum" would not allow safety laws to be adhered to

retroactively.
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The EU Machinery directive 2006/42/EC ratifies the SIL standard [43], which is syn-
ergised with both ISO and IEC standards. This research intends to strictly adhere to
the SIL standard from initialisation, making this, most likely (as far as the author’s
research has found), the very first academic swerve-drive AGV to have an intrinsic
safety rating. The methodology to achieve this, documented in this research thesis,
will allow future authors to make their AGV’s safety compliant and intrinsically safe

easily.

2.6 Justifying Research: Intergeneration of a Suspen-

sion System in Swerve Drive

Suspension systems on factory AGVs are a rarity since most AGVs of this type are
expected to work on a floor with flat ground [44]. This expectation is a common
doctrine, especially in the more industrialised nations of Europe and Mainland China.
This doctrine, however, cannot be extended to the South African environment. Many
buildings that house factories in South Africa have floors that no longer conform to
SANS 10400 [45] [33]. This unevenness results from adding and removing machines
over the years (leaving behind remnants of anchor points) or general wear and tear.
Given the harsher conditions an AGV would likely experience in South Africa, it is
advantageous to incorporate a cost-effective suspension system. This implementation

has yet to be done on a swerve drive AGV.
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3 Theoretical Basis

This section explains the theoretical knowledge needed to comprehend the research

contained in this thesis.

3.1 Forward and Reverse Kinematics

This section discusses the kinematics of the AGV.

3.1.1 Basic of Terrestrial Kinematics

To determine the orientation of an object, in this case, an AGV, in 3D space, a minimum
of six axes is needed to describe position fully. This description is called the six-tuple
space and is referred to as a coordinate frame system. This thesis will use the Cartesian

frame whose representations are listed in table [3.1]

Table 3.1: Six-Tuple Axis in Cartesian Space

Representation Description

X First axis of the 3D frame
y Second axis of the 3D frame
zZ Third axis of the 3D frame

Rotation about the x fame axis (pitch)

Rotation about the y fame axis (roll)

= X R

Rotation about the z fame axis (yaw)

In order to move an AGV (or any system capable of motion) to a desired position
and orientation, it is necessary to actuate the "joints" of the system in a specific
manner. These "joints" are not necessarily physical; in the case of an AGV, they

include the wheel’s interaction with the driven surface. When the resultant position
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of the AGV’s body is determined using known joint positions, this is referred to as
forward kinematics. When the desired position of the AGV’s body is known while the

necessary position of the joints is to be determined, this is known as reverse kinematics.

3.1.2 Frames and Coordinate References

If the AGV were to move between two points in 3D space (see ﬁgure), the coordinate
system of the AGV would change as shown in the schematic diagram [3.1] The AGV
will move from the coordinate system "Frame A" to the coordinate system "Frame B"

as it travels from position A to

Position B Postion. A

Figure 3.1: Pictorial Representation of an AGV Moving in 3D SpaceEl

If a fixed coordinate system frame is defined, it is possible to define the position of
the AGV in 3D space relative to this frame. To describe the position of the AGV, at
position B relative to A, the translation vector As used. Vector AP in the coordinate

system {A} and consists of the elements given in equation

. 1 0 0
0 0 1

For an AGV, it is insufficient only to describe the vehicle’s position in 3D space; it
is also necessary to describe the orientation. Fully describing the position is done by

creating the second coordinate frame {B}. If the orientation of the AGV in position

Tmage adapted from Ullrich et al. [T1].
2The preceding super-script in Al3, demonstrates that this vector is with reference to coordinate

frame system {A}
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A is taken as the fixed coordinate system orientation for frame {A}, the orientation
of the AGV in Position B, given by frame system {B}, can be described as the unit
vectors X B, ?B and Z 5. These unit vectors will need to be expressed in the coordinate
system frame {A} by projecting them from frame {B} to frame {A}. This projection

is made using dot products as shown in equation [3.2] for the x-axis.

Xp-Xa
AXB = XB . YA (32)
Xp - Za
Where Xj is projected onto X A, V4 and Z4. Similar operations can be done for Vg

and Zp. Since dot products are used and since unit vectors by definition have a length
of [1]:

A - B = ||A||||B]|cosa = cosa (3.3)

If this is done for all three vectors that span the coordinate system frame {B} then
the rotational matrix given in equation [3.4] will be derived. This matrix describes the

coordinate frame system {B} relative to {A}.

AR =Xy AV A7) (3.4)
Since 4R consists of three unit vectors, the rotational matrix is orthonormal; this
implies that the inverse matrix of 4R is the transpose matrix or 4R .

With a method to describe the displacement of the AGV from position A to position B
in frame {A} using equation [3.3]and a method to describe the rotation of { B} relative
to {A} using equation 3.4 It is possible to create a full transform from {A} to {B}

using equation [3.5
{B} = {5R" P} (35)

3.1.3 Mapping Frames Onto Each Other

If frames {A} and {B} had the same orientation and the position of frame {B} with
reference to frame {A} was given as a translation Ap apart; then it is possible to
reference the point 2Q in frame {A} as shown in equation :
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A0=FQG+*P (3.6)

Since it is only possible to add vectors that share the same coordinate reference frame
when the frames differ in orientation, it is necessary to rotate one frame to match the
orientation of the other. This can be done using the rotational frame developed in

equation [3.4] to generate equation [3.7}

Q=4 R°Q+"P (3.7)

To simplify notation the translation and rotation operations can be combined to form
a transformation matrix, such that equation becomes equation and equation
0.9k

a>
Q)
Y
N
&
Q)

(3.8)

Where:

Q] = {0 gOR ; : Alp} rﬂ (3.9)

AT is know as a homogeneous transform, it can be inverse’d as shown in equation m

[ 4R | 4P| _[ 4R" | —pR" AP
0 0 0] 1] 0 0 0| 1

(3.10)

In equation [3.8] to equation a method to map coordinates from one frame to
another was developed. The kinematic rules illustrated here are not only useful for
demonstrating how the AGV can move from one frame to another in space via the
wheel-floor "joint"P They can also describe how individual components of the AGV
must move to ensure the AGV’s macro motion of the wheel-floor joint can be achieved
as desired. That is to say, how the steering and velocity of the wheels will affect the

entire system’s motion.

Thus often, more than two frames will have to be mapped onto each other. This

mapping can be done by stringing, in order, the transform matrices from the last

31ioint" refers to a point between two structures of fixed geometry that allow these structures to

move relative to each other
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frame of the system to the origin frame. For example, a three-frame system (say an
arm with two "links"[fand three "joints") will have frame {A}, {B} and {C}. To get
the position and orientation of any point in frame {C'} with reference to point {A},

the transform matrix from {C'} relative to frame {A} is generated as illustrated in

equation [3.11}

Ap AT ET.CP (3.11)
=4T-“P
Where the transformation matrix 47 is:
i | ARER | 4R P+t By (3.12)
C — .
0o 0 0| 1 ]
APy = Translation from {A} to {B}
BP, = Translation from {B} to {C'}

3.1.4 Simplifying Kinematics Using Roll-Pitch-Yaw

In the previous section, the rotation of the AGV from A to B is described using a 3x3
matrix. The column vectors represent the orthogonal unit vectors for the coordinate
frame system in this matrix. Using a 3x3 matrix means that nine different values
are used to describe the rotation. However, these nine values are not necessary as it
is possible to use only three values to represent the orientation of the frame. This
reduction is possible since the matrix columns are orthogonal, and their dot product is
zero as they are unit vectors with a magnitude of 1. Reducing the matrix will impose
six constraints on the orientation of the frame, and as such only three remain. Thus,
it is sufficient to represent the orientation of the AGV in frame B as a rotation about

specific angles around the x, y and z axis of frame A, see figure [3.2]

4"inks" refer to any structure between joints that will retain a fixed geometry
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Frame B

Ya
Frame A

Figure 3.2: Transform Free-Body Diagram of AGV from Frame A to Frame B

Hence, to describe the linked rotations from position A to position B, the Roll-Pitch-
Yaw model is used in this thesis. Where the AGV first rotated about the z-axis, then

the y axis and finally the x-axis, with each rotation using a variable rotation axis. The

matrix to describe this rotation is given in equation [3.13}

Where:

0 0 1
cos(B) 0 sin(B)]
0 1 0
—sin(8) 0 cos(f)]
10 0 ]

|0 sin(y) cos(y) |

0 cos(y) —sin(y)

(3.13)

(3.14)

When the matrices in equation are multiplied as defined in equation the

rotational matrix is described as:
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|
z.
£

Q

cos(a) cos(B) cos(a)sin(f) sin(y Ycos(7y) cos(a)sin(f) cos(y) + sin(a) sin(7)
sin(a) cos(f) sin(a) sin(B) sin(7y) 4 cos(a) cos(y)  sin(a) sin(/3) cos(y) — cos(«) sin(7y)
~sin(3) cos(6) sin() cos(8) cos()
(3.15)

Since the rotation matrix in equation described the state of the AGV from A to
B, it can be said that the transform matrix is of B relative to A or 4R. To complete
the transform from orientation or 'frame’ A to orientation or 'frame’ B the translation
matrix 4 (movement vector, see figure must be included. This is done in equation
3.16]

B=2R-i (3.16)

3.2 General Vehicle Modelling

Since the AGV described in this thesis will use traditional wheels and not exotic wheels
such as mecanum wheels or holonomic wheels, traditional modelling equations can be
used for calculations related to tractive effort. In order to design an effective AGV

drive system, all forces acting on the machine need to be considered. These forces are:
e The rolling resistance of the wheels on the driving surface
e The effects of the vehicles weight on a slope due to gravity
e The force needed to accelerate the vehicle

e The aerodynamic drag of the vehicle due to the atmosphere

Rolling Resistance with Constant Velocity

The AGV’s rolling resistance is related to the force of friction between the tyres/wheels
of the AGV and the surface on which the AGV is driving. This force is typically
modelled as constant and is independent of the vehicle’s weight. The rolling resistance
is calculated using equation from Serway [46]. It is important to note that this
force is always in the opposite direction to the object’s direction of motion.

Frr = MTT‘N (317)
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F,, = Force of rolling friction N
- = Rolling co-efficient of friction

N = Normal force N

Since the normal force for an object on a flat surface is equal to the gravitational force,
this is illustrated in figure [3.3] equation [3.17] can be expanded to equation [3.18}

N

Fir

Figure 3.3: Force of Friction for an Object on a Flat Plane

F = ,Urng = UrrMmg (318)
E; = Applied force of traction N
F, = Gravitational force N
m = Mass kg
g = Gravitational constant (9.8 m/s) m/s

The only force action acting against the force of traction, "F;", of the vehicle is "F}..",
thus:

Ft = F'r'r
(3.19)
= Hprmyg
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Rolling Resistance with Acceleration

For the AGV to accelerate on a flat surface, extra tractive force must be applied
beyond that needed to overcome rolling friction. This extra force required is defined

by "Newtons’ First Law" and is given in equation [3.20]

F,=ma
. ( v =i > (3.20)
t
F, = Force required for acceleration N
a = Acceleration m/s2
vy = Final velocity of AGV m/s
v; = Initial velocity of AGV m/s
t = Time to reach final velocity from initial velocity S

Using the frictional force calculated in equation the applied traction force needed

to accelerate the vehicle between two speeds in a given time frame will be:

E:Fa+Frr
(5%) s .
) e

Inclined Surface with Constant Velocity

When a vehicle is moving up an incline, gravity comes into play; this means a higher
traction force will be necessary to overcome the force of friction and the force of gravity
combined. In order to calculate the needed traction force "F;" the force diagram in

figure |3.4] is used.
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Figure 3.4: Force Diagram for a Vehicle on an Incline at Constant Velocity

Using figure |3.4} it is possible to deduce that the force of rolling friction will change
form equation to equation [3.22

F. = NTTN
= ,Urng_inc (322)
= prmg cos(0)
Fy ine = Component force of F, co-linear to the normal force N
0 = Angle of incline

The force of gravity acting on the vehicle body is represented by "Fj,." and is calculated
using equation [3.23]
Fine = mgsin(0) (3.23)

Thus the applied traction force "F;" will be:

E - Enc + F'r'r
(3.24)
= mg [sin(0) + - cos(0)]

Acceleration on an Incline

The equation that describes the traction force that will be required to accelerate a ve-

hicle up an incline can be generated by adding an acceleration component (see equation

3.20) to equation [3.24] This is done in equation [3.25]
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F, = Fye+ Fp + F

=m (g [$in(8) + 1, cos(8)] + {#D (3:25)

Notes on Aerodynamic Drag

For this research project, the effects of aerodynamic drag will be negligible. It is
negligible because fluid drag is proportional to velocity, and as the AGV described in
this thesis will have its top speed clamped to 1.3 /s, for "safe" operation in a factory
environment, the force created by fluid drag will be an order of magnitude less than
the other tractive forces acting on the AGV. Excluding aerodynamic drag is justified

using the estimation given in equation [3.26f

Fp= CDA% (3.26)
Fp = Atmospheric drag force N
Ch = Co-efficient of AGV’s drag
A = Frontal area of the AGV m?
p = Density of the fluid (air) kg/m3
v = Velocity of the fluid (air) m/s

The value of Cp is estimated to be 0.76, which was taken from table 15-2 in Cengel
[47]. The frontal area of the AGV is estimated at 0.4m?2. The density of air at 25°C
and 1 atmosphere of pressure is 1.184%9/m3 (taken from table A-22 in Cengel [47]. Since
the top speed of the AGV is 1.3m/s2 the "worst-case" force of atmospheric drag on the
AGV will be:

1.184 - 1.3
Fp =0.76- 0.4 (T) = 0.23N (3.27)

Since this is less than a single Newton on a system whose forces will be measured in

the hundreds of Newtons (see later chapters), this force is negligible.
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3.3 Chapter Conclusion

This chapter established the mathematical basis needed to comprehend this thesis.
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4 AGYV Design Tool

The AGV design tool is a software tool written in Matlab to aid with the mechanical
calculations needed to design the AGV. Most of the values and results found in chapter

b, were determined iteratively using this tool.

4.1 Introduction to the Design Tool

Traditional design processes are sequential in nature as illustrated in figure [4.1 Where
a project typically starts with identifying a problem, then follows a step by step process

to end at a documented solution [48].

4{ Problem Indentification ‘
v
—»‘ Ideation

Decision Process/
Design Selection

7‘ Refinement }‘7

l

—»{ Analysis }7

Decision Process/
Design Selection

‘ Implementation ‘

:

‘ Documentation ‘

Figure 4.1: Traditional Iterative Design Process

As illustrated in figure [4.1] there is a cyclic sequence of steps around refinement and

analysis of possible solutions that could solve the identified problem. This back and
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forth between refinement and analysis of a possible solution is highly costly to the
project in both time and effort as each time this cycle occurs, the majority of the
design calculations have to be redone as the idea is tweaked. In order to reduce the
number of iterative calculations that were needed, it was decided to automate the

design process calculations as far as reasonable.

4.2 AGYV Design Tool Program Environment

This automation would come in the form of a design tool built in the Matlab code
environment. The tool would use both Matlab’s "quick and dirty" coding language
and Simulink, a simulation package available as part of the Matlab environment. Using
Matlab ensures that the code can easily be changed or manipulated by engineers, as
the software is aimed at engineers and not software developers, while Simulink gives
access to tools that would be difficult to implement in code. Since the AGV in this
thesis is a swerve drive AGV, the design tool will be focused on creating an AGV of

this type.

4.3 Software Requirements

This section deals with the inputs the tool will require from the user and the outputs

that the tool will produce.

4.3.1 Required User Inputs

Listed in the section that follows are the required user inputs needed to generate a
usable result. Further information on the listed input parameters can be found in the

following section.
1. Net AGV mass (Kg)
2. Maximum speed of the AGV (m/s)
3. Desired time to reach maximum speed ()
4. Maximum inclination that the AGV should be able to climb ()
5. Wheel diameter (mm)
6. Rolling friction of wheels

7. Number of drive wheels
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8. Number of wheels used during power conservation mode
9. Spring constant of suspension system (¥/m)
10. Dampening co-efficient of suspension system (Vs/m)

The net mass of the AGV refers to the combination of the AGV’s unloaded weight
(i.e. the weight of the AGV’s body only) and the payload weight. Essentially it is
the maximum weight the AGV is allowed to reach. The weight of the AGV is used in
conjunction with the maximum speed and time taken to reach this speed to determine
the force required to accelerate the AGV. The maximum allowable inclination is used
to determine the force of gravity acting against the AGV, while the rolling friction co-
efficient is used to determine the force of friction against the AGV. In conjunction with
the wheels diameter and number of drive wheels, these forces are used to determine the
total tractive power requirements for the AGV and the power and torque requirements

for each drive motor.

The "conservation mode" was dropped from the research project but was never purged
from the code. The idea behind the conservation mode was that when the AGV
moves on a flat surface (no force of gravity acting against the tractive force), some of
the drive motors could be shut down and the drive train disconnected so that these
wheels were "freewheeling". This "freewheeling" could be theoretically done as the
remaining motors would have generated sufficient power to drive the AGV without the

gravitational force working against the vehicle.

The spring constant and the dampening co-efficient are used to determine the effective-
ness of the suspension system by generating the theoretical response to a given obstacle.
The response can then be iteratively improved by tweaking the spring constant and

dampening co-efficient.

4.3.2 Generated Program Outputs
The outputs generated by design tool are itemised:
1. Net forces acting on the AGV’s body for:

e Constant velocity on s flat surface
e Acceleration on a flat surface
e Constant velocity on an inclined surface

e Acceleration on an inclined surface
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2. The resulting net torques for each of the above conditions
3. Maximum required torque, RPM and power of each drive wheel

4. Selection of an appropriate gearbox from a list of of all considered manufacturer’s
data sheets; given the characteristics of the chosen motor, gearbox efficiencies,

starting conditions, loading conditions and duty cycle

5. Selection of a pair of belt drives to connect the wheel to the gearbox and the
gearbox to the drive motor from a list of considered manufacturers; while calcu-
lating the geometrical constrains (max pulley size, centre distances, belt widths,

belt-pulley contact arc, etc.)

6. Displacement, velocity and acceleration response graphs for the suspension sys-
tem

4.4 Operational Process

The design tool will work in an iterative fashion, this operation is illustrated in the
flow diagram in figure [4.2]

User Drive
"  Requirements:
Start, Duty Cycle, etc.

System Possible

Input Main
Parameters

Calculate Forces
on AGV

YES
Calculate Drive Steering Motor
Wheel Paramaters Requirements
Calculate Motor Suspension
Parameters Requirements
(no torque) l
‘ Done ‘

Worst Case Scenario
Requirements

| User Motor Selection }7

Figure 4.2: Process Diagram Describing Program Operation
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4.5 Software Graphical User Interface

In an attempt to improve the ease of use of the design tool, a graphical user interface
(GUI) was incorporated into the program. This GUI makes using the software far easier
for non-computer literate personnel as a command-line interface can often be unwieldy
for individuals not familiar with such an interface. The GUI also allows for the inclusion
of informatics and diagrams into the program interface, making understanding the
values required by the program easier to comprehend (a picture is worth a thousand
words). There are 16 windows in total that make up the GUI, which are listed:

1. Start

2. Request Basic Information

3. Forces Acting on AGV

4. Drive Wheels Parameters

5. Drive Motor Parameters

6. Request Drive Motor Selection

7. Request AGV Operating Conditions (loading conditions, duty cycle, etc.)

8. Drive Train Development (after each part of the drive is defined, this GUI is

reopened)
9. Belt Drive 2 Development
10. Bevel Gearbox Unit Selection
11. Belt Drive 1 Development
12. Request Steering Parameters
13. Steering System and Steering Motor Requirements

14. Steering Train Development GUI (after each part of the steering train is defined,
this GUI is reopened)

15. Belt Drive Development GUI (Steering Train)
16. Gearbox Selection GUI (Steering Train)

A couple of screens are shown in figure [4.3] as examples. A complete compendium of
all of the GUI can be found in appendix [G
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Figure 4.3: Design Tool Example GUIs

4.6 Evaluating the Validity of The Software Tool

Before the software tool could be trusted for use to design an AGV, it first had to be

validated; this was done using three validation tests:

e Test 1: Compare a set of calculated results to results the author generated by
hand

e Test 2: Compared to existing in-house AGV, for this Chikosi’s [49] AGV was

used

e Test 3: Compared to an externally built AGV, for this the AGV built by Wada et
al. [50], in the thesis "Holonomic and Omnidirectional Vehicle with Conventional

Tires" was used.

A list of all the input data used for the three tests is given in table [4.1]
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Table 4.1: Software Tool Testing Inputs
Input Data Test 1  Test 2 Test 3

Net Mass | 600 kg 300 kg 300 kg
Max Speed | 1.3 /s 1.5 m/s 1.3 m/s

Inclination Climb 2s 3s 2s
Wheel Diameter | 150 mm  482.6 mm 150 mm
Tyre Rolling Friction Co-efficient 0.02 0.25 0.02
Tyre Dynamic Friction Co-efficient 0.6 0.6 0.6
Number of Drive Wheels 2 4 4

Turning Speed | 80 "/min 60 7/min 80 7/min
Castor Offset | 45 mm 10 "/min 140 7/min

Once each test was run with the input values listed in table [4.1] a set of results was
generated as listed in table [4.2]

Table 4.2: Software Tool Testing Outputs
Output Data Test 1 Test 2 Test 3

Wheel Power Required | 663.17 W 332.16 W 165.01 W
Wheel RPM | 165.52 7/min = 59.36 7/min  165.52 7/min

Max Wheel Torque | 38.26 #/m2  53.42 7/m2  9.52 n/m2
Drive Monitor Power | 676.71 W 338.935 W  168.38 W
Turning Torque | 36.69 Nm 4.41 Nm 61.74 Nm
Turning Power | 309.63 W 21711 W 51723 W

4.7 Evaluation Validation Results of the Software
Tool

The results delivered in table 4.2| can now be compared to real-world results to test the

validity of this calculator. This comparison is made in the sections that follow.

4.7.1 Test 1 Results - 600 kg AGV

This test was done against hand calculations. The values chosen as inputs for this test
match the preliminary values of the swerve drive AGV described in this thesis. This
test shows that the calculator and hand calculations exactly match, but this is to be

expected as the calculator is an automated version of the hand calculations with some
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optimisation algorithms to select the best fit from catalogue components. This result

cannot be used alone to validate the design tool.

4.7.2 Test 2 Results - 300 kg AGV

Since Chikosi’s [49] AGV was built internally at the same research group (AMTC
at the Nelson Mandela University) as the AGV described in this report, a detailed
specification sheet could be sourced for this machine. When Chikosi’s [49] report was
compared to the results generated in test 2, the following was noticed. The wheel
torque of Chikosi’s [49] AGV was specified in his report as 53.45 Nm driven by a 300
W motor. When the torque value is compared to the design programs’ results, it is
noticed that the required torque is almost an exact match. There is a discrepancy in
the wattage of the motor; Chikosi’s [49] motor is 11.49% smaller than that of the design
program. Chikosi [49] later clarifies that the motor used was fractionally underpowered
as the next available motor in the range he had chosen was a 500 W unit. The steering
motor chosen by Chikosi [49] was rated at 30 W, while the design program determined
that a power of 27.71 W was required. This difference is a discrepancy of 7.63%.

4.7.3 Test 3 Results - 250 kg AGV

A 250 kg swerve drive AGV was developed by Wada et al. [50] in the thesis titled
"Castor Drive Mechanisms for Holonomic and Omnidirectional Mobile Platforms with
no Over Constraint". The thesis outlined a couple of crucial details of the design, the
most important being the size of the drive motors compared to the physical character-
istics of the AGV. It was stated by Wada et al.[50] that two 300 W motors powered the
AGV. This statement means that the motors on this system are 43.87% larger than
are supposedly required according to the design software. This motor size could be
due to the availability of motors or over-specification. However, this result could also
suggest that the design software is inaccurate, though this is unlikely due to tests 1
and 2 performing so favourably. No detail was available about the sizing of the steering

mechanism.

4.8 FEvaluation Conclusion

It can be concluded that the results produced by the design software/ calculator are
accurate enough to be used in the creation of the swerve drive AGV. This confirmation
is a result of the following. Firstly, the hand calculations exactly match the results of the
calculator. Secondly, in test 2, Chikosi’s [49] AGV and the calculator’s results closely
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matched, with the worst deviation being 11.49%. Finally, due to the lack of transparent
design information provided by Wada et al. [50], test 3 cannot be reasonably used for

confirmation or disapproval of validity.

4.9 Chapter Conclusion

A Matlab based tool was developed that allows for the rapid iterative design of swerve-
drive AGVs; this tool was proven against existing systems for validation. With this
tool, the iterative design process involving the selection of standardised parts was fast-

tracked compared to traditional hand calculations.
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5 Mechanical Design of the AGV

As alluded to in the previous chapter, the design of this AGV will be based upon the
swerve drive architecture with two drive units and two freewheeling castor units. The
drive units are responsible for generating the tractive effort of the AGV, while the
castor units are solely to support the vehicle, capable of neither steering nor traction.
Since swerve drives are used, the AGV is omnidirectional (for more information on

omnidirectional systems, refer to chapter [2)).

5.1 Vehicle Axis System

The roll-pitch-yaw vehicle axis system will be used throughout this thesis whenever
describing the orientation of the AGV. This system is illustrated graphically in figure
b1l

Figure 5.1: The Roll-Pitch-Yaw Vehicle Axis Systen(l]

Tmage adapted from Gillespie [51]
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5.2 Initial Layout & Component Placement

Before any CAD design was conducted, it was first necessary to generate an initial
layout of the AGV. This initial layout allowed for the macro planning of component

placement. The initial plan for the AGV is illustrated in figure [5.2

Augxillary
Electronics

Power Unit/

19 Inch Rack Battery Bank
Electronics

Augxillary
Electronics

Figure 5.2: Initial Layout of the AGV

The layout shown in figure , was also the layout presented to ROSSA (the main
capital contributor) during the preliminary stages of this research. However, the elec-
trical component layout had to be changed due to size and component limitations to

the layout illustrated in figure [5.5

The original layout of the AGV shown in figure made use of a "19 inch" rack form
factor for electronics (see ﬁgure. The sliding action of the rack was to be orientated
vertically (along the z-axis of the AGV). This concept was originally intended to add a
modularity system by splitting the electronics into separate hot-swappable boxes. This
system proved to be too inflexible to incorporate into the AGV, given the desired final

dimensions of the vehicle.
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Figure 5.3: 19 Inch Rack Hot Swap Conceptﬂ

The primary idea was always to have the drive units diagonal to each other, as shown
in figure[5.2] This orientation ensured that regardless of the AGV’s direction of travel,
the centroid of the AGV would experience no net torque. This lack of net torque is
due to the moments generated by the drive units about the centroid, cancelling each
other since they will always have equal magnitude but opposite directions. In practice,
this is not always the case, as effects such as wheel slip will disrupt this balance, but it
provides a stable starting point that allows easier correction of these issues in software.
Which simplifies control of the AGV significantly. This concept is illustrated in figure
b4
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Forward Motion Sideward Motion

1

Figure 5.4: Cancellation of Net Torques about the Centroid

The equations that validate the effect shown in figure are given in equation 5.1 and
equation [5.2]

> M=T+T, (5.1)

2Image adapted from public domain
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Since, in equation 5.1, T'=r x F"

> M = Firy + Fy(—r2) =0 (5.2)

As F} = F, and |r{| = |rg| in equation

Z M = Sum of Moments about the Centroid Nm
T; = Torque Generated by Tractive Force i Nm
F; = Tractive Force Generated by the i’th Drive Unit N
i = Perpendicular Distance of the i’th Force from the Centroid m

Since the 19-inch rack proved to be unsuitable for this AGV, the layout of the AGV
was changed from what is shown in figure [5.2] to figure [5.5

Drive Unit Control System
Electronics

Power Unit/
Battery Bank

Drive System
Electronics

Drive Unit

Figure 5.5: Final Block Diagram Layout of The AGV

The main power pack or battery pack of the AGV remained in the centre of the vehicle
(see figure [5.5)); this was to balance the weight within the system as evenly as possible

over the four wheels.

The navigation system of the AGV (a lidar scanner) was moved to the exterior of the
AGYV. It was initially intended to be embedded within the AGV with a "mailbox" slot
to allow the 2D lidar beam to see the outside world. The idea behind this was to
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protect the lidar from possible external damage, but it was deemed infeasible due to
the inflexibility of this mounting and the constriction of the lidar’s viewing angle to
180 degrees. The exterior mounting allowed the height of the lidar to be changed easily
and, when mounted above the highest point of the AGV’s body, gave the sensor a 350°

viewing arc.

Since the castor units have no drive train or controlled steering mechanism, they are rel-
atively compact compared to the drive units. This compact size allowed the electronics

to be mounted in hot-swappable boxes above them, as illustrated in figure [5.5]

5.3 Drive Unit Design

The drive units of the AGV presented the most significant mechanical design problem
of the entire research project since the units had to be mechanically compact and
modular. This modularity meant that the frame of the AGV could not be used as a
structure to build upon, but rather the drive units had to contain their own skeletal
frame for support. The basic layout of the drive unit is shown in figure from this

basic template, concepts were fleshed out to achieve a functional unit.

N—

Figure 5.6: Basic Layout of the Drive Unit

The drive units consist of 2 motors, one for producing the tractive effort and one for
steering. Since the unpowered castor units will need a castor offset to operate, a castor

offset of equal magnitude must be incorporated into the drive units.

Three design ideas were generated, all of which used a sizeable slewing bearing, similar
to those found in tank turret or the rotational interface between the cab and tracks of

an excavator. This approach was chosen due to lessons learned from Chikosi [49], who
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attempted to use two large (40mm bore) bearings (not a slew bearing) and found that
the system wobbled excessively. The use of two bearings also meant that the AGV
stood very tall, raising the centre of gravity. Figure illustrates this raised centre
of gravity. When a slewing bearing is used, the distance between the wheel centre
and bearing interface can be drastically reduced, and the large diameter of the slewing

bearing (400mm in this case) makes it far more resilient to wobble about the x-axis

z

A

X

and y-axis.

Bearing Housing

1Note: Large distance between

wheel centre and lower
bearing

Figure 5.7: Chikosi’s AGV[]

5.3.1 Choosing a Slewing Bearing

All three concepts were based on the same slew bearing, proving to be one of the more
problematic items to procure. This unavailability is because slewing bearings of the
size required by the research project are relatively rare in the author’s experience since
slew bearings are predominately produced for much larger applications such as tank
turrets and excavator track-cab joints (see figure . It would be easier to acquire if a
slew bearing of that scale were needed. The only off-the-self slew bearings the author

could find were produced as part of a truck trailer’s steering mechanism, specifically
the Jost KLK 400L, which had a rated radial and axial force of 7.5 kN or 765 kg.

3Image adapted from Chikosi [49)].
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Figure 5.8: Slewing Bearing Intended Usagd’]

5.3.2 Drive Unit Conceptual Designs

Three conceptual designs for the drive unit will be discussed in the paragraphs to

follow.

5.3.2.a Drive Unit Design 1 Concept

Design 1 is the simplest conceptually. In design 1, the wheel is mounted directly to
the traction motor via an angled gearbox while the steering motor is mounted in line
with the axis of rotation of the slewing bearing. Figure [5.9]illustrates an example of

this design, which was taken from another AGV the author is working on unrelated to

Slip Rings
e

| =

this research.

Steering Motor Attachment Point

\ .

Motor & Gearbox

Counter Bearing

Slewing Bearing Wheel

Figure 5.9: Drive Unit Concept 1 - Direct Drive

This idea was abandoned very early on for a couple of reasons, and as such, no initial

4Image adapted from JOST [52].
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CAD was generated, nor was a suspension system designed. These drawbacks and

concerns are listed:
1. Half of the weight supported by wheel is on the gearbox bearings

2. Difficult to balance system as when wheel is centred relative to slew bearing the

gearbox and motor assembly will hang off the side

3. Difficult to power motor as a slip ring will be needed to transfer power and control

signals to the motor through the slew ring rotational interface

4. Potentially expensive due to high amperage slip ring and gearbox with high radial

load bearings

However, this idea is not without merits, especially for smaller AGVs where the overall
load is smaller than the load of the AGV in this thesis. The "lob-sidedness" of the
system has a negligible effect on these small AGVs, while the smaller loads also trans-
late to smaller motors that draw less current. This lower current makes sourcing slip
rings easier than the AGV in this thesis. These smaller AGVs also tend to have sim-
pler motors reducing the number of slip ring contacts needed. Some of the perceived

advantages of this system, especially for smaller AGVs, are listed:
1. Extremely simple mechanically

2. Machining of custom parts kept to a minimum and what parts are machined tend

to be very simple

5.3.2.b Drive Unit Design 2 Concept

Design 2, in figure [5.10] is based on a similar idea, but the gearbox and traction
motor is moved above the wheel. This relocation was done to balance the system
better. This design also attempted to integrate the suspension system directly with
the drive mechanism. Integrating the suspension system was done using the trailing-

arm suspension system philosophy, utilising a torsion spring near the gearbox.
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Motor Mount Point

Ii-‘r ¥ Torsion Spring Location I p
Gearbox\- :

Trailing Arm Suspension

Slewing Bearing

\ Belt Mount Point
- Wheel

Figure 5.10: Drive Unit Concept 2 - Integrated Trailing Arm Suspension

As seen in figure the belt is used to attach the gearbox to the wheel axle. This
system has the following drawbacks; firstly, the trailing arm length is constrained by
the length of standard timing belts as there is not enough space to add a separate
idler. Secondly, there is also the torsion spring issue; no available spring could be
found that would produce the necessary torque to support the vehicle and fit in the

desired dimensions. Advantages include:
1. Evenly balanced system in terms of weight
2. Integrated suspension system

The inclusion of the trailing arm system has another advantage; namely, the author
is familiar with this system, having already built it in the research project "Modular
Electric Automatic Guided Vehicle Suspension-Drive Unit" [33]. This system, like
concept 1, will also require a high current slip ring; other issues that inhibit this

system include:
1. Fixed incremental length of trailing arms due to belt size limitations
2. Difficulty sourcing a torsion spring to meet the needs of this design
3. Variable castor offset due to suspension system

The variable castor offset presents issues when creating a kinematic model. The castor
offset distance is random in this configuration(wholly dependent on the driving surface)
and will have to be continuously measured to allow the control system to compensate

for it in kinematic calculations.
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This design was not easily written off, and in figure a later iteration of the same
concept can be found. This system fixed the problem of variable castor offset by
incorporating an idler shaft at the suspension actuation point. This revision also
reduced the overall height of the system by reducing the trailing arm angle relative
to the ground plane, reducing the castor offset fluctuation. However, this necessitated
the use of two separate belt systems. One belt was needed to transfer power from the

main gearbox to the idler and the second to transmit power from the idler to the wheel.

~ /Motor Mount
2 1-

Gearbox

Torsional Spring
Location

Tensioner
Tensioner

Belt System 1
Belt System 2

Figure 5.11: Drive Unit Concept 2 - Later Iteration of the Integrated Trailing Arm

Suspension

As can be seen in figure the system was fast becoming exceptionally mechanically
complex. The inclusion of a dual belt system increases the number of required tension-
ers due to the non-standard distance between pulley centre points. Belt system 2 was
made even more complex due to the geometrical constraints imposed by the slewing
bearing, which necessitated that belt system 2 essentially made a 90° turn. This 90°
turn was achieved by including a second idler shaft and splitting belt system 2 into
two subsystems. This design still used a torsional spring to produce the spring effect

needed by the suspension system.

Since an appropriate torsion spring could not be found, the design in figure [5.11] was

again modified, this time to make use of a compression spring as shown in figure [5.12}
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Motor Mount Point

Gearbox

Tensioner

Slewing Bearing

Compression
Spring

New Belt 2
Wheel - System

Tensioner

Belt 2 System

Figure 5.12: Drive Unit Concept 2 - Compression Spring Adaptation of the Integrated

Trailing Arm Suspension Drive Unit

Note in figure the second belts system was modified to use two smooth idlers to
bend a single belt 90° instead of an idler shaft with toothed pulleys and two separate
sub belts as seen in figure [5.11] This modification was done as a cost reduction effort

as the smooth pulleys were much cheaper to produce than the toothed pulleys.

5.3.2.c Drive Unit Design 3 Concept

The third and final design replaced the trailing arm suspension system with the inline-
suspension system. Exchanging the suspension system type alleviated several issues
encountered with the design in concept 2 (see ﬁgure, which was extremely complex
and had the major disadvantage of a randomly variable castor offset. This new drive
unit is illustrated in figure [5.13]
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Slewing Bearing
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Tensioner

Ring Gear Belt System

Figure 5.13: Drive Unit Concept 3 - Drive Unit with In-Line Suspension System

The third concept (see figure has a lower profile than the second concept (figure
; this helps with the overall height of the final AGV. As can be seen from figure
the inline suspensions system makes use of 4 springs in parallel rather than the
one found in concept 2. Increasing the number of springs reduces the spring constant
each spring needs, making them easier to obtain or manufacture due to their lower
specifications. This design also significantly reduces the complexity of the belting
system needed to transfer power from the gearbox to the wheel as the idler shaft (at
the actuation point of the trailing point suspension system) is not needed. Thus, a

simple two pulley system is sufficient with a single belt tensioning system.

In figure[5.13] the position of the steering motor and the feedback encoder is shown. The
feedback encoder is an absolute encoder that uses a low-cost, precision potentiometer.
A potentiometer can be used in this application only due to the steering system’s slow
and infrequent actuation; the potentiometer’s accuracy can be leveraged against the

relative encoder built into the steering motor to improve accuracy further.

This system has the following advantages when compared to the other two concepts

explored:
1. Evenly balanced system in terms of weight
2. Constant castor offset
3. Integrated suspension system

4. Simple belt system
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The disadvantages are as follows:
1. No camber conformity in suspension
2. Still more complex than the direct drive system of concept 1
3. Linear guides for suspension system present a weak point

Not to be underestimated in this system is the constant castor offset, which dramati-

cally improves the stability of the control system.

5.3.3 Drive Final Design

The final design was determined from the previous concepts using a cost-benefit matrix.

5.3.3.a Drive Unit Selection Matrix

The cost-benefit evaluation matrix can be found in table B.1l

Table 5.1: Comparison of Drive Unit Concepts
Concept Advantages Disadvantages

Concept 1 -Extremely simple ‘High current slip rings required

-Comparably inexpensive to build -Lob-sided weight loading

-Steering and traction divorced -Gearbox supports large portion
-Constant Castor Offset of weight
Concept 2 -Symmetrical weight distribution  -Variable castor offset
-Integrated suspension system -Exotic springs needed
-Suspension system has good -Extremely mechanically complex
camber conformity ‘Trailing arm length restrictions

Concept 3 -Symmetrical weight distribution -No camber conformity
-Constant Castor Offset -Linear guides of suspension are
-Integrated suspension system a weak point
-Mechanically simpler than

concept 2

As mentioned in the previous section, concept 1 can be immediately be excluded due
to the need for high current slip rings that proved hard for the author to find at reason-
able prices that would fit within the project budget. The uneven weight distribution
would also put unnecessary strain on the slewing bearing. That left only concepts 2

and concept 3. Of the two systems, concept 2 was both more expensive and more
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mechanically complex due to the multiple idler shafts and belting systems needed. Not
to forget, concept 2 also had the fatal flaw of a randomly variable castor offset, making
control of the AGV more difficult. Therefore concept 3 proved to be the only viable
choice for this application.

5.3.3.b  Completion of the Drive Unit CAD Design

Since concept 3 was chosen, it could be further refined to produce a manufacturable

unit. Discussion of that refinement is done in this section.

Modularity Skeleton

The first refinement performed was the creation of a framework that allowed the drive
unit to be "stand-alone" relative to the main body (for modularity purposes). This

skeleton is illustrated in figure [5.14

Traction Motor: g <-= Skeleton for
P—’ = ’ ‘ Upper Frame
. =
Top Interface ‘ [ Mounting Holes

=
—

E

Structure

Linear Guides

Lower Structural
Skirt

Figure 5.14: Final Drive Unit with Modular Skeleton

The skeleton used to support the drive units was primarily made from standard ISO
steel sections, chiefly square tube and angle iron. This skeleton is attached to the main
body of the AGV via the "Top Interface Structure" and "Lower Structural Skirt" (see
figure . The entirety of the AGV’s weight along the z-axis is transferred between
the main body and drive unit via the "Top Interface Structure"; the "Lower Structural
Skirt supports no weight". The "Lower Structural Skirt" aims solely to assist with force

experienced radially (i.e. in the x and y directions). The "Lower Structural Skirt" adds
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much-needed rigidity to the linear guides and counters moments of rotation developed

around the x and y axes.

Traction Motor Linkage

As can be seen in figure the traction motor forms part of the "sprung load"
(i.e. on the body side of the AGV) while the gearbox it attaches to forms part of the
"unsprung load" (wheel side of the suspension system). This separation presented the
unique problem of transferring rotational power across the suspension system barrier.
Typically in automotive vehicles, this is done using a CV joint. A similar solution was

developed for this AGV and is called the "vertical compromiser", illustrated in figure

.10

Floating Bearing

Splined Traction Belt

Shaft

Flexiable
Coupling

Belt Pulley\

Belt Tensioner

Traction Motor

Spline Connector

Figure 5.15: Final Drive Unit with Vertical Compromiser

Wheel

The wheels used for this design were a cast polyurethane tyre on a cast iron core.
According to Castor and Ladder [53], cast polyurethane wheels create minimal noise,
have low rolling resistance (when compared to other wheel materials), do not readily
damage the floor and are resistant to both cuts and tearing. These characteristics
make cast polyurethane ideal for an industrial environment. Specifications for the
chosen wheel (WPU 062) can be found in table
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Table 5.2: WPU 062 Wheel Specifications

Specification Value
Wheel Size 150 x 50 mm
Pilot Bore 17 mm
Load Rating 300 kg

Final Design

The final design of the drive unit is shown in figure this includes the vertical

compromiser, modular connection interface and chosen design concept.

Steering
Feedback

Traction
Gearbox

Traction Belt
System 2

Steering Belt System

Figure 5.16: Finalised CAD Model of the AGV Drive Unit

5.3.4 Drive Unit: Traction System Detailed Analysis

This section deals with explaining the detailed mathematics of the drive unit. It
also expands on minor mechanical components that were glossed over in the previous

section.
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5.3.4.a Tractive System Overview

The tractive drive train consists of three parts; the upper/ traction motor belts system
(called belt system 1 from here on), the main bevel gearbox and the wheel side belt
system (called belt system 2 from here on). Instead of the more common worm gearbox,
a bevel gear type gearbox was used for the primary gearing system. The choice of a
bevel gearbox was made to allow bi-directional torque transfer. That is to say, when
the motor is running, it can turn the wheel, but when the motor is off, the inertia of
the wheel can travel back through the gearbox to turn the motor. This bidirectional
motion transfer will allow for regenerative braking since instead of dumping the braking
current generated by the motor’s drive into a braking resistor, it can be used to recharge
the battery bank. The layout of the tractive drive train is described in figure

N1 N2 PLC Setpoint
Cl
Belt System 1 S -
— -
|
Traction Traction Motor

Motor RPM = 3000rpm L 25(1)55100‘11“
Torque = 2.39 Nm PLISC per rev

!

Belt System 1
Ratio=1:1

!

Main Gearbox
Ratio=18.03 : 1

l

Belt System 2 Wheel
Ratio=1:1 Diameter = 150mm

N3

|

Belt System 2

Figure 5.17: Tractive Belt System

It should be noted that there is only one feedback loop in this system (as shown in
figure [5.17)), which corrects for the traction-motor output speed relative to the setpoint
speed given by the primary kinematic control system (a PLC in this case).

5.3.4.b AGYV Tractive Requirements

Before the drive train described in figure [5.17] could be developed, it was first neces-
sary to calculate the various specifications required of this system. These values are
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calculated with the aid of the equations developed in section and the software tool
described in chapter [4] The global requirements of the AGV are summarised in table
[.3] many of these requirements are listed as design specifications in section [1.2.1]

Table 5.3: Tractive Global Requirements

Specification Value
Net AGV Mass 600kg
Maximum Desired Speed 1.3m/s2
Time to Reach Max Speed 2s
Maximum Climbable Incline 5
Allow Acceleration on Incline No
Wheel Diameter 150mm
Rolling Friction of Wheels (on concrete) 0.02
Number of Drive Units 2

5.3.4.c Net Forces on Centroid of AGV

Since acceleration up an incline is forbidden, the three cases that will be evaluated

with regards to the net force required to drive an AGV of 600 kg are:
e Constant velocity on a flat surface
e Acceleration on a flat surface

e Constant velocity up an incline

Constant Velocity on a Flat Surface

When the AGV is travelling at a fixed velocity on a flat surface, the net force required
for this motion, as directed at the centroid, can be calculated using equation and

18:

F, = piyymg = 0.02(600)(9.8) = 117.76 N (5.3)

Acceleration on a Flat Surface

When the AGV is accelerating from rest to 1.3m/s2 on a flat surface, the net force

required for this motion, as directed at the centroid, can be calculated using equation
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3.27] and is:

F,=m va t_ Ui) + uwg] = 600 K#) + 0.02(9.8)} =507.72N  (5.4)

Constant Velocity up an Incline

When the AGV climbs an incline of 5°, at a constant velocity, the net force required
for this motion, as directed at the centroid, can be calculated using equation [3.25 and

1S:

F—m (g [sin(0) + purr cos(0)] + {Uf - UD

= 600 <9.8 [sin(5) + 0.02 cos(5)] + [1'32_ OD (5.5)

= 630.27TN

Worst Case Scenario

When comparing the force required in equation [5.3] equation [5.4] and equation [5.5] it
can be seen that the action "constant velocity up an incline" is the largest. Therefore,
this is the worst case the drive train will have to deal with at 630.27 N.

5.3.4.d Tractive Requirements at Each Wheel

Each wheel’s tractive requirements will include the following: the RPM of each wheel,

the torque required by each wheel and the RPM of each wheel.

RPM Required by the AGV’s Wheels

No slippage is considered here; as such, the AGV wheels’ RPM will be equal. Since
the desired top speed of the AGV is 1.3 m/s2, the wheel RPM to match this can be
calculated using equation [5.6| derived from Serway [46].

2w VAGV
RPMyheet = — 5.6
feet 60 (rwheel) ( )
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RPM heel = Wheel revolutions per second
vaqy = Velocity of the AGV
T wheel = Radius of the AGV’s Wheels

60

2 1.3
RPMypeer = — <—> = 165.521 7/min

( 150><210—3 )

Torque Required by the AGV’s Wheels

T/min

m/s2

(5.7)

Since there are three operational modes for the AGV (constant velocity on a flat sur-

face, acceleration on a flat surface and constant velocity up an incline), the torque

requirements of each of these manoeuvrers will be calculated. For simplicity, no slip-

page will be assumed, and the load distribution on the AGV will be equal. Torque can

be estimated using equation adapted from Serway [46].

_ Twheel X Ft

Twheel = —

Ndrive units

Twheel = Required wheel torque

= Number of drive units on the AGV

Ndrive units

Thus, for constant velocity on a flat surface:

(75 x 1073) x 117.76

Twheel = 5 =4.415 Nm
Acceleration on a flat surface:
75 x 1073 507.72
Twheel = ( i 2> x = 19.040 Nm
Constant velocity up an incline of 5:
75 x 1073 630.27
Twheel = ( a 2> a = 23.635 Nm

62

(5.8)

(5.9)

(5.10)

(5.11)



Power Required at Fach Drive Wheel

Only the overall power is required for each wheel; therefore, only the case "constant
velocity up an incline" will be evaluated since it requires the highest torque. The
required wheel torque is calculated using equation from Shigley [54].

Vagv
Pwheel = TwheelWwheel = Twheel ( ) (512)
Twheel
Poheer = Required wheel power W

Thus the maximum required wheel power is:

1.3

Puheat = 23.635 [ ———
whee! = 23.633 (75 x 10-3

) = 409.676 W (5.13)

Power Required at Each Traction Motor

Intuitively, one may think that the traction motor power equals the needed wheel power.
This assumption, however, does not take into account the drive train’s inefficiency,
which according to Shigley [54], is likely around 94%. Thus the power required of the

motor will be:

Protor = Puneer + (1 = 0.98) Pypees = 417.87TW (5.14)

Protor = Required motor power %%

5.3.4.e Traction Motor Selection

Since the power of the traction motor is known thanks to the previous section, an
appropriate motor can be found. The motor selection was made before selecting the
gearbox and belting system, as the motor choices (at the time of writing) had fewer
options available than the gearing system. It is easier to match a gear train to the

motor than to match a motor to the gear train.
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The motor selected was a Siemens Simotics S-1FL6 1FL6042-2AF21-1AH1. This motor
is an induction type motor that uses 3 phase AC. The advantages of this motor type
over other motor types include; its relative cost-effectiveness, its abundance as an off-

the-shelf item and its steady torque over a sizable speed range.

This motor has a power rating of 750 W, which is more than sufficient for this appli-
cation. The motor is 55% larger than is required by the system. The specifications for
this motor can be found in table 5.4

Table 5.4: 1FL6042-2AF21-1AH1 Traction Motor Specifications

Specification Value
Power 750 W
Nominal Torque 2.39 Nm
Nominal Speed 3000 7/min
Nominal Current Draw 4.65 A
Peak Torque 2.39 Nm
Peak Speed 5000 7/min
Peak Current Draw 4.7 A
Nominal Voltage 111V

It is important to note that this motor has a built-in parking brake and feedback
encoder. The parking brake can only be used to lock the rotor when the motor is
stopped. If the motor is braked while running, the braking is done using a braking
resistor. The parking brake is "normally on", which is ideal for this application, as
when the AGV is off or unpowered, it should not be able to move for safety reasons.
The encoder included in the motor is a relative encoder. The motor drive electronics
use this encoder as feedback to ensure that the motor is spinning at the setpoint speed
desired by the central controller. The control system can also benefit by using this value
as part of its control loop structure. The encoder is a T'TL 2500 pulse per revolution
encoder. Essentially this encoder generates a 5 V square wave (TTL) which will take
2500 pulses to complete 360 of rotation. The speed of the rotor can be determined by

differentiating the angle (number of pulses) relative to time.

5.3.4.f Tractive Gear Train

The tractive gear train system, as illustrated in figure [5.17, consists of three sections.
The first belt system, the main bevel gearbox and the second belt system. Although
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using an induction motor means that the torque produced by the motor is relatively
steady over the motor’s speed range, it is still good practice to run the motor at its
nominal speed to get the best power efficiency and largest torque. Thus the gear train
was designed primarily such that a traction-motor speed of 3000 7/min translated to
a vehicle body speed of 1.3 m/s2 (or wheel speed of 165.521 7/min).The necessary gear
ratio to make this possible is calculated in equation [5.15]

Wdriven - 3000
Warive  165.521

~18.12 (18.12:1) (5.15)

If a ratio of 18.12 : 1 is used, then the maximum torque produced by the motor at the

wheel end will be:

Tuheel = i(Tmotor)€gear traim = 18.12(2.39)0.94 = 40.708 Nm (5.16)

Cgear train = Predicted efficiency of the gear train

Where the predicted efficiency is the product of the efficiency of the sub-components as
given in equation [5.17} these values were estimated using Shigley’s [54] lookup tables.

€gear train = Cbelt1Cgearbox Chelt2

(5.17)
=0.98 x 0.98 x 0.98 ~ 0.94

Since the torque required at the wheel is only 23.635 Nm, which is less than the
potential 40.708 Nm a 18.12 : 1 gearbox can produce, this gearbox ratio choice is

valid.

The next step in the design sequence was to find a bevel gearbox and belt arrangement
that could close to the desired ratio of 18.12 : 1. This selection was made using the
program developed in chapter [l which performed a brute force optimisation using a
list of known belts, pulleys and bevel gearboxes. It did this by working out all the
possible gear ratios given the known pulleys, then sequentially multiplied them with
know bevel gearbox ratios. These results were ordered according to their closest match
to the desired ratio. The system also eliminated belt systems and gearboxes unable

to withstand the required loads (i.e. a bmm wide belt in belt system 2 would most
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likely break under the applied tension due to the high torque but would be fine in belt

system 1, where the tension is less system 2, but the speed is faster).

The rather unsurprising result was that the system selected a ratio of 1 : 1 for belt
system 1, 18.03 : 1 for the bevel gearbox and 1 : 1 for belt system 2. Which, when

multiplied together, gives a total gear train ratio of:

igear train — Z‘belt 1(ibevel gearboz)ibelt 2 = 18.03 (1803 : 1) (518)

Thus using the actual gear ratio available, in equation [5.18] the top speed of the AGV
will be (when the motor RPM = 3000 7/min):

27 RPMmotor
v =Twheel \ 78 | ————
AGv feet 60 lgear train

27 3000
— 1 =3 22 22 = 1. m/gs2

The maximum torque that the AGV could develop per wheel will be (using equation

as a template):

(5.19)

Twheel maz = 18.03(2.39)0.94 = 40.506 Nm (5.20)
The required torque from the traction motor is calculated in equation [5.21] provided
that the required maximum wheel torque (as given in equation [5.11)) is 23.635 Nm.

Twheel
Trmotor required — <— (1 + (1 - egem‘ train))
Lgear train

(5.21)

<23.635

1+ 0.06) = 1.390 N
18'03>(+OO6) 390 Nm

5.3.4.g 'Tractive Gear Train Additional Values

With the ratios of each section of the gear train calculated, along with the torque and
RPM of the motor calculated, the torque and RPM of each segment of the gear train

can be found as illustrated in the equations that follow:

Belt System 1 Values

This section will calculate the torque and RPM values along with the force of tension

in the belt. Also included in this section is the dimensional layout of the system, which
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is illustrated in figure [5.18]

Y Belt: 580mm

112.00mm
Actual Orientation \ 95.49mm
95.49mm \ 78.00mm
840.00\mm
\ / N

Drive |-y =4.24mm

Flipped Orientation

Figure 5.18: Belt System 1 Actual Layout

In figure [5.18] the belt system is flipped from its "actual orientation" (the orientation
that would be recognisable on the AGV when viewed from the outside) to a "flipped ori-
entation" this was done to ensure that the dimensional values matched the orientation

expected by the AGV calculator given in chapter [

The AGV calculator is used to find the missing y-axis dimension for the idler pulley (in
the case of this system, it is 4.24 mm). Since the belt sizes are standardised, and the
geometry of the drive and driven pulley are fixed relative to each other, the only way
to tension the belt is by making one of the component axes of the idler pulley settable.
This settable dimension is calculated as the missing y value (the idler x dimension is
arbitrarily chosen by the designer, which is used for the y value calculation). The AGV
calculation tool also eliminated any belts systems that could not transfer the required

torque and belt tension.

The RPM value of the drive pulley is directly attached to the traction motor and, as
such, will run at 3000 7/min. The torque that this pulley experiences at full AGV load
will be the same as the motor torque (calculated in equation [5.21)) and is 1.390 Nm.

Since the drive and driven pulleys have identical diameters, the speed of the driven
pulley will also be 3000 7/min. However, it was stated that this entire gear train is ex-
pected to have an efficiency of 94% (with each of the three sections having an efficiency

of 0.98%); thus, the torque on this pulley is expected to be:
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Theltl driven = Tbeltl drive(ebeltl)

(5.22)
= 1.390(0.98) = 1.362 Nm

The force of tension in the belt (Fr) can be calculated using equation Note for
this calculation, the highest torque the traction motor can produce is used and not the
maximum operating torque is given in equation [5.21] Calculating using the highest

torque rather than the operating torque was done for safety reasons.

= Tmotor maz

[Py = Toter s

beltl drive

= 239 = 50.06 N 029

47745 x 1073 T
\F}\ = Maximum tension force magnitude in belt N
Timotor maz = Maximum torque the traction motor is capable of Nm
Theltl drive = Pitch radius of traction motor drive pulley m

Bevel Gearbox Values

Since the input to the bevel gearbox unit is directly attached to the driven pulley of
belt system 1, the torque and RPM will be equivalent. Thus 1.362 Nm and 3000 7/min

respectively.

The gearbox was chosen using the AGV design program. It chose the gearbox from a
list of Varvel gearboxes of varying ratios and torque allowances. Since the chosen bevel
gearbox unit (BGU) has a gear ratio of 18.03 : 1. The torque and RPM at the output
of this gearbox are given in equation and equation [5.25

Wyearbox in

Lgearbox (524)

Wyearbox out =

3000
©18.03

Tgearbox out = Tgearbox in(lgearbom)egearbox

(5.25)
= 1.362(18.03)0.98 = 24.066 Nm

The maximum torque that can be developed on the output of the gearbox (when the
traction motor reaches its torque saturation point) is calculated in equation m This

result is used to determine the tension force in belt system 2.
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7—gearboa: mazout — Tmotor max (dearbox)(egearboz X ebeltl)

(5.26)
= 2.39(18.03)(0.98 x 0.98) = 41.385 N'm

Belt System 2 Values

The output torque and RPM of the bevel gearbox will be equivalent to the drive pulley
of belt system 2 due to their direct mechanical coupling, which is 166.389 7/min and
24.066 Nm respectively. The geometry of belt system 2 is illustrated in figure [5.19

Actual Orientation y

91.67mm

Belt: 624mm

91.67mm

43.45mm

y =51.14mm

) Flipped Orientation
Driven

Figure 5.19: Belt System 2 Actual Layout

Once again, the belt system is flipped to make the dimensions directions match with
what the AGV calculator in chapter [] expects. Similarly to belt system 1, the AGV
calculator was used to select the belt type and y distance of the idler pulley.

Since the ratio of belt system 2 is 1 : 1, the RPM of the driven pulley will be
166.389 7/min, and the torque will be as calculated in equation m

Thelt2 driven = Thelt2 dm‘ve(ebelt2)

(5.27)
= 24.066(0.98) = 23.585 Nm ~ 23.635 Nm from equation [5.11

The tension in the belt used in belt system 2 was calculated using the maximum torque
value possible out of the bevel gearbox (from equation [5.26)) for safety reasons and is

given in equation [5.28]
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|F_’ | o Tgearbor mazout
=

Tbelt2 drive
358 (5.28)
= ————=90232 N
45.835 x 1073
| Frl = Maximum tension force magnitude in belt N

Tgearbor mazout = Maximum torque the bevel gearbox can output Nm

Thelt2 drive = Pitch radius of the drive pulley m

5.3.4.h Idler Pulley Considerations

This section calculates the resultant forces present on the idler pulleys in the upper

and lower belt systems to select the appropriate bearings using SKF’s bearing selection

too][ﬂ

Belt System 1

The belt orientation and force diagram for the idler pulley found in belt system 1 is
illustrated in figure [5.20]

Belt

16mm

\Y6.86°

540 j
Idler(Pulley N144°

/ Fr
Belt

Figure 5.20: Belt System 1 Idler Pulley Force Diagram

®The bearing selection tool can be found at "https://www.skfbearingselect.com/# /bearing-

selection-start"
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The top speed of this idler pulley will occur when the traction motor is spinning at
3000 7/min. This speed value is calculated in equation m

RPMidler 1= (M> RPMmotor

Tidier

(5.29)

B <47.745

= 3000 = 8 952.12 "/min
o) /

Using figure and the belt tension calculated in equation [5.23] it is possible to

calculate the x-component and y-component forces acting on the idler pulley.

In the x-direction:

F, = |Fy| [008(76.86)% - cos(54)%}
) ) ) (5.30)
— 50.06 [cos(76.86)i . cos(54)i] — 18.04i N

In the y-direction:

F, = |Fy| [Sin(76.86)3 - sin(54)j']
) ) ) (5.31)
— 50.06 [sm(76.86) G- sin(54)j] —8.25] N

Thus the magnitude of the radial force acting on the bearings in the idler pulley will
be:

- 2 2
Bl =VE +Fy (5.32)

=1/(—18.04)2 + (8.25)2 = 19.84 N

The radial force discovered in equation[5.32|and the RPM of the idler pulley, in equation
were plugged into the SKF calculator along with the desired bearing type and
dimensions. From these results, a pair of 61900-2Z bearings were selected. These
bearings are estimated by the SKF calculation tool to have a lifespan of > 2 x 10°
hours (Ligmpn)- A full report for these bearings can be found in appendix .

Belt System 2

Like belt system 1, belt system 2 also contains an idler pulley, and as such, it is
necessary to calculate the RPM and radial forces present to find a suitable bearing

pair. The force diagram for this idler pulley is given in figure [5.21
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Belt

16mm

O

7.92°

gz.ogj/'"

34.99°Y
N

.

Idler|Pulley

/ Fr
Belt

Figure 5.21: Belt System 2 Idler Pulley Force Diagram

145.01°

The RPM of the idler pulley in belt system 2 can be calculated using equation [5.33
using the values taken from equation and figure [5.18]

Tbelt2 drive
RPMidle'r 2 = (— RPMbelt2 drive

Tidier

(5.33)

B (45.835

T ) 166.389 = 476.652 7/min

Using figure and the belt tension for this system (calculated in equation [5.28)), it

is possible to find the component forces for this system as follows.

In the x-direction:

F. = || [— c0s(82.08) — cos(34.99)%}
) ) ) (5.34)
— 902.32 [— c0s(82.08)7 — cos(34.99)z} — 863.56i N

In the y-direction:

F, = |Fy| [sm(sz.og)j‘ - sin(34.99)j]
) ) ) (5.35)
— 902.32 [sin(82.08) 5 — sin(34.99) j] — 376.20] N

Utilising equation and equation the magnitude of the radial force acting on
the idler pulley’s bearing will be:
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- ~2 =2
B[ =VE +Fy (5.36)

= 1/(—863.56)2 + (376.29)2 = 941.98 N

The radial force calculated in equation [5.36)and RPM calculated in equation were
used to select appropriate bearings using the SKF bearing selection tool. The bearings
chosen were a pair of HK 1616.2RS needle bearings. Needle bearings were used in this
application due to space limitations. The results of the SKF bearing selection tool can
be found in appendix [Bl These bearings are estimated to have a lifespan of 161 000

hours (Ll()mh) .

5.3.4.i Wheel Bearings Selection

The bearings used for the wheel shaft were sourced using SKF’s bearing selection tool.
These bearings had to withstand the tensional force created by the belt connection and
had to support one quarter the weight of the AGV.

First, it is necessary to calculate the radial force created by tension in the belt on the

wheel axle; this was done with the aid of figure [5.23]

Fr

Belt y
7 Belt

73.56° Fr
Driven (Pulley 134.99°
X

45.835
mm

Figure 5.22: Wheel Axle Belt System Force Diagram

Since the force of tension, Fr, is 902.32 N (from equation [5.28)), the component forces

acting on the bearing will be:

In the x-direction:

F, = |F)| [cos(73.56)% + cos(34.99)%}
) ) ) (5.37)
— 902.32 [005(73.56)2' - Cos(34.99)2} — 994501 N
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In the y-direction:

Fy = |Fy| [sin(73.56)] — sin(34.99);
) ) ) (5.38)
— 902.32 [sin(73.56) 5 — sin(34.99) j] —1382.85] N

Thus the radial force is:

— ~2 -2
Bl =VE +Fy (5.39)

= 1/(994.59)% + (1 382.85)2 = 1 703.37 N

The force on the wheel axle caused by the weight of the AGV is calculated by taking
L/4 of the vehicle’s weight as shown in equation [5.40]

- 1 N
Fagv weight = 7TMagvd ]

4

1 A (5.40)
= 1(600)(9.81) =1471.55 N

—

Fogo weight = Force resultant from AGV mass N
Mage = Mass of the AGV kg
g = Gravitational constant m/s?

The force on the AGV’s drive wheels, which are a reactionary force that results from
the tractive force given in equation [5.5] will be equal to half of the tractive force due
to there being two drive wheels.

o 1. 4
Ftractive reaction — §EZ

1 A. (5.41)
= 5(630.27) = 315.14i N

F’tmcme reaction = Tractive reaction force N
Mago = Mass of the AGV kg
g = Gravitational constant m/ s
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The forces acting on the wheel axle are summarised in figure [5.23

Thrust Ball
Bearing

Ftractive reactive

F 36.5mm
weight

Ftension ,
’ Roller Bearing
59mm

tensiony

42.55mm
Figure 5.23: Wheel Axle Belt System Force Diagram

The forces are shown in figure along with the RPM value of 166.389 7/min was fed
into the SKF bearing calculatoflo select appropriate bearings. The chosen bearings
were a NU 204 ECP bearing for the roller bearing shown in figure and a 3205
A-27 bearing for the thrust ball bearing shown in figure [5.23] The roller bearing is a
free-floating bearing (meaning that it cannot take thrust forces); this allowed for play
due to the shaft elongation and retraction during thermal cycles. Thus, if any thrust
force occurs on the shaft, it will be compensated for by the thrust ball bearing, which
can also handle radial loads despite the name. The SKF calculator determined that
the NU 204 ECP roller bearing would have a lifespan of 16800 hours (Ljg,n), while the
3205 A-27 angular contact ball bearing will have a lifespan of 2 x 10° hours (Ligmn)-
The full results of SKF’s bearing calculator can be found in appendix [C]

5.3.5 Drive Unit: Steering System Detailed Analysis

The steering system within the drive unit is responsible for controlling the angle of
the drive wheel along the z-axis (refer to figure for axis system), which acts as the

AGV’s steering mechanism.

5.3.5.a Steering System Overview

The steering drive system consists of a motor side planetary gearbox and a belt drive.

Feedback in this system is done using an endless potentiometer as an absolute encoder.

6The bearing selection tool can be found at "https://www.skfbearingselect.com/# /bearing-

selection-start"
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These systems are described in figure [5.24]

Gearbox|

There are two gear systems, namely the planetary gearbox and the belt gear ratio. The

total gear ratio of this system will be:

i

Steering
Motor

Wheel

Steering Motor
RPM = 1940 rpm
Torque = 1.4 Nm

Encoder

Main Gearbox
Ratio=5:1
v

Belt System
Ratio=7.6:1

|

Slewing Bearing
Diameter = 400 mm

Endless Potentiometer ||

1kQ

Figure 5.24: Steering System

isteering - (iplanetary gearboz)(ibelt)

=5(7.6) = 38 (1: 38)

5.3.5.b AGYV Steering Torque Requirements

The torque on the steering assembly will be greatest when the wheels are not turning
(i.e. the AGV is stationary), since when the wheels are not turning, but the steering
is actuated, the wheels will scuff on the driving surface producing dynamic friction

rather than rolling friction. Various parameters relating to the steering mechanism are

summarised in table 5.5
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Table 5.5: Steering Global Requirements

Specification Value
Net AGV Mass 600 kg
Castor Offset 45 mm
Dynamic Friction of Wheels (on concrete) 0.6
Number of Wheels 4
Number of Drive Units 2

Since the system has a castor offset of 45 mm for the AGV’s wheel system, the force of

friction the steering mechanism will have to overcome can be calculated as illustrated

in equation [5.43]
1
Fr=pn ng

] (5.43)
=0.6 (1(600)9.8) =882 N
Fy = Force of friction on the wheel N
L = Dynamic friction co-efficient of polyurethane on concrete
g = Gravitational constant m/s2
m = Mass of AGV kg

Thus, using the diagram illustrated in figure , the torque about the rotational axis
of the steering mechanism (slewing bearing) can be found as determined in equation

.44l
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5.3.5.c

Wheel Arc

Fy radius = 45 mm

Steering Center

Figure 5.25: Steering Mechanism Force Diagram

Tsteering = (Tcastor offset)Ff

(5.44)
=45 x 1073(882) = 39.69 Nm

Tisteering = Torque require for steering Nm

Tcastor of fset = Castor offset distance m

Steering Motor Validation

The motor chosen to actuate the steering mechanism was a Festo EMMS-ST-57-M-

SEB-G2 stepper motor. A stepper motor was chosen for this application since it has

high holding torque and is easy to implement in a system where a defined distance or

arc needs to be traversed. (They have excellent open-loop control when compared to

other motor types). The specifications associated with this motor are listed in table

0.6l

Table 5.6: EMMS-ST-57-M-SEB-G2 Steering Motor Specifications

Specification Value
Nominal Torque 1.4 Nm
Nominal Speed 1940 7/min
Nominal Current Draw 5 A
Nominal Voltage 48V
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5.3.5.d Steering Motor Gear train

Since the steering motor is connected directly to the planetary gearbox, the RPM of

the drive pulley for the belt system will be five times slower than the motor, thus:

wstepper
Wdrive pulley = =
I pultey Uplanetary gearbox (5 45)
_1940_38874 '
= 5 = min

Since the belt system has a ratio of 7.6 : 1; the maximum speed of the slewing bearing,

and thus the steering mechanism, will be:

. Wdrive pulley

Wslewing bearing — ib i .
elt system
v (5.46)

388
7.6 /

The torque out of the planetary gearbox, at the drive pulley of the belt system, can be
calculated similarly to the speed (as done in equation |5.45)). However, in this case, the
in-efficiency of the gearbox must be taken into account. The result of this calculation

can be found in equation [5.47]

Tdrive pulley = planetary gearbox (Tstepper)(eplanetary gearboa:)

(5.47)
= 5(1.4)(0.98) = 6.86 Nm

The final torque for the steering system on the slewing bearing can be calculated from

the result of equation [5.47 and is given in equation [5.48]

Tslewing bearing — Ubelt system (Tdrive pulley)(ebelt system)

(5.48)
= 7.6(6.86)(0.98) = 51.09 N'm

The maximum torque that the steering mechanism can experience when scuffing the
wheels is 39.69 Nm. Since the maximum possible torque that this system can develop

is 51.09 Nm, the steering mechanism should not stall.

5.3.5.e Steering-Traction Coupling Effect

Since the steering mechanism and traction system share a common axis, there will be
interference between the two systems. This common axis is illustrated in the block

diagram shown in figure [5.26
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Figure 5.26: Block Diagram of Drive Unit

Due to the system’s design, the steering mechanism can affect the traction system;

however, the traction system cannot affect the steering system. Thus, only the traction

system must compensate for motions in the steering mechanism. Since the coupling

effect occurs before the main bevel gearbox, any compensations must be first reduced

by the gear ratio. This reduction is explained in equation [5.49

o wsteering
Wparasitic = = .
Lbevel gearbox X Uraction belt2
Wparasitic = Parasitic velocity as viewed at the wheel
Wsteering = RPM of the slewing bearing of the steering system
Ubevel gearbor = Gear ratio of the traction system bevel gearbox
Liraction belt2 = Gear ratio of belt system 2 of the traction system

(Belt B in figure [5.26)

(5.49)

T/ min

T/ min

With the reduction ratio calculated in equation [5.49| the parasitic compensation cal-

culation that the control system will have to implement is:
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Wwheel T Wparasitic if Wsteering * Wwheel <0

Wwheel adjusted =  Wwheel — Wparasitic if Wsteering * Wwheel >0 (550)
Wuwheel if Wsteering * Wwheel = 0
Wuwheel adjusted = Lhe adjusted RPM of the wheel " /min
Wwheel = The setpoint speed of the wheel before adjustment "/ min
Wparasitic = The parasitic velocity as developed by the steering mechanism 7/min

In equation [5.50] the parasitic velocity either is added or subtracted from the wheel’s
desired velocity in order to compensate. The addition or subtraction effect is deter-
mined using the product of the steering and traction angular velocities. If they are in
the same direction, the product will be positive (> 0); thus, the parasitic velocity will
attempt to add to the wheel velocity. An equal magnitude must be subtracted from
the wheel’s setpoint to achieve the correct final velocity. The opposite is true when the
product is negative (< 0). The last case occurs when there is no steering motion, and

as such, no compensation needs to occur.

To determine the traction motor RPM from the compensated wheel RPM value (equa-
tion [5.50)), equation can be used.

Wtraction motor adjusted — Wwheel adjusted (itraction beltl X ibefuel gearbox X ZEraction belt2> (551)

Giraction betl = Gear ratio of belt system 1 of the traction system (Belt A in figure |5.26))

5.3.6 Standard Parts Used for Drive Unit

Listed in the section that follows are some of the key components to be used in the

drive unit. To identify components refer to figure [5.16| and figure [5.26]
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Table 5.7: Key Drive Unit Components

Part Chosen Manufacturer = Component Description
WPU 062 Ladder & Castor Drive Wheel

3205 A-2Z SKF Wheel Axle Thrust Bearing
NU 204 ECP SKF Wheel Axle Roller Bearing
KLK 400L JOST Slew Bearing

S-1FL6 1FL6042-2AF21-1AH1 Siemens Simotics Traction System Motor
PHG 624-8M-30 SKF Belt B

PHP 36-8M-30TB SKF Belt B Drive Pulley

PHF TB1615X20MM SKF Belt B Drive Pulley Core
PHP 36-8M-30TB SKF Belt B Driven Pulley

PHF TB1615X25MM SKF Belt B Driven Pulley Core
HK 1616 2RS SKF Belt B Idler Pulley Bearing
R02 02 B3 18.03 AS 25X45 LH H1 Varvel Traction System Gearbox
PHG 580-5M-15 SKF Belt A

PHP 60-5M-15-RSB SKF Belt A Drive Pulley

PHP 60-5M-15-RSB SKF Belt A Driven Pulley
61900-2%7 SKF Belt A Idler Pulley Bearing
EMMS-ST-57-M-SEB-G2 Festo Steering System Motor
EMGA-60-P-G5-SST-57 Festo Steering System Gearbox
PHG 1280-8M-20 SKF Belt C

PHP 45-8M-20-RSB SKF Belt C Drive Pulley

KBF 20 MCL Suspension Linear Bearings
GT2 60T W6mm Banggood Encoder Driven Pulley 6mm
GT20 60T B8mm W6mm Banggood Encoder Drive Pulley 6mm
8mm to 6.35mm adapter Banggood Encoder to Pulley Adapter
GT2 W6 L300 Banggood Encoder Belt

FYC 506 SKF Compromiser Bearing Flange
YAR 206-2F SKF Compromiser Bearing
14mm Spline Nut MCL 14mm Spline Nut

14mm Spline Rod MCL 14mm Spline Shaft

1k Endless Potentiometer Unknown Encoder Potentiometer
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5.4 Castor Unit Design

There are two unpowered castor units on the AGV (see figure . These castors solely

provide support for the AGV’s weight and are not for steering or traction.

5.4.1 Castor Unit Conceptual Designs

Three conceptual designs for the castor unit will be discussed in the paragraphs to
follow:

5.4.1.a Castor Unit Design 1

Design 1 is based on the first design of the drive units. It is essentially the drive unit
in figure [5.9| with the motors and slip-rings removed. The system did not progress past

the initial idea phase due to the corresponding drive unit being rejected.

5.4.1.b Castor Unit Design 2

This castor unit corresponded to the design of the drive unit shown in figure [5.12] It

was based on the idea of a cantilever suspension system. This system is illustrated in

figure [5.27]

Slewing Bearing

Figure 5.27: Castor Unit Concept 2 - Cantilever Suspension System

This system has the advantage of using a cantilever suspension system which is more

cost-effective than the design chosen in concept 3.
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5.4.1.c Castor Unit Design 3

Concept 3, the chosen concept, is based on an in-line suspension system. This design
is the same design type used in the third concept design for the drive unit. The design
also used a pre-built castor wheel unit from Ladder and Castor to simplify the design.

This system is illustrated in figure [5.28

Mounting Frame Suspension Springs

Floating

Section Linear Guides

Caster Wheel Caster Oftfset

Figure 5.28: Castor Unit Concept 3 - In-Line Suspension System

The Castor unit in concept 3 makes use of two springs in the centre of the design,
unlike concept 3 of the drive units (see figure . The use of two springs was done
to reduce the structure needed to support the floating section of the castor unit by
concentrating the load directly above the castor wheel. More reinforcing would be
required if the springs were arranged around the edge of the floating section, which
would unnecessarily increase the system’s total weight. The drawback of doing this
was that each spring in the castor unit would have to have a "K" factor or spring

constant double that of the concept 3 drive unit to maintain a balanced system.

5.4.2 Castor Final Design

The final design of the castor units for the AGV is discussed in the following section.

5.4.2.a Castor Unit Selection Matrix

The chosen final design for the castor unit was heavily influenced by the chosen drive
unit design. The advantages and disadvantages, however, are stilled listed in the cost-
benefit matrix 5.8
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Table 5.8: Comparison of Castor Unit Concepts

Concept Advantages Disadvantages

Concept 1 - Extremely simple - Paired with drive unit 1
- Comparably inexpensive to build - No suspension
- Constant Castor Offset

Concept 2 - Symmetrical weight distribution - Variable castor offset
- Integrated suspension system - Exotic springs needed
- Suspension system has good - Extremely mechanically complex
camber conformity - Trailing arm length restrictions
Concept 3 - Symmetrical weight distribution - No camber conformity
- Constant Castor Offset - Linear guides of suspension are
- Integrated suspension system a weak point

- Mechanically simpler than
concept 2
- Uses off-the-shelf castor

Since concept 1 for the drive unit was disqualified, so was the castor unit concept 1.
As concept 1 was disqualified, only the cantilever suspension style of concept 2 and
the in-line suspension style of concept 3 remained. Concept 2 has some disadvantages
when compared to concept 3. The first and most prevalent disadvantage is the variable
castor offset introduced by the suspension system. It also had the disadvantage of
using an exotic spring for the suspension system that could not readily be found on
the market. Finally, it was more expensive and complex to build than concept 3, as
concept 3 used an off-the-shelf castor wheel solution. Concept 2 did have one advantage
when compared to concept 3 as it had better camber conformity (see [5.5.1.1)), though
this advantage would be lost when using drive unit concept 3 with castor unit concept

2. Thus, concept 3 would be used for the final concept for the AGV’s castor unit.

5.4.2.b Completion of the Castor Unit CAD Design

Since the castor unit is so mechanically simple, minimal "fine-tuning" needed to be

done after selection. What little was done is documented in the sections that follow.

Modularity Skeleton

Like the drive unit, the castor unit had to be modular. This modularity allows it to

be easily removed from the main AGV for replacement or maintenance. A mounting
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framework was designed to allow interfacing from the main AGV to the castor unit.

This is illustrated in figure [5.29

Upper Mounting
Points

Modularity Skeleton

Lower Mounting
Points

Figure 5.29: Castor Unit Modularity Frame

Cost Optimisation

Only three linear bearings were used to decrease the cost of this design. The corner

without a linear guide was labelled in figure [5.30] as "No Linear Guide".

No Linear Guide

Figure 5.30: Castor Unit Cost Optimisation

Castor Wheel

As a prebuilt castor wheel was used for the castor unit, the castor offset of this unit
determined the castor offset of the drive unit and was 45 mm. It was purchased from
Ladder and Castor, designated TS 6 PUBM. The specifications for the prebuilt castor

wheel are listed in table 5.0
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Table 5.9: TS 6 PUBM Castor Wheel Specifications

Specification Value
Wheel Size 150 x 50 mm
Castor Height 190 mm
Castor Offset 45 mm

Load Rating 300 kg

Like the wheel used for the drive unit, the castor wheel is made of a cast polyurethane
tyre wrapped around a cast iron core. This material creates minimal noise, has low

rolling resistance, does not damage the floor and is highly resistant to cuts and tearing

[53].
Final Design

The final design for the castor unit is shown in figure [5.31}

Figure 5.31: Finalised CAD Model of the AGV Castor Unit

5.4.3 Standard Parts Used for Castor Unit

Table [5.10] lists all the standard parts relevant to the castor unit.

87



Table 5.10: Key Castor Unit Components

Part Chosen Manufacturer = Component Description
TS 6 PUBM Ladder & Castor Castor Wheel
KBF 20 MCL Linear Ball Bearings

5.5 Suspension System

The type of suspension system for the AGV was chosen based on the drive and castor

unit selection design. In this case, it was an inline type suspension system. The
operation of this system is outlined in section

5.5.1 Suspension System Theory

This section contains the theory needed to comprehend the suspension system design.

5.5.1.a Suspension System Definition

A suspension is any system that isolates a given body, in motion, from the surface on
which it is driving. Suspension systems are used to limit the transmission of vibra-
tions from the driving surface to the body of the vehicle [55]. All suspension systems
make use of the spring-spring dampener effect, where the spring "compensates" for
the unevenness of the driving surface by either extending or contracting to keep the
vehicle’s body moving in a fixed horizontal plane while the dampener dissipates energy
that builds up in the spring through the "compensation" process. If a dampening
factor is not included, the system will, theoretically, oscillate indefinitely. The spring
and dampener in a suspension system do not necessarily have to consist of an actual
physical spring and dampener; many strategies employ other methods such as fluids,
magnetics or electrical fields. However, in each of these systems, components exist that

mimic the actions of a spring and a dampener [56].

Some more straightforward suspension systems consist solely of a physical spring, where
the dampening effect is produced by introducing sufficient friction to the system. High

friction, damper-less systems such as this were used in the AGV.
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5.5.1.b Terms used in Suspension Systems

Listed in the following sections are some standard terms relating to suspensions sys-

tems. These terms will be used later in this text.

Sprung and Unsprung Mass

The sprung mass refers to the vehicle’s body and is isolated from the vibrations of the
driven surface via the suspension system. The un-sprung mass consists of components

not isolated by the suspension system, such as the wheels and axles.

Body Roll

Body roll refers to the rotation of the AGV about the x-axis and is a result of the
vehicle’s inertia when changing direction. Convention dictates that roll in the clockwise
direction when viewed from the rear of the vehicle is positive and anti-clockwise in

negative [57].

Camber Angle

Camber angle refers to the angle between the plane normal to the wheels axis of rotation
and the plane normal to the driving surface [33]. This concept is illustrated in figure

[0.52)

Posittve

Figure 5.32: Camber Angld'|

As illustrated in figure [5.32, when the top of the wheel slopes inwards, it is referred to

as a negative camber angle. When the top of the wheel slopes outwards, it is known

"Image adapted from Collins et al. [55].
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as a positive camber angle.

Camber Control & Camber Conformity

Camber control refers to how the camber of the wheel changes (with reference to the
horizontal plane) as the suspension system is actuated. Camber conformity refers to
how well a suspensions system can keep the wheel parallel to an uneven driving surface,

which can vary in the x, y and z dimensions [33].

Toe-In/ Toe-Out

A vehicle’s toe-in or toe-out refers to the direction the wheels, sharing a common axis of
rotation (x-axis), are pointing when viewed from above (along the y-axis). An example

of a toe-in wheel setup is shown in figure [5.33]

Toe-out would be the opposite of what is illustrated in figure [5.33] The leading edge
of the tyres would be splayed outwards, and the trialling edge would point inwards.

ii

Front Toe-In

!

Figure 5.33: Toe-Inf|

Ideally, for the swerve drive envisioned for use on the AGV described in this report,
a toe-in/ toe-out angle of zero is required, i.e. the wheels are parallel when sharing a

common virtual axis.

5.5.1.c The Suspension Model

Suspensions systems are generally designed using one of two philosophies. These are

the "half car model" and "quarter car model". The half-car model is relevant when

8Image adapted from Collins et al. [55].
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two wheels on a vehicle share a suspension system, known as a dependent suspension
system. These systems are standard on many motor vehicle types that use leaf springs
on their rear axle. As each wheel of the AGV in this thesis works independently, a
dependent suspension system would not suffice. Thus only independent suspension

strategies, where the quarter car model is used, will be considered in this research.

The quarter-car model is a mathematical strategy used to determine the suspension
system’s behaviour by reducing the suspension system into a spring and dampener

model that can be described mathematically. A graphical representation of this idea

is illustrated in figure [5.34A.

(A)

(®)

ms ms
Sprung Mass Sprung Mass
ks ks
Suspension B Suspension B )
. Dampener - Dampener
Spring Spring
zn zn
mu mu
Unsprung Mass Unsprung Mass
o ket
I Tyre Springiness

Q-

Figure 5.34: "Quater Car" Suspension Representation

Since the wheels used on the AGV are hard plastic, the inclusion of a tyre springiness

factor (k;) is not needed. The model is therefore simplified to the one illustrated in
figure [5.34B.

The system behaviour shown in [5.34]B can be described mathematically as illustrated

in equation [5.52]
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my = sprung mass

B = viscous friction coefficient
ks = spring constant

Zs = sprung mass displacement
Zu = unsprung mass displacement

Equation [5.52| can be re-written as shown in equation [5.53f

msze + Bzl + kezs = Bzl + kg2,

If z is defined as z = z, — z, then:

ms (2" +2)) + ksz+ Bz =0

Thus:

oy = generalised unsprung mass acceleration

N-s/m

N/m

(5.53)

(5.54)

(5.55)

m/s2

If the co-efficients of equation [5.55] are non-dimensionalized, equation [5.56] results:

2" 2wpd +wis =2
= —au
¢ = dampening of the system
W, = natural frequency of the system
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Taking the Laplace transform of equation yields equation [5.57

Z(s) -1
A(s) 8%+ 2Cw,s + w2 (5:57)

A(s) = acceleration of the unsprung mass m/s2

Equation [5.57] can be used to predict the acceleration and thus the vibrations of the

sprung mass given a known driving surface profile.

5.5.1.d Suspension Geometries

Suspension system geometry refers to the physical layout of the spring dampener sys-
tem. There are several commonly used suspension system geometries; a brief descrip-

tion of each will be discussed in this section.

Swing Azle Suspension

The wheels in the swing axle suspension system rotate about the z-axis of the vehicle.
The major drawback of this system is that camber is introduced when the system

actuates. The layout of this system is illustrated in figure [5.35]

J Z Axis View
Figure 5.35: Swing Axle Suspension System

Trailing Arm Suspension

Figure [5.30] illustrates the trailing suspension system. It is similar to the swing axle
suspension system in many ways, except it actuates the vehicle’s x-axis; this eliminates

many of the camber problems associated with the swing axle suspension system.
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Semi-Trailing
Arm Suspension

~ Trailing &1m
. Suspension Viewed
From The 5ide

Figure 5.36: Trailing Arm Suspension Systenﬂ

MacPherson Strut Suspension

The MacPherson strut suspension consists of an in-line spring and dampener, often

connected to the body of the vehicle with a single base plate, see figure [5.37

=

Figure 5.37: MacPherson Strut Suspension System

Inline Suspension

The inline suspension is not a suspension system readily found on any vehicle that
travels above 10 ¥m/p; this is due to its poor adhesion to the driving surface’s camber.
However, it is often found on large, slow-moving systems due to its relative simplicity

and robustness. An example of such a system is illustrated in figure [5.38

9Image adapted from Collins et al. [55].
9Image adapted from Collins et al. [55].
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Figure 5.38: In Line Suspension System

Double Wishbone Suspension

The double-wishbone suspension system consists of two "A-frames" stacked above each
other and connected to the wheel via a set of ball joints. The spring and dampener are
found between the two A-frames; this is illustrated in figure [5.39

Figure 5.39: Double Wishbone Suspension System["']

Multi-link Suspension

The multi-link suspension system is similar to the double-wishbone, except that the
struts of the "A-frames" are separate items that can move independently. This sus-
pension system is illustrated in figure

OTmage adapted from Collins et al. [55].
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Figure 5.40: Multi-link Suspension System["|

5.5.1.e Comparison of Suspension Systems

Table gives a brief comparison of the different suspension systems previously listed,

noting their perceived advantages and disadvantages.

HTmage adapted from Collins et al. [55].
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Table 5.11: Comparison of Suspension Systemd™|

Suspension System Advantages Disadvantages
Swing Axle Simple to assemble Camber control variation
Inexpensive Poor camber conformity

takes lateral space only

Pure Trailing Arm Simple to assemble Takes space longitudinally
Good camber control Poor camber conformity

Limited camber variation

Semi-Trailing Arm Simple to assemble Takes space longitudinally
Decent camber conformity Camber control variation
MacPherson Strut Simple to assemble Large vertical size

Light weight
Small size laterally
Small size longitudinally

Good camber conformity

In-Line Very Simple to assemble No camber conformity
Light weight

Good camber control

Double Wishbone Simple to assemble Complex design work
Very large
Multi-link Excellent camber control Complex assembly

Excellent camber conformity Very complex designing
Costly

5.5.2 Forces on the Suspension System

Thus a mathematical model for this system can be developed, as illustrated in the

sections that follow, with the aid of figure [5.41

2Data extrapolated from Dixion [57], Collins [55] and Macfarlane [33]
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Figure 5.41: Inline Spring Dampener Model

Forces on the spring dampener system include weight, dampener reactionary forces and

spring reaction forces. These forces are calculated in the sections to follow.

Force 1: Inertia of The Sprung Mass

The inertia of the AGV’s body will produce a force that resists a change in motion.

The resulting force of this inertia is listed in equation [5.58|.

Py =mgz] (5.58)
m = Sprung mass of the AGV kg
2y = Acceleration of the sprung mass m/g2

Force 2: Dampening Force

No active dampener was included in the suspension system, and as such, the dampen-
ing is created through friction between the linear rails that form part of the suspension
system. When designing this system, the exclusion of the dampener was based on the

author’s experience. Thus, if the dampening of the system proved insufficient, using
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just viscous friction, a 100N "gaslift" cylinder would be used to add appropriate damp-
ening. After construction, the allocation for the "gaslift" cylinder proved unnecessary
as the viscous friction of the linear rails provided sufficient dampening. The equation

for viscous frictional dampening is given in equation [5.59

F,=B(z,—2) (5.59)
B = Dampener’s dampening co-efficient N-s/m
2! = Velocity of the sprung mass m/s2
2!, = Velocity of the unsprung mass m/g2

B can be experimentally determined from the linear rods and is a constant value.

Force 3: Force of the Spring

The force generated by the spring/s in the suspension system is calculated using equa-
tion [5.60L

F3 =k(zs — z4) (5.60)
k = Spring Constant N/m
Zs = Displacement of the sprung mass m
Zu = Displacement of the unsprung mass m

5.5.3 Transfer Equation of The Suspension System

The transfer equation of the suspension system can be calculated utilising the maths
developed in section [5.5.1.c, The first step involves calcualting the sum of forces as
illustrated in equation [5.61]

Fy+F+F5=0

Y . . (5.61)
= ms2, + Bz, — 2z,) + k(25 — 2,) =0
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If Gyheet = 2u, 2 = 25 — 2, and 2 = 2"+ 2z then equation becomes equation [5.62]

In this system a,pee; 18 the acceleration of the wheel.

ms2’ + B2 + kz = —msQuheel (5.62)

Taking the Laplace of equation will yield:

L{(ms2" + B2+ k2)} = L{(—msauheet) }

(5.63)
— 7 [mss2 + Bs + k] = —mgAyneel
Thus equation reordered gives:
z ! A (5.64)
= —Ms whee .
mys® + Bs + k heel

5.5.4 Simulation Values and Suspension Simulation

Designing a suspension system for the AGV involves first creating a simulation. This
simulation can be used to determine the system’s reaction to various driving surfaces.
For this system, a "worst-case" bump is used to determine the best parameters for the

spring. The dimensions of this bump are illustrated in figure [5.42]
20 mm
—

10 tmm

Figure 5.42: Bump Used in Simulation Test

The bump shown in figure [5.42] is consistent with small obstructions on the floor, such
as cables or bolts, which makes this an ideal test for an AGV that is to operate in an
industrial environment. In order to test the system using Matlab, a close approximation
to this bump needed to be produced using an array of z-axis height values vs time.
Creating this approximation was done using a URP function (described in appendix@[)
which calculated the bump height vs time using the velocity of the AGV. The height

array vs time is graphically illustrated in figure [5.43
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Figure 5.43: URP Function of Bump Height Vs Time

The quarter AGV weight and AGV speed set for this test are listed in table [5.12]

Table 5.12: AGV Simulation Parameters

Parameter Value
Quarter AGV Sprung Mass 150 kg
AGV Speed 1.3 m/s

5.5.5 Matlab Model

The Matlab and Simulink model for the suspension system can be found in appendix
Dl This model, along with the parameters in table were used to validate the
feasibility of the suspension system. The values contained in table were arrived
at through an iterative design process, where a desired set of values were chosen and
then compared to available mechanical components.
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Table 5.13: Suspension System Component Specifications

Parameter Value
Spring Constant 53 848 N/m
Dampening Co-efficient 220 N-s/m

Sprung Mass (Quater AGV Weight) 150 kg

The parameters for the various components above yielded the following simulated sus-
pension results. The suspension system displacement reaction to the bump described
in section is illustrated in figure [5.44

Displacements
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Figure 5.44: Displacement Results of Suspension System

From figure [5.44] it can be determined that it takes the suspension system approxi-
mately 3.5 seconds to fully settle after hitting a 10 mm high bump at 1.3 m/s when
fully loaded (600 kg or 150 kg quarter weight). It can be stated that after 2 seconds,
the oscillations fall below 0.5 mm thus are unlikely to be felt. A close-up of the first
0.1 seconds of the displacement reaction is illustrated in figure [5.45]
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Figure 5.45: Zoomed Displacement Results of Suspension System

In figure [5.45] the displacement of the wheel follows the displacement of the 10 mm
obstacle. It peaks at 10 mm as well. The difference between the wheel and body (Z)
mirrors the wheel’s displacement as it compensates, attempting to keep the body from

moving. The velocity reaction of the system is illustrated in figure [5.46

Velocities

wheel (7g)
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Figure 5.46: Velocity Results of Suspension System

With the parameters selected in table [5.13| a workable suspension system was created.
This solution is illustrated in the results shown in figure [5.46] where the wheels of
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the AGV peak at ~ 3.48 m/s while the body of the AGV has a velocity peak of only
~ 0.125 m/s. Thus, the difference in the motion of the wheels and body (Z) is an almost
perfect mirror of the wheel’s velocity as it almost entirely cancels it. The accelerations

felt by the various components of the suspension system are illustrated in figure [5.47]

e Accelerations
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Figure 5.47: Acceleration Results of Suspension System

Accelerations are the primary concern for suspension systems, as a vehicle’s body can
have a significant change in velocity, but if the acceleration is low, it will not be "felt"
by the components on the sprung mass of the AGV. Conversely, a small Avelocity with
large accelerations can be detrimental, especially if the frequency of the displacement
oscillations is high. These high frequencies will lead to "vibrations" in the body of the

AGYV, which could potentially shake loose parts and fatigue wear components.

In figure it can be seen that the AGV’s body will experience a peak acceleration of
~ 105 m/s. The peak acceleration was reduced by the suspension system from a peak of
~ 6000 m/s. This attenuation is confirmed by the difference (Z) acceleration (difference
in acceleration between the body and wheel), an almost perfect mirror image of the
wheel acceleration.

For the peak oscillation of the AGV’s body, the kinetic energy transferred from the
sprung to unsprung mass can be calculated using equation from Serway [46].

K = 1/amv?

(5.65)
K =1/2(600)(0.125)* = 15.63 x 107°.J
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According to the work-kinetic energy theorem:

"When work is done on a system and the only change in the system is in its speed, the

net work done on the system equals the change in kinetic energy of the system”

Thus the total work that the oscillation described in equation [5.65 would produce is
also 15.63 x 1072J.

5.5.6 Drive Unit Suspension

In section[5.5.5] the desired spring constant for this AGV was determined incrementally.
In section [5.3.3] the drive unit was designed around a four spring configuration. Using
four springs means that the spring constant determined in section [5.5.5| must be divided

between the four springs used in the actual design; this is done according to equation

)

ktotal = Z kn (566)
=1

Kiotal = Spring constant of springs in parallel N/m
k; = Spring Constant of the i’th Spring N/m
n = Total number of springs in parallel

It is important to note that equation [5.66| is only valid for springs in parallel; springs

in series require a different formula.

Using equation [5.66| if four identical springs are used in the drive unit suspension

system, then the spring constant of each spring will be 13 462 N/m as calculated in

equation [5.67]

k - ktotal
actual springs — 4

53 848
= Kactual springs = T =13 462 N/m

(5.67)

Eactual springs = Spring constant of the individual springs N/m
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Using the value calculated in equation and the spring design tool in AutoDesk In-
ventor, a spring was designed that fulfilled the geometry and behavioural requirements
of the suspension system. The full results of the spring design tool can be found in
appendix [E] Some notable values for this spring are listed in table [5.14]

Table 5.14: Drive Unit Spring Specifications

Specification Value
Spring Constant 13 462 N/m
Working Load Length 66.175 mm
Working Stroke ~ 43 mm
Wire Diameter 5 mm
Spring Outer Diameter 48 mm
Number of Active Coils 5

5.5.7 Castor Unit Suspension

In much the same way as with the drive unit suspension system, the spring constant
(k) of the castor unit’s suspension system springs was determined by dividing the total
desired spring constant by the number of parallel springs in the suspension system. In
the case of the castor unit, there were two springs in parallel; thus, equation [5.67] is
adapted as shown in equation [5.68]

L o ktotal
actual springs — 9

53 848
= Kactual springs = T =26 924 N/m

(5.68)

Using the value determined in equation of 26 924 N/m and Autodesk Inventor’s
Spring Design Tool, an appropriate spring was created for use in the suspension system.
The detailed results of the spring tool can be found in appendix [F] A summary of

notable specifications are listed in table [5.15
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Table 5.15: Castor Unit Spring Specifications

Specification Value
Spring Constant 34 329 N/m
Working Load Length 66.522 mm
Working Stroke ~ 17.478 mm
Wire Diameter 6 mm

Spring Outer Diameter 48 mm
Number of Active Coils 5

It is important to note that the castor unit springs are not exactly the desired
26 924 N/m, but rather 34 329 N/m. This deviation resulted from the manufactura-
bility of the springs since the spring’s dimensions were matched to drive unit spring
dimensions. The matched dimensions included the working length and outer diameter.
Values that could be massaged included the spring material type, number of active
coils and wire diameter. However, it is to be noted that the wire diameter is restricted
to a set of standard cross-sections (i.e. a diameter of 5.862 mm would not be possible

to manufacture, even if it would give a value closer to the desired spring constant).

5.6 Body Design

This section deals with the construction of the body of the AGV. Standardised steel
"Structural Hollow Section" would be used for the research project. Specifically, steel
tube that adheres to ASTPM’s Grade 355 tube standard [59]. This material was chosen
due to its low cost and ease of manufacturability, being cheaper than standardised
aluminium profiles of equivalent dimensions and requiring simple welding techniques
(either MMA, MIG or DC TIG). Conversely, aluminium is harder to manufacture
frames from as only AC TIG can be reliably used to join this material, which requires
a much more expensive welder (which the author did not have access to) and greater
skill. A list of chemical and mechanical specifications for Grade 355 tube can be found

in appendix [H]

5.6.1 AGYV Body Conceptual Designs

Four concepts were explored for the AGV’s body; the merits and shortfalls of each

concept are listed in the following sections.
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5.6.1.a AGYV Body Design 1

The first concept was based on the idea of making a hexagonal AGV; this idea is
illustrated in figure [5.48] The castor and drive units are placed within the square
central part of the AGV. There are two half-hexagon parts attached to the main box

frame; these structures would contain the electronic boxes.

Drive & Caster Units
Placed Inside

Unit Support

Electronic Boxes Here Members

Figure 5.48: Concept 1 AGV Frame

The primary issue with this design is the large overhang of the body over the wheel-
base, with minimal space available for the electronic components. There was also no
allocation made in this design for battery placement. One advantage of this design is

that the wheelbase is square, which simplifies rotation about the AGV’s centroid.

5.6.1.b AGYV Body Design 2

The second design is illustrated in figure [5.49} this design was heavily based on design
1 but with the corner chamfers removed.
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Drive and Caster Units Unit Support
Here Members

Electronics In the Middle

Figure 5.49: Concept 2 AGV Frame

Removing the corner chamfers created more space for components. However, removing
the corner chamfers reduced the visual appeal of the AGV. Other changes included
flipping structural members supporting the drive and castor units 90°and placing them
at the top of the AGV’s structure rather than along the bottom (as in design 1).
This design’s advantage over design 1 is that it has additional space for electrical
components. It, like design 1, has no allocation for battery placement and has a square

wheelbase.

5.6.1.c AGYV Body Design 3

Design 3 marked a move away from the square wheelbase of designs 1 and 2 to a

rectangular one, as illustrated in figure [5.50
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Figure 5.50: Concept 3 AGV Frame

This design has three frames (labelled frames 1, 2 and 3 in figure sandwiched
together with eight verticals. The centre frame, frame 2, attaches the drive and castor
units to the vehicle. Frame 1 and 3 support the exterior cladding and provide rigidity
to the vehicle. This AGV frame was elongated from the square designs of concepts 1

and 2 to make room for a battery bank for power.

The main advantage of this system is the inclusion of room for the battery bank,
which designs 1 and 2 did not have. The tall nature of this design also meant that
the electronics could easily be placed above the castor and drive unit mounting points.
The additional height came at the cost of the vehicle’s stability since this AGV has the
smallest height to wheelbase ratio, with the height of the AGV being almost equal to
the width of the AGV. Another disadvantage of this design was using three structural
frames instead of the two present in the other concepts. The extra frame adds a

significant amount of weight with minimal rigidity gain.

5.6.1.d AGYV Body Design 4

Design 4 took the best features of design 3 and improved upon them. These improve-
ments can be seen in figure [5.51] Like design 3, this design does not have a square

wheelbase either.
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Figure 5.51: Concept 4 AGV Frame

As illustrated in figure [5.51] concept 4 still technically has three horizontal frames like
concept 3. However, the size of the members varies drastically depending on whether
the member is structural or only to support cladding. The top frame is still made
from a larger 50 x 25 mm rectangular tube, but the second frame is now split into two
separate segments called Mid Frame 1 and Mid Frame 2. These mid frames hold one
castor unit and one drive unit. The split was to open up the sides of the AGV to allow
the rapid exchange of the battery bank. This split weakened the AGV’s frame, and the
midsection of the lower frame was increased ("Battery Cross Member") to compensate
for this. The rest of the lower frame was made from 19 mm square tube as it served
no structural purpose besides supporting the cladding on the AGV. Also included in
this design, and not in any other concept, is the addition of a second mounting point

("Secondary Mount Points") along the lower frame.

The advantages of this design include the allocation of space for the battery bank, the
lowering of the overall height of the AGV compared to concept 3, the optimisation of
structural member size vs loading requirements, and the secondary mounting points for
the drive and castor units. The disadvantages include weakening the frame by removing
the cross member in the mid-frame to allow the batteries to be easily removed and the

non-square wheelbase.
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5.6.2 AGYV Body Final Design

The AGV body’s final design chapter is broken up into two parts. The first is selecting
the final design from the four conceptual designs, while the second is optimisation and

additions made to the design after it was selected.

5.6.2.a AGYV Body Selection Matrix

The four conceptual designs for the AGV’s body, discussed in the previous sections,
are not wholly independent designs but rather iterative improvements. It can already
be surmised that concept 4 was the chosen concept; this is not to say the other designs

are not without merit. The advantages and disadvantages of each design are listed in

table [5.16]

Table 5.16: Comparison of AGV Body Concepts

Concept Advantages Disadvantages
Concept 1 - Small overall size - No battery space allocation
- Visually appealing - Limited electronics space

- Square wheelbase

Concept 2 - Medium electronics space - Ugly design
- Simple to build - No battery space allocation

- Square wheelbase

Concept 3 - Battery space allocation - Very tall design

- Large electronics space - High centre of gravity
- Extremely Rigid - Heavier than other concept
- Complex to build
Concept 4 - Lighter than concept 3 - Rectangular wheelbase
- Battery space allocation - Larger and heavier than
- Large electronics space concepts 1 and 2

- Removable battery bank
- Visually appealing
- Two mounting points for

for drive and castor units

As can be seen from table [5.16] concept 4 is the best choice, with the most advantages

and the most negligible disadvantages.
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5.6.2.b Completion of the AGV Body

Concept 4 was the chosen concept for the AGV’s design. Two subsystems were added
to this frame to improve it. The first was a rail system to allow the battery bank to be
easily added and removed. The second was a mounting system for the AC inverter(the

inverter will be discussed in chapter @

Battery Box Rails

As mentioned in the previous sections, concept 4 of the AGV’s body made allowance
for a removable battery bank. A rail system is needed for this battery bank to be
exchanged quickly. This rail system, ideally, will be used with an automated battery
exchange system (hereafter referred to as the "dock") and thus should have a reasonable
tolerance built into it to allow for misalignment during the docking process, see figure

.02

Rail Rail Rail

Dock

Dock J AGV ( Dock

Perfect Alignment Angular Misalignment Linear Misalignment

Figure 5.52: AGV and Battery Dock Alignments

Since there can be misalignments between the dock and AGV, more traditional machine
rail methods such as SBR or MGN rails were out of the question (see figure |5.53)) due

to their high tolerance requirements.

MGN Rail SBR Rail Vee Wheel

Figure 5.53: Standard Machine Rail Solutiond™]
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Another option for the rail system was "Vee" wheels and aluminium extrusion. This
system would be forgiving enough that the system should still function when dock
and AGV rails are misaligned. Since the V-shaped nature of the wheels would cause
self-alignment under the force of gravity. However, most Vee bearings are not designed
for the high loads that would result from the weight of a lead-acid battery bank.
Another concern is that Vee wheels are meant to be used in pairs, one on either face
of an extrusion segment. Since they are paired, they do not fit very deeply into the
extrusion’s V slot, relying on the opposing wheel to keep them in the slot. In the
proposed battery rail system, they will only be used on one side and could "jump" out

of their V track if the AGV were to traverse an aggressive bump.

The last option available and the one chosen as the solution to the problem was the
use of a traditional train track system, where mirrored flanged wheels are used to align
the battery bank to the rails, see figure [5.54]

Taper—_ L

Flanged Wheels

=

Rail

f\/ Tolerance

Figure 5.54: Traditional Train Rail System"]

In addition to having flanges, locomotive wheels are also tapered along with the rail’s
top surface. This aids with the alignment of the train to the track and assists with
turning [6I]. Since the taper was omitted, it was opted to use standard angle iron
for the battery bank rails while the wheels were hand lathed. The modified train rail
system used in the AGV battery bank is illustrated in figure [5.55|

BImages found in public domain
MTmage adapted from Sun [60].
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Angle Iron Rails

Flanged Wheels

Alignment
Chamfers

Figure 5.55: Battery Rail System

A chamfer cut into the interface portion of the rails aided in the alignment of the dock
and AGV rails. The depth of the chamfer is less than the thickness of the flanged
wheels to prevent the battery bank from falling off the rails. The rails are attached
to the AGV via four countersunk bolts. The battery bank rail system installed in the
main AGV body is illustrated in figure [5.56]

Battery Bank Rails

Figure 5.56: Battery Rail System in AGV Body
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The battery system rails are illustrated in blue in figure [5.56] The rails will be gal-

vanised with zinc to make them corrosion-resistant and wear-resistant.

Inverter Mounting Mechanism

Since an inverter is needed in this AGV to power some electronics, a mounting system
had to be created for the RCT Axpert 5K MKS inverter. Since space was available
above the battery bank, it was decided that the inverter would be mounted there. This
mounting system is illustrated in figure [5.57]

Inverter Mounting
Brackets

Figure 5.57: Inverter Mounting System

The inverter mounting brackets are highlighted in blue in figure [5.57]

5.6.3 Standard Parts Used in The AGV Body

The standard components used in the construction of the AGV’s body are listed in
table [5.17 For more details on which size steel tubes are used in what location, refer

to the working drawings in appendix [[}
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Table 5.17: AGV Body Standard Parts List

Part Chosen Manufacturer Component Description
SABS 50x25x2 rect tube Steel, Pipes & Fittings Body structural steel
SABS 25x25x2 square tube  Steel, Pipes & Fittings Body structural steel
SABS 38x25x2 rect tube Steel, Pipes & Fittings Body structural steel
SABS 19x19x2 square tube  Steel, Pipes & Fittings Body structural steel

RCT Axpert 5K MKS Rubicon 5kW DC to AC inverter

5.6.4 AGYV Body Final Design

The final design comprises concept 4 and the additions and modifications listed in the
previous sections. The final design is illustrated in figure

Viewed from Above Viewed from Below

Figure 5.58: Final Design of the AGV Body

5.7 Electrical Component Boxes

This section describes the mechanical design of the electronic systems, for the electrical
design, refer to Chapter [0

Two aluminium boxes were constructed to house the electronics of the AGV. Alu-
minium was chosen as the material of construction for two reasons. Firstly aluminium

is lighter than steel of equivalent stiffness, and second, using aluminium would negate
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the need for an additional corrosion resistance process (painting, galvanising or elec-

troplating).

These boxes are located above the castor wheels in the AGV. This position was chosen
as the castor units do not need the additional headroom that the drive units used,
and as such, a void was available at this location within the AGV’s body. The two

electronics boxes are shown in figure [5.59

Electronic
Components Box

Electronic Auxillary PSU Box
Components Box

Figure 5.59: Location of Electronics Boxes

5.7.1 Control Systems Box

One of the two electric components boxes is the control system box. As the name
implies, the control system box contains the AGV’s control processors and some addi-

tional components such as relays and PSUs. The design of the control unit is illustrated

in figure [5.60}
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I/O Shield

: \Mounting

Exhaust Grill \ N Holes

Mounting Bar

. 80mm Cooling
Chamfer Fans

Figure 5.60: Control System Box

The corners of the electronics box are chamfered, as illustrated in figure to fit in
the corner of the AGVs frame. The control box is mounted at two points. The first
is along the "front", where two mounting holes are available to bolt the box to the
structural frame, see figure [5.60f The second is a mounting bar along the rear of the
box. Cooling is generated by two 80mm fans that draw cool air from the exterior of
the AGV, pass it over the electrical components, and out of the exhaust grill into the
centre of the AGV (see figure [5.60). A detachable I/O shield was created to hold the
plugs that would connect the control box to the rest of the AGV.

The layout of the significant electrical components is illustrated in figure [5.61] for the

control systems box.
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12VPSU 24V PSU Control System UPS

_— Sick Saftey PLC
10T 2040

™~ s7-1500 PLC

Siemens IPC

Ethernet Switch

Circuit Breakers

Figure 5.61: Control System Box Electrical Layout

A detailed explanation of the electrical components and their functions can be found

in chapter [6]

5.7.2 Drive Systems Box

The second electronic component box contains the electric motor drives and motor
control systems. This box will be referred to as the "Drive Systems Box". The drives
were separated from the rest of the electrical components for two reasons. The first is
size limitations; there is only so much space available in one of the boxes of the electronic
components. The second is electrical interference; motor drives create interference in
the form of induction, especially drives that produce AC waveforms (such as the ones
used in this AGV).

Like the control systems box, the drive systems box is cooled by two 80mm fans that
source cool air from the exterior of the AGV, push it over the electrical components,
and out of the rear of the drive systems box and into the interior of the AGV. The
mounting of this box is identical to the control system box and has a detachable I/O

shield for quick detachment from the main AGV. The drive systems box is illustrated
in figure [5.62]
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Mounting Bar

Mounting

Exhaust Grill Holes

Chamfer 80mm Cooling Fan

Figure 5.62: Drive System Box

Like the control systems box, the drive systems box has a chamfer on one corner to
correctly fit into the AGV’s body. The layout of the electrical components within the
box is illustrated in figure [5.63

48V PSU 48V PSU
JS o/

Servo Drive A

Servo Drive B

—— Stepper Drive A

Stepper Drive B

Figure 5.63: Drive System Box Electrical Layout

Two 48V DC power supplies are needed to power each stepper motor drive separately.
Using two supplies was done due to the high current requirements of these drives. Ad-
ditional information on the wiring and operation of the components and their functions

can be found in chapter [6]
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5.7.3 Standard Parts Used in The Electric Component Boxes

The standard components used to build the electric component boxes are listed in table

LIS

Table 5.18: AGV Electric Components Box Standard Parts

Part Chosen Manufacturer Component Description
Siemens IPC457E Siemens Siemens industrial computer
Siemens 1512SP Siemens Siemens s7-1500 PLC
SICK FX3-CPU320002 SICK SICK safety PLC

Siemens 1072040 Siemens [oT Controller/Gateway
LOGO!Power Siemens 12V DC 4.5A power supply
Traco Power TSP-BCMU360 Rubicon 24V DC UPS switchover
Meanwell DRP-240-24 Meanwell 24V DC 10A power supply
Scalance XB005G Siemens 5 port Ethernet switch
Meanwell SDR-480-48 Meanwell 48V DC 10A power supply
Festo CMMS-ST Festo Stepper motor drive
Siemens V90 (s-1FL6) Siemens Servo motor drive

5.8 Scanner and Safety Sensor Mounting

This section has two subsystems, namely the "LiDAR scanner stalk" and the "safety

sensor mounts".

5.8.1 LiDAR Scanner Stalk

The LiDAR scanner stalk supports the Sick NAV 350 LiDAR scanner, a WIFI access
point (to allow the AGV to communicate with the surrounding factory), an E-Stop
and a flashing front light to warn people of the AGV’s presence.
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NAV 350 LiDAR Scanner

WLAN Wireless AP Mount

60 x 60 Aluminium Extrusion AGV Mounting Points

Figure 5.64: LiDAR Scanner Stalk

The warning light and E-Stop are not shown in figure [5.64] as they were not included
in the original CAD design. They were added later during the construction and can
be found in the photographs of the final design in the conclusion chapter. The sensor
wiring was routed inside the aluminium extrusion via holes drilled from the exterior to
keep the system neat. The LiDAR scanner stalk’s position relative to the AGV’s body
can be found in figure [5.65

Safety Scanner

LiDAR Scanner Stalk

| ———Safety Scanner

Figure 5.65: LiDAR Scanner Stalk and Safety Sensors Mounted on AGV
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5.8.2 Safety Sensor Mounts

There are two "SICK S300 Mini Remote" safety sensors placed on diagonal corners of
the AGV. The diagonal placement was done to minimise the total number of safety
scanners needed as these sensors have a viewing angle of 270 °. As such, when placed
on diagonal corners of the AGV, each sensor can easily detect objects that approach
the AGV from two sides; see figure [5.66]

The SICK S300 mini remote can be configured with three detection zones layered like an
ogre. The outermost zone is configured to limit the AGVs top speed when triggered,
the second zone will bring the AGV to a controlled stop, and the innermost zone
will emergency stop the AGV. Under normal conditions, when the AGV encounters
a moving obstacle (such as a person), the obstacle should enter the controlled stop
zone before the emergency stop zone. Thus the emergency stop system should not be
triggered as the AGV would have already been halted before the obstacle entered the

emergency zone.

Scanner B
Field of Vision

Scanner

Figure 5.66: SICK S300 Mini Remote Safety Scanner Layout

The mounting for the Sensors is illustrated in figure the position of these sensors
on the AGV’s frame can be found in figure [5.65
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AGYV Interface Plate

Safety Sensor

Tilt Adjustment

Horizontal Angle Adjustment

Figure 5.67: Safety Sensor Mounting Hardware

The mounting hardware has two angle adjustments for levelling the sensor beam relative

to the ground; see figure |5.67]

5.8.3 Standard Parts used in The Scanner and Safety Sensor

Mountings

A list of all of the standard components used in the LiDAR scanner stalk and the safety
sensor mounts can be found in table 5.19

Table 5.19: Scanner and Safety Sensor Mountings Standard Parts

Part Chosen Manufacturer Component Description
SICK NAV350-3232 SICK Navigation LiDAR
Scalance W746-1 Siemens Wireless network client
SICK S300 Mini Remote SICK Safety scanners

5.9 Main & Auxiliary Battery Unit

There are two battery banks in the AGV; the first is the large "Main Battery Unit",
which provides the operational power for the AGV, including power for the motors.
This main battery bank is exchangeable (i.e. a depleted battery unit can be exchanged

with a charged one to minimise AGV downtime due to charging time).
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Removing the main battery bank causes an issue since the AGV’s control system
will shut down when the power unit is removed. The battery unit exchange cannot
be performed without an active control system. This issue was solved by adding an
auxiliary battery bank that provides just enough standby power to run the control
system (the drives, sensors, etc. will be shut down) during the battery exchange
operation. The auxiliary battery bank is recharged from the main battery bank during

regular operation.

5.9.1 Main Battery Unit

As mentioned, the main battery unit is removable. It interfaces with the AGV via the
rails described in section [5.6.2.b] The main battery unit is more than a simple battery
pack; it contains a fully standalone battery management system based on the Siemens
[oT 2040 controller. This controller can perform Columb counting to determine the
state of charge (SoC) and battery temperatures. The assembled battery management

system is shown in figure [5.68

Flanged Wheels

Removable Cover

Loading Rack

Power Connnections

Figure 5.68: Main Battery Unit Fully Assembled

As illustrated in figure the battery unit has four flanged wheels to mate with the
rails implemented in section [5.6.2.0] A rack gear is attached to one side of the battery
box to exchange the battery bank. This rack is driven by a DC motor inside the AGV
with an appropriate pinion. Although it may seem counterintuitive to have the motor
on the vehicle body rather than on the battery bank (from a mechanical standpoint,
since the battery bank is the moving object), it will significantly reduce scaling costs.

Scaling cost reduction occurs because for each AGV in operation, there could be four
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or five times as many battery banks in circulation; thus, having one motor per AGV

rather than one motor per battery bank makes economic sense.

The major issue with having the rack’s pinion on the AGV is how to transfer the
battery bank beyond the bounds of the AGV since the rack gear is the same length as
the battery bank. There are two solutions to this issue. The first is to have a second
pinion motor on the charging station; the issue with this is synchronising the pinion
teeth to the rack teeth to "hand-off" the battery bank from the AGV to the charging
station. The easy solution for this problem is to add at least 180°of "slop" to the second
opinion. Thus the pinion gear will be in mesh before the motor can "bite". Option 2
is to have the charging station rails pivot-able using a pneumatic cylinder; the pivot
would only have to be about 1°-2°, just enough to keep the battery bank rolling under
its own weight. See figure for this concept.

Pinion
Rack
Gravity Assist P ““a AGV
< Battery Box

N

N

Pivot

End Stop

Figure 5.69: Charging Station Pivot Concept

When the battery bank is to be loaded, the angle of the charging station rails is inverted.
The main battery bank will then attempt to roll into the AGV. The pinion can then
"bite" the rack gear and pull the main battery unit into the AGV.

The main battery unit contains four "First National Battery" silver calcium lead-acid
batteries. These batteries are rated at 12V DC and 102Ah and are wired in series to
give a voltage of 48V DC at 102Ah. The battery layout and placement of the electronics
backplate are illustrated in figure [5.70]
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Electronics Back Plate Copper Bus Bar

102Ah Lead Acid Battery

Figure 5.70: Main Battery Unit with Cover Removed

The docking interface that transfers power to the AGV from the docked main power

unit is illustrated in figure [5.71

Rack Gear
Copper Plate

Frame &) @{7
Battery
Power
Spacer\‘m:—; Connectors

I T N

/ - 8mm Connection
Wheel

) Stud
40mm Plumbing "Access Plug"

Figure 5.71: Main Battery Unit Electrical Connections

The connector housing was made from a modified PVC plastic access plug intended for
use with 40 mm plumbing parts. Using an access plug provided electrical insulation
for the copper plate that formed the contact for the connection. The copper plate is
attached to the batteries via an M8 stud passing through the access plug’s rear. The
electrical connection was made using a set of cables terminated in ring lugs secured

by a nut (not shown). In addition to securing the lug, the stud nut mechanically
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fastened the copper plate assembly inside of the access plug. Since the batteries were
directly attached to the copper connection plates, the large recess that the access plug
provided served well to prevent accidental shorting of the connection points as they are
permanently "live". An unmodified access plug is illustrated in figure for clarity.

Inner Body

N

N Screw Cover

Figure 5.72: An Unmodified Access Plug

5.9.2 Auxiliary Battery Unit

The auxiliary battery unit cannot be removed from the AGV; this battery unit is
nothing more than a simple box containing three 12V DC lead-acid batteries, each
rated at TAh. These batteries are wired in parallel, creating a combined voltage of 12

VDC while increasing the capacity to 21Ah. The auxiliary unit is illustrated in figure
0. ()

Aluminium

/ Box

Batteries

Figure 5.73: Auxiliary Battery Unit

The batteries are secured in place using polystyrene inserts (not shown). The location
of the auxiliary battery unit relative to the AGV’s body is illustrated in figure [5.74]
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Figure 5.74: Auxiliary Battery Unit Location

5.9.3 Standard Parts used in The Main & Auxiliary Battery
Unit
A list of all standard components used in the construction of the main and auxiliary

battery units can be found in table [5.20

Table 5.20: Main & Auxiliary Battery Unit Standard Parts

Part Chosen Manufacturer Component Description
Siemens 1012040 Siemens [oT Controller/Gateway

FNB SMF100 First National Battery =~ 102Ah 12V lead acid battery
Gate Rack Builders Warehouse Standard POM Gate Rack

Gate Pinion Builders Warehouse Standard POM Gate Pinion
Access Plug Aubrey Sacks Plumbing Standard 40mm PVC access plug
RT1270B Rubicon 7Ah 12V lead acid alarm battery

5.10 Cladding

The skin or cladding of the AGV is comprised of a combination of aluminium and
transparent acrylic panels. The aluminium panelling forms most of the AGV’s skin,

providing additional structural rigidity, while the transparent acrylic panels are placed
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to provide maintenance access and visual inspection points. The AGV with its cladding

is illustrated in figure [5.75

ANSO Architectural
Top Panel Aluminium Angles

Hole in Cladding

Aluminium Cladding / for Main Battery Unit

Acrylic Panels

Figure 5.75: AGV Cladding

The top panel of the AGV has to be significantly more rigid than the sides, as any load
the AGV carries would be placed here, and possibly a future COBOT (collaborative
robot). Thus a different strategy had to be adopted to create this cladding section. In
order to keep this panel lightweight, rigid and resistant to surface gouging, a composite
structure was used. This composite consisted of a sheet of aluminium tread plate
laminated to a layer of "engineered" plywood board using epoxy. A cross-section of

this laminate can be found in figure |5.76

ANSO Architectural

Aluminium Angle Aluminium Tread Plate

Engineered Plywood

Figure 5.76: AGV Top Panel Laminate

To hide the top panel’s laminations from view, it was finished using ANSO architectural
aluminium angles. Not shown in the renderings was the addition of a stacker lamp near

the rear of the top panel.
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5.11 Miscellaneous Assemblies

This chapter contains all information relating to assemblies that are too small to have

their own subsection.

5.11.1 Charging Port

The inverter (RCT Axpert 5K MKS) used in this research project contains a battery
charger, and as such, provision was made in the AGV’s design for a discreet charging
port that could be used to charge the main battery unit while it is attached to the
AGYV. This charging port took the form of a panel mounted 16A 2P+E industrial plug,

see figure [5.77]

Figure 5.77: 16A 2P+E Panel Mount Industrial Plug

This plug is mounted on the front of the AGV, below the LiDAR scanner stalk, as
illustrated in figure
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2P+E Charging
Plug Mount Point

Figure 5.78: Charging Plug Location

5.11.2 Main Battery Unit Pinion System

The pinion system of the rack and pinion used to load and unload the AGV’s removable
battery bank is discussed in this section. The location of the pinion motor inside of

the AGV is illustrated in figure [5.79

Rack Pinion Motor

Figure 5.79: Main Battery Unit Pinion Motor Location

The pinion motor mechanism consists of a right-angle worm gearbox 12 VDC motor
and a standard house gate pinion gear. The motor used is a car windscreen wiper motor

and was bought new as a spare part. This motor is a spare for a Toyota Hilux and
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carries the part number ELP.WM10412. There were two reasons that this motor was
chosen. Firstly as it is a mass-produced car part, it is cheaper than a motor marketed
toward new designs. Secondly, it natively runs off of 12 VDC, the same voltage as the
auxiliary battery unit from where it will draw power. The design of this mechanism is
shown in figure [5.80]

DC Motor

Grub Screw
Adaptor

" Lock-in
Straps

DC
Motor

Torsion Pin

Gearbox
Mounting Plate

Pinion Gear

Figure 5.80: Main Battery Unit Pinion Mechanism

The pinion motor mechanism’s height can be adjusted using a set of slotted bolt holes,

which are used to secure this mechanism to the AGV’s frame.

5.11.3 Main Battery Unit Connector

An electrical interface had to be designed to connect the removable main battery unit
that supplies power to the AGV. It was insufficient to use an off the shelf connector as
the high tolerance for these connectors would make them prohibitively difficult to use

in an automated system. Thus a low tolerance spring-loaded system was designed as
shown in figure [5.81]
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Mounting Plate

f

Ring Lug

Copper Connection Face

Figure 5.81: Main Battery Unit Electrical Interface

As illustrated in figure[5.81], there are two spring-loaded connectors, one for 48 VDC and
one for 0 VDC. These connections are designed to transfer up to 100A; unfortunately,
the springs are relatively stiff due to being thick enough to carry this current. High
voltage polymer standoffs were used to insulate the contact mechanism from the metal
frame of the AGV, thus preventing a dead short. These standoffs are typically used to

support busbars in electrical installations.

The copper connection faces of this mechanism connects to the "copper plate" shown
in figure [5.71] of the main battery unit described in section [5.9.1 When connected,
the electrical interface (in figure is wholly enclosed within the PVC access plug
shown in figure [5.71} Enclosing the mechanism like this serves to prevent any possible
shorting. The location of the main battery unit electrical interface is illustrated, in
blue, in figure [5.82

135



Main Battery Unit
Electrical Interface

Figure 5.82: Main Battery Unit Electrical Interface Location

Located between the two spring connectors of the electrical interface is a limit switch
used to detect if the battery unit is in place so that the rack pinion motor can be shut

down. This assembly is shown in figure [5.83

Bracket

Limit Switch
Mockup

Figure 5.83: Main Battery Unit in Place Sensor

5.11.4 Cable Routing

Since cables have to be routed between the two electrical component boxes, the drive
units, inverter and battery units, a cable tray system was installed in the AGV. This
cable tray system used off-the-shelf Legrand 150x25 mm and 50x25 mm standard indus-
trial cable trays. The location and layout of these trays within the AGV, are illustrated

in figure [5.84]
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Cable Trays

Figure 5.84: Cable Tray Layout Within The AGV

5.11.5 10V DC Steering Potentiometer Power Supply

Since the absolute steering angle of the AGV’s wheels is determined by an endless
potentiometer, an analogue voltage signal had to be deciphered by the control system
(see figure for control system diagram). Ingesting the analogue signal was done
using an analogue input card on the Siemens 1500 PLC. Analogue voltage processing
by a Siemens PLC is usually done between 0 VDC and 10 VDC; thus, a separate 10
VDC source is required. The 10 VDC source is generated using a DC-DC converter
based on the X1.4005 IC. This converter sourced its voltage from the 12V DC rail found
in the AGV’s control system. The location of this DC-DC converter is illustrated in
figure [5.85|

PTO Mount
Point

Figure 5.85: 10V DC-DC Convertor Location
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5.11.6 Electrical Single Phase PTO

Allocation was made on the AGV for electrical power take-off (PTO) in the form of a
standard South African single phase plug socket on the side of the AGV. This plug was
included to ensure that any future equipment added to the AGV could easily source
their power without destructive modifications to the AGV. This PTO mounting point
is illustrated in figure [5.85 while the PTO itself is illustrated in figure [5.86]

Electrical PTO Point

Figure 5.86: Electrical PTO Point

5.11.7 Main Battery Box Solid State Relay

The last minor mechanical assembly in this section is the solid-state relay responsible
for connecting and disconnecting electrical power from the main battery bank unit. A
solid-state relay was implemented to prevent arcing at the contacts described in section
b.11.3] The location of this unit is illustrated in figure [5.87]

Figure 5.87: Solid State Main Battery Relay
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5.11.8 Standard Parts Used in The Various Miscellaneous As-

semblies

A list of all standard components used in the miscellaneous assemblies can be found in

table [(.21]

Table 5.21: Miscellaneous Assemblies Standard Parts

Part Chosen Manufacturer Component Description
2P+E Industrial Plug  Rubicon 1 Phase industrial power connection
Toyota Hilux Autozone Spares Windscreen wiper motor
ELP.WM10412

gate pinion Builders Warehouse Standard gate pinion
LV2FF-BK ACDC Dynamics High voltage polymer stand-off
Legrand 150x25 Legrand Industrial cable tray

Legrand 50x25 Legrand Industrial cable tray

DSN5000 Banggood XL4005 DC to DC converter
SANS 164-1 Rubicon Standard South African Plug
Crydom HDC60D120  Rubicon 120A 48VDC Solid State Relay

5.12 Chapter Conclusion

This chapter served two purposes. The first was the selection of appropriate mechanical
designs that would satisfy the design requirements of this research. The second was
the design and explanation of all these various components and assemblies. For the
design of the drive units, design 3 was chosen. This design was built around an inline
suspension system. For the castor units, design 3 was also chosen. Body design number
4 was chosen for the AGV’s body. The remaining components, such as the electric
component boxes, scanner mountings, battery units and cladding, did not go through

a multiple design process and are only listed and described.
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6 Electrical Design of the AGV

6.1 Electrical Overview

The electrical systems of the AGV are roughly split into two classes, the power elec-
tronics and the control systems. A block diagram explaining the overview of the AGV’s

electrical system is given in figure
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Figure 6.1: AGV Electrical System Block Diagram
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From diagram it can be seen that the AGV is split into three separate physical

components. These are the main AGV, the battery unit and the programming device

(PG). When reading the diagram, the connector colours have the following meanings:

Thin Black: Boolean I/0O data

Thick Black: Power Buss

Red: Boolean I/O Safety Data

Orange: Industrial Ethernet (No Profinet)

Green: Profinet real time connection (Can also support industrial ethernet and

safety telegrams)
Purple: Profibus connection (RS485 based communication)

Dotted Cyan: WIFI connection

As seen in diagram the AGV’s body has a total of 6 discrete controllers, all per-
forming specific tasks. The role of each of these controllers is defined in table

Table 6.1: Summarised Controller List

Diagram Label Full Name Component Role

Siemens [PC Siemens [PC427E High level controller

Siemens 1500 PLC Siemens 1512SP Low level controller

[0T2020 (Main AGV)  Siemens IoT 2040 [oT gateway

SICK Flexi-Soft PLC SICK FX-CPU320002 Safety curtain scanner controller

PFsense Router Network controller and router

[0T2020 (Battery Unit) Siemens [oT 2040 [oT gateway for battery unit
6.2 Power Electronics

This section deals with the power electronics in the AGV. Power electronics include

the main battery unit, the auxiliary battery unit used for the DC UPS, the main power

inverter and all the AC to DC power supplies.
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6.2.1 Battery Unit

The main battery unit that supplies power for the AGV’s tractive effort is removable.

Removability facilitates speedy "recharge" of the AGV by exchanging a depleted bat-

tery unit with a charged one. The mechanical design of this unit was discussed in

section (.9.1].

The current draw of the system’s major components was tabulated to size appropriate

power supplies. It should be noted that these values will constitute worst-case scenario

values or peak values. The actual power draw during normal operation is significantly

less.
Table 6.2: Power Draw of Various Components
Component Power Draw [W/]  Current Draw
@ VDC [V]
Siemens [PC427E 96 W 4A @ 24 VDC
Siemens 1512SP 24.55 W 1.232 @ 24 VDC
Siemens ToT 2040 (x2) 67.2 W 2.8 @24 VDC
SICK FX-CPU320002 71W 0.3A @ 24 VDC
PFsense Router 60 W 2.5A @ 24 VDC
SICK NAV350-3232 36 W 1.5A @ 24 VDC
Scalance W746-1 6 W 0.23 A @24 VDC
Sick S300 Mini Remote 2011EA (x2) 10.6 W 0.44 A @ 24 VDC
Scalance XB005G Switch (x2) 21 W 0.88 A @24 VDC
Festo CMMS-ST Drive (x2) ! 960 W 10 A @ 48 VDC
Siemens V90 Drive (x2) ! 835.74 W 3.8 A @ 220 VAC
Traco Power TSP-BCMU360 16.3 W 1.2A @ 13.6 VDC
Battery Unit Eject Motor! 2 W 6 AQ@12VDC
Cooling Fans (x4) 14.4 W 0.6A @ 12 VDC
XL4005 10V Analog Source 04 W 0.04 A @ 10 VDC
Mecer A5026 Screen 242 W 1.1 A @ 220 VAC
TOTAL 2469.29 W 51.44 A @ 48 VDC

Since all pilot lights (indicators) are directly connected to the s7-1500 PLC, they will

IThe power listed here will be the maximum power required by the system and not the maximum

power the motor can produce.
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draw their power from the PLC. Thus, the current required for these devices is included
in the PLC’s power bill for table

Although the battery eject motor is included in the power bill listed in table [6.2] it
can be removed when looking at the power bill from the inverter/ main battery banks
perspective. Removal is possible because this system will source its current directly
from the 12 V DC' auxiliary battery bank. The auxiliary battery bank is charged using
the Traco Power TSP-BCMU360 from the main battery bank. The Traco Power TSP-
BCMU360 charges at a current of 1.2 A at 13.6 V' DC'. Thus, the current drawn by
the "battery unit eject motor’ can be included in the TSP-BCMU360’s power bill. The
same is true for the second Siemens [oT 2040, which sources its power directly from
the 48 VDC battery bank and does not use the inverter. Thus the power requirements
for the inverter will be reduced to 2 363.69 W.

6.2.1.a Main Battery Bank

The main battery bank needs to produce 48V DC to power the AC inverter; as such, it
was decided to use four deep-cycle lead-acid batteries. These batteries, made by "First
National Battery", are rated at 12 VDC each and have a capacity of 102 Ah. The four
batteries were wired in series to produce the desired 48 VDC with a capacity of 102 Ah.
The batteries themselves have an M10 post for both the positive and negative terminal
and were connected with a flexible copper bush bar as illustrated in figure 5.70, A
bus bar was used in place of cable and ring lugs to reduce the resistance between the

batteries, especially under high current draw.
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Figure 6.2: Wiring Diagram of Battery Unit

In figure [6.2] F1 and F2 are circuit breakers used to protect the wiring of the AGV
from over-current. F1 has a current rating of 63A, and F2 has a current rating of 2A.
BT1 - BT4 are the four deep cycle batteries from FNB (SMF100). The BAT BAL is
a Banggod.com battery equalizer rated for a 48 V DC' battery pack. The components
used in this system are detailed in table 6.3

The Siemens [oT 2040 was included to perform battery management and is the core of
the BMS system. Since the IoT 2040 needs 24 V DC' to operate and the battery bank
is 48 VDC', a DC to DC converter is needed to step down the voltage of the main
battery bank.

Table 6.3: Main Battery Unit Electrical Components

Part Chosen Manufacturer Component Description
DC/DC Converter Unknown 48V to 24V DC/DC Converter
Siemens 1072040 Siemens [oT Controller/Gateway

BE48 Banggood.com 48V Battery Equalizer

FNB SMF100 First National Battery 102Ah 12V lead acid battery
5S5J71 Circuit Breaker Siemens 63A Class C Circuit Breaker
MN 110Z Circuit Breaker Hager 2A Class C Circuit Breaker
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6.2.1.b Battery Management System

Battery management was not within the scope of the research and, as such, was given
as an undergraduate project. This project entailed using Columb counting biased with
a voltage measurement to determine the SoC of the battery bank. The brief for this
project can be found in appendix [J] Unfortunately, the final design for this BMS was
unstable for this task and, therefore, will not be included in this report. Instead of
a full BMS, a cheap battery equalizer from banggood.com was included (BE48), see
figure |6.2]

6.2.2 Auxiliary Power Unit

The auxiliary power unit consists of two sub-sections: the auxiliary battery bank and
the DC UPS system. Its purpose is to provide power to the AGV’s control systems
when the main battery bank is removed during a battery exchange operation. Since
the control systems will have to change over from the main battery bank unit to the
auxiliary battery bank unit seamlessly, it is imperative that the changeover act as an

uninterrupted power supply (UPS).

The main control system must be active when the AGV exchanges batteries for the
following reasons. Firstly, the AGV must continually communicate to a higher control
network (Fleet Management System). Secondly, the AGV takes part in the main
battery exchange process by locking the battery bank in place, moving the battery bank
and closing a solid-state relay (this feature has depreciated). Finally, the AGV has an
onboard Industrial PC (IPC); these systems take time to reboot (5 to 10 minutes) and

can easily be damaged if power is suddenly cut [62].

6.2.2.a Auxiliary Battery Bank

The auxiliary battery bank has a nominal voltage of 12 V DC' and consists of three
batteries rated at 7 Ah each. Since the battery bank is rated at 12 V. DC, the total
capacity of the battery will be 21 Ah since the batteries are linked in a parallel config-
uration, see figure [6.3] The batteries used were sourced from Rubicon, with the part
name RITAR RT1270B.
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Figure 6.3: Parallel Wiring of Auxiliary Battery Bank

6.2.2.b DC Uninterrupted Power Supply

For the DC UPS, there were two options, a custom-built solution and an off-the self-
solution. The off-the-shelf solution was chosen for the final AGV. This solution con-
sisted of a TRACOPOWER TSP-BCMU360. A custom-built solution was fully devel-
oped as, at the time of development, the existence of the TRACOPOWER unit was
unknown to the author. Implementation of the off-the-shelf unit is illustrated in figure
0.4l
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Figure 6.4: Off-The-Shelf Auxiliary PSU Wiring

In figure[6.4] the 24 V DC is provided by a standard AC to DC power source (PSU) that
converts the main inverter’s 220 VAC to 24 V DC'. The TSP-BCMU360 sits between
the AC to DC power supply and the load equipment. During regular operation, the
UPS functions in "by-pass" mode. This mode passes current from the AC to DC
power supply directly to the load equipment while simultaneously charging the auxiliary
battery bank (BT1). When power to the input is cut, the UPS will source its current
from the auxiliary battery bank.

Details of the custom built UPS and its implementation are included in the thesis
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Macfarlane [63] and is included in appendix [K]

The bill of electrical materials can be found in table [6.4]

Table 6.4: Auxiliary Battery Unit & DC UPS Electrical Components

Part Chosen Manufacturer = Component Description
TRACOPOWER TSP-BCMU360 TRACOPOWER DC UPS System

RITAR RT1270B Rubicon 7Ah Alarm Battery

DPDT 16A Relay Hager 16A Relay

Toyota Hilux ELP.WM10412 Autozone Spares  Windscreen Wiper Motor

6.2.3 Power Inverter

The main power inverter in the AGV is responsible for converting the 48 V DC' of the
main battery unit into a single phase 220 VAC. The inverter is necessary to run the
traction motors, which require single-phase AC. The inclusion of the power inverter
in the design had a secondary advantage above its necessity to power the motors. It
allowed various DC voltages to be obtained relatively cost-effectively through AC to
DC conversion rather than DC to DC conversion. Since,all-in-all, the system required

the following voltages:
e 12VDC
e 24V DC
e 48V DC
e 220 VAC

Of the available power inverters on the market, there are three types, namely square
wave, modified sine wave, and SPWM (Sinewave Pulse Width Modulation) [64]. Square
wave PWM inverters are the simplest by far, switching on and off the output at the
line frequency. These inverters are extremely primitive and are often not suitable for

anything but the most basic applications, such as incandescent bulbs.

Modified sine wave inverters are common in the small inverter market (< 1 kW) due
to their cost-effectiveness. They operate similarly to square wave inverters but have a
dead state (off-state) at the zero volt point between the negative and positive peaks;
this helps to eliminate the harmonics 3, 9, and 27. Modified sine wave inverters can be

used for most applications.
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SPWM inverters make use of PWM to very closely approximate a true sine wave and

are suitable for all sine wave applications [64].

From table , it can be seen that a total of 2 363.69 W (with battery eject pinion
motor and the second IoT 2040 removed) will be needed; thus, the inverter should be
sized to meet this minimum. For this AGV, a 4 kW SPWM sine wave inverter was used;
specifically, the RCT Axpert 5K MKS, see figure[6.5] This inverter was purchased from

Rubicon.

This inverter has the added advantage of having a built-in battery charger that can
produce a charging current of up to 60A (Hence the choice of the 63A breaker in table
. Using an inverter with an included charger allows the AGV to be charged (if a
battery unit exchange is not desired) directly from any standard SANS 164-1 or SANS
164-2 plug socket.

Figure 6.5: RCT Axpert 5K MKS Inverter

A summary of the electrical requirements of the inverter can be found in table 6.5

Table 6.5: Inverter Electrical Requirements

Specification Value
Required Wattage 1907 W
48 V DC' Input Current 39.73 A
220 VAC' Output Current 8.67 A
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The current required at the input and output of the inverter to match the required
load was calculated using equation

== (6.1)

1 = Electrical Current A
P = Electrical Power |74
\%4 = Electrical Voltage V

Since the required nominal power of the system is 2 363.69W, and the inverter is
rated at 4kW, the inverter is oversized by 41%. Choosing this size inverter was done
for three reasons. The first is to accommodate any surges expected during startup
(a surge current can often be 2x the rated current). The second was to account for
unforeseen extra power demands or future expansions (especially since a PTO was
included via a SANS 164-1 socket). Finally, the third reason was that inverters in this
range and form factor (at the time of purchase circa 2017) were only available in 1kW,
2kW, 4kW and 6kW from the preferred supplier Rubicon.

6.2.4 Power Supplies

As mentioned in section [6.2.3] four primary voltages will be required: 12 VDC, 24
VDC, 48 VDC and 220 VAC. An additional 10 VDC bus is needed as a supply
for any analogue sensors. This additional voltage is generated using a cheap X1.4005
Banggood DC-DC converter to convert the 12 V. DC bus to 10 VDC' as the current

draw was minimal.

6.2.4.a 12 VDC Power Supply

The 12 V DC' bus is used to supply power to the cooling fans and as a supply source
for the DC-DC converter. Due to the low current requirements, this supply could be
relatively small. The power cost is listed in table
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Table 6.6: 12 V. DC Power Requirements

Component Power Draw [W/] Current Draw
@ 12V DC [V]
Cooling Fans (x4) 144 W 1.2A
XL4005 10V Analog Source 0.4 W 0.034 A
TOTAL 148 W 1.23 A

Since the total maximum power required from the 12 V DC' bus will be 54 W, a Siemens
LOGO! Power 6EP1322-1SH03 supply was chosen. This supply can provide a current
of 4.5 A at 12 VDC. The 12 VDC power bus has 73.3% free capacity or can provide
an additional 3.27 A before saturation. This is illustrated in figure [6.6]

Cooling
Fans [x4]
27%

X1.4005
10V
Source
1%

Figure 6.6: 12 VDC Power Consumption Pie Chart

6.2.4.b 24 VDC Power Supply

The 24 V DC'is the primary voltage for the AGV’s various control systems; this includes
the IPC, PLCs and various indicators, light and actuators. This voltage was chosen

since it is the standard voltage used in industrial controls and applications.
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The AGV has two discrete 24 V DC' power supplies, one rated at 10 A and one rated
at 4 A. The 10 A power supply is a Meanwell DRP-240-24, while the 4 A power supply
is a Siemens LOGO! 6EP1332-1SH52. Two separate power supplies were used rather
than a single larger one since the electromagnetic brakes of the traction motors must

have an isolated PSU due to interference concerns [65].

The power cost for the 24 V DC' system is listed in table [6.7] and table [6.8]

Table 6.7: 24 V DC' Power Requirements Control System (Meanwell DRP-240-24)

Component Power Draw [I/] Current Draw
@ 24V DC [V]
Siemens [PC427E 96 W 4 A
Siemens 1512SP 24.55 W 1.232 A
Siemens [oT 2040 33.6 W 1.4 A
Siemens ET200 5.86 W 0.25 A
SICK FX-CPU320002 71W 0.3 A
PFsense Router 60 W 25 A
SICK NAV350-3232 36 W 1.5 A
Scalance W746-1 6 W 0.23 A
Sick $300 Mini Remote 2011EA (x2) 10.6 W 0.44 A
Scalance XB005G Switch (x2) 21 W 0.88 A
Traco Power TSP-BCMU360 2 16.3 W 0.68 A
TOTAL 317.01 W 13.41 A

According to table[6.7the power required from the 10A PSU is 13.41 A. Essentially, the
power supply was overloaded by 32 %. However, this current draw was not realistic
during testing, and the system performed fine. The author hypothesises that the
current draw is inflated beyond what is realistically drawn by the two IPCs in the
system, the Siemens [PC427E and PFsense Router, which give absolute maximum
current draw rather than typical operational current draws. Figure graphically
illustrates the power usage by each device on the 24 VDC bus.
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Figure 6.7: 24 VDC Power Consumption Pie Chart

Table 6.8: 24 V. DC Power Requirements Parking Brakes (Siemens LOGO! 6EP1332-
1SH52)

Component Power Draw [IW] Current Draw
@ 24V DC [V]

Siemens V90 Drive Brake (x2) Unknown Unknown

TOTAL Unknown Unknown

As stated in table the exact power requirements for the holding brakes for the two

traction motors were not specified in the application notes for the V90 drive. Thus an

2In table the power requirements of the DC ups are listed at 13.6 V. DC| as this is the charging
current of the UPS battery. Since it acquires its power from the 24 V DC bus, it is appropriate to
include it in table @ while adjusting the current draw for 24 V. DC.
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"on-hand" 4A PSU was used (Siemens LOGO! 6EP1332-1SH52), which seems sufficient
for the task.

6.2.4.c 48 VDC Power Supply

The 24 VDC power bus is responsible for powering the two Festo stepper steering
motors, rated at a nominal 48 V DC. Although the main battery bank is rated at
a nominal 48 V DC', it was decided by the author that sourcing the required power
directly from the battery bank would be unwise. This decision was made since lead-
acid batteries are not stable at their nominal voltage, but rather their voltage varies
according to their state of charge (SoC). For a 48 V. DC' AGM battery bank, the voltage
can vary from a minimum of 47.2 V. DC' (25% SoC) to a maximum of 51.2 V.DC' (100%
SoC). It would be even worse if the battery were being charged (say through optimistic
charging); under these conditions, the battery banks voltage could be as high as 58
V' DC [66]. This voltage range could potentially damage the stepper drive responsible
for controlling the steering motors. Thus a regulated 48 V DC' bus was generated from
the 220 VAC bus.

Since the stepper motors require a relatively large current, it was decided to place each
steering motor on its own 48 V DC power bus. This decision required two separate
discrete power supplies. The power supplies used for these motors were two Meanwell
SDR-480-48 power supplies, each capable of producing 10 A. The power cost of each
48 V. DC' power bus is listed in table [6.9]

Table 6.9: 48 V DC Power Requirements

Component Power Draw [] Current Draw
@ 48V DC [V]

Festo CMMS-ST Drive 480 W 10 A

TOTAL 480 W 10 A

6.2.4.d 220 VAC Power Supply

There are very few components on the AGV that use the 220 V AC bus directly; instead,
most components draw their current through one of the AC to DC power supplies. The
only two systems that make use of the single-phase AC directly are the main Siemens

traction motors and the LCD screen used as a SCADA and management screen for the
Siemens [PC427E PC. The power cost for the 220 VAC' power bus is listed in table

155



6.10| and table Table includes the expected maximum current draw from
all AGV components when operated normally. Table lists the power required on
the 220 V AC bus if all AC to DC PSUs were saturated; this is not normal operating

conditions.

Table 6.10: 220 VAC Power Requirements

Component

Current Draw
@ 220V AC [V]

Power Draw [W]

Siemens V90 Drive (x2) 835.74 W 3.8 A
Mecer A5026 LCD Screen 242 W 1.1A
LOGO! power 6EP1322-1SH03 (12 VDC 148 W 0.068 A
PSU)
Meanwell DRP-240-24 (24 VDC PSU)? 240 W 1.09 A
LOGO! power 6EP1332-1SH52 (24 VDC 24 W 0.109 A
PSU) ¢
Meanwell SDR-480-48 (x2) 960 W 4.36 A
TOTAL 2 316.54 W 10.53 A
Table 6.11: 220 V AC Fully Saturated Power Requirements
Component Power Draw [W] Current Draw

@ 220V AC [V]

Siemens V90 Drive (x2) 835.74 W 3.8 A
Mecer A5026 LCD Screen 242 W 1.1 A
LOGO! power 6EP1322-1SH03 (12 VDC 54 W 0.245 A
PSU)

Meanwell DRP-240-24 240 W 1.09A
LOGO! power 6EP1332-1SH52 (24 VDC 96 W 0.436 A
PSU)

Meanwell SDR-480-48 (x2) 960 W 4.36 A
TOTAL 2427.74 W 11.031 A

3The power supply is assumed to be at saturation see section [6.2.4.b

4Tt is assumed that at worst case scenario each of the traction motor’s parking/ holding brakes

draw 500 mA
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The power drawn from the 220 VAC bus, when all the DC PSU’s are saturated is
illustrated in figure [6.8]

Mecer A5026
LCD
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- LOGO! Power
B 0EP1322-1SHO03
(12V PSU)

0%

Meanwell DRP-
240-24 (24V
PSU)
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LOGO! Power
6EP1332-1SH52
(24V PSU)

1%

PSU buffer
3%

Figure 6.8: 220 VAC Power Consumption Pie Chart

In figure the difference between the total nominal power draw (table [6.10)) and the
maximum potential power draw (table [6.11)) is listed as "PSU buffer". The remaining
"unused" power is the capacity that the power inverter can produce but is not consumed

in the AGV’s current configuration and, therefore, can be used via the PTO.

6.2.4.e 48 VDC to 24 VDC DC/DC converter

Included in the 24 V DC' system is the second Siemens IoT 2040, which can be found in
the Main Battery Unit, see section [5.9.1] This controller does not take power directly
from the main 24 V. DC bus but rather from a DC/DC converter found in the Main
Battery Unit. The chosen DC/DC converter is a CALEX 48524.6HCM, which outputs
24 VDC' at a maximum 6.26 A current. This DC/DC converter can convert any DC
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voltage between 18 V. DC and 75 V DC' to a stable 24 V D', making it ideal for use
with a lead-acid battery bank (see sectio for explanation). The current and
power draw of the Siemens IoT 2040 is listed in table

6.3 Control System

The control system of the AGV refers to the components that are responsible for
performing the high-level navigation operations as well as the components that perform
the kinematic calculations (which are outlined in chapter |8 A network diagram of the
AGV’s control system is illustrated in figure [6.9]
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\

drive analog et...
IM 151-3 PN HF

Gertrude Main P...

IPC427E CPU  WinCC Gertrude Main...
IPC427E 3xPN/IE  — 1507SF  RT Adv CPU1512SP F-1...

u u Gertrude So... ®
{PN/IE_1

PROFIBUS_1

Servo A Servo B Stepper A

] Stepper B ]
V90 PN V90 PN CMMS-ST o IEl 9 CMMS-ST m IEl 9
L L

Gertrude Main P... Gertrude MainP...

Gertrude MainP... Gertrude Main P... \ /

Siemens V90 Servo Drives Festo CMMS-ST Stepper Drives

Figure 6.9: Network Diagram of the AGV’s Control System

6.3.1 General Control System

The "general control system" constists of a Siemens IPC427E industrial computer and
a Siemens 1512SP PLC. These two devices work in tandem to form the backbone of
the AGV’s control system.

6.3.1.a IPC

The IPC (Siemens IPC427E) is a proprietary x86 computer made by Siemens. The
system makes use of a 6th generation Intel i5-6442EQ CPU that can boost to 2.7 GHz
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(nominal frequency is 1.9 GHz); this processor is a quad-core processor lacking hyper-

threading [67]. The host operating system of this system is a proprietary Siemens OS

called "Simatic s-7-1500 Software Controller", which uses one of the four cores in the

i5 CPU and a negligible amount of RAM to perform two tasks. Firstly the Software
Controller acts as a fully SIL (Safety Integrated Level) compliant PLC. Secondly, the
controller acts as a hypervisor. The hypervisor hosts a full install of Windows 7 em-
bedded, containing WinCC SCADA. This VM uses the remaining three cores and the
majority of the RAM [68]. A Debian based Linux VM was later implemented that took
over two of the windows 7 cores and half of the RAM to run ROS. A technical drawing

of the IPC is shown in figure
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Figure 6.10: Siemens Simantic IPC 427E Technical Drawingﬂ

The technical specs for the IPC 427E vary depending on customer selection.

The

hardware specifications for the specific IPC used in the research are given in table[6.12

SImage adpated from Siemens [68]
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Table 6.12: Technical Specifications for IPC 472E

Specification Value

Processor Intel 15-6442EQ (6MB cache, 2.7GHz boost)
RAM x1 16 GB DDR4-SDRAM (SODIMM)
Buffer Memory 512 kB NVRAM (Soft PLC retentivity)
Expansion x1 PCle x8 (physical x16 slot)

SSD 2.5” 240GB SATA

CFast (CF flash) Unpopulated (up to 30GB) (Soft PLC data log use)
Graphics Processor Intel HD Graphics P530

Serial COM1 and COM2

Monitor Interface  x2 Standard Display Ports

USB x4 USB 3.0 Ports

Ethernet x3 10/100/1000 Mbps RJ45 Ports

The standard IPC described in table[6.12] was upgraded by the author with the following

components:
e 16GB CF flash card
e Nvidia Quadro 400 GPU
e Display Port to VGA active converter

These upgrades were done as after-market additions for two reasons, either the addition
was not available as an option from Siemens, or the cost of pre-implementation was

exorbitant to the point that self-installation was justifiable.

The additional CF card can be used for data logging on the PLC or as an additional
drive for the windows 7 VM. The IPC did not come with a CF card installed as pre-
implementation by siemens was excessively expensive. Instead, the author included a

generic 16 GB card.

The Nvidia Quadro 400 was added by the author to validate the possibility of adding a
GPU to the IPC 427E by checking if the PCle expansion slot had been software locked
to vendor-approved cards and what the rationale behind the 8W power limited [68] for
the PCle x4 slot was. The Quadro 400, by today’s standards (circa 2020), is woefully
underpowered compared to contemporary hardware, being produced in 2011. However,

it was the only single-slot card the author had on hand and had a trivial power draw
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of 35W (by GPU standards). It also did not require an external Molex connector for
additional power (as most contemporary GPUs do). The added GPU performed well
without issue. The functioning GPU confirmed that Siemens had not software locked
the PCle expansion slot and that the 8W limitation was not an electrical limitation
but rather a thermal one as the IPC 427E is passively cooled. The author suspected
this power limitation to be a thermal one as the PCle standard specifies that for a x4
slot, a minimum power availability of 25W should be provided [69]. It was also hinted
at this in Industrial PC SIMATIC IPC427E [68], on page 89. Since the GPU has a
fan for cooling, the metallic cover for the expansion slot can be left off. The aggressive
cooling provided by the component box fans also aided in keeping the GPU thermals
under control. Thus, thermal limitations are not an issue. Leaving the metallic cover
off the expansion slot has two other advantages. It allows for two-slot high PCle cards
to be used on the system. It also allows an additional PSU to supply a high power

card via an external Molex connector.

The addition of a GPU to the IPC stemmed from the desire to run ROS
on the AGV in the future. Since processing navigational data in SLAM or
SLAM-like algorithms becomes nearly impossible without a GPU. If the in-
clusion of a GPU on the IPC were not possible, the navigational process-
ing would have had to be done on a remote server connected to the AGV
via.  WIFI or by using an Intel "Neural Compute Stick 2" wunit connected
via USB (https://software.intel.com/content /www /us/en/develop /hardware /neural-
compute-stick.html). When ROS is implemented in the future on the AGV, a single
slot GPU should be used with an external Molex connected PSU (powered by the 220
VAC bus). Using an externally powered GPU will take the strain off the 24 VDC power
supply (that powers the IPC 427E) and the PCle power delivery of the IPC 427E.

The purpose of the Display Port to VGA active converter allowed the author to use an
already on-hand Mecer A5026 screen that only had VGA and DVI inputs. The display
output is done via the integrated Intel HD P530 GPU and not the PCle mounted
Nvidia Quadro 400 (The PCle mounted GPU is reserved for computational tasks, not
graphical processing). The screen has two purposes; It allows for easy access to the
windows 7 embedded desktop, where the author will include backups of all necessary
code, CAD and documentation, as more often than not, this information is quickly
lost as the research project is handed over to the next researcher. Secondly, it allows
for management of the various components on the AGV, which make use of either a
webpage or windows based software tool; this includes the PFsense router and RCT
Axpert 5K MKS Inverter.
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6.3.1.b PLC

A Siemens Simantic s7-1512SP PLC is used to control the I/O operations (switches,
LEDs, indicators, etc.) and the drives on the two bus networks (Profinet and Profibus).
This PLC adheres to the Siemens ET200SP form factor, making it very compact com-
pared to other Siemens alternatives. However, it is computationally weaker than a
traditional s7-1500, though this can be worked around by assigning computationally
expensive tasks to the software PLC on the IPC. The layout of the s7-1512SP is shown

in figure [6.11], further information can be found in appendix [}

43S SIEMENS

ATIC
ET2005P

000000000
000000000
000000000
000000000
000000000
00000O000
ooooccoooo
000000000
000000000
000000000
000000000
000000000
000000000 8
000000000 |
000000000
000000000
00000O000
000000000

Figure 6.11: Actual Configuration of the s7-1512SP PLC

Table details the purpose of the components illustrated in figure [6.11], note that

not all I/O are necessarily used, a good portion is reserved for future use.
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Table 6.13: Table of s7-1500 PLC Components

Slot Type Description

1 Gertrude Main PLC Main s7-1500 Safety Central Processing Unit
(CPU 1512SP F-1 PN) (CPU)

2 DP interface Profibus communication processor

3 DI 16x24VDC ST 16 channel digital input card

4 DI 8x24VDC HF 8 channel digital input card

5 DQ 16x24VDC/0.5A ST 16 channel digital output card

6 DQ 8x24VDC/0.5A HF 8 channel high feature output card

7 AT 4xU /T 2-wire ST 4 channel analogue input card (16 bit ADC)

8 AT 2xU ST 2 channel analogue input card (16 bit ADC)

9 F-DI 8x24VDC HF 8 channel safety digital input card

10 F-DQ 4x24VDC/2A PM HF 4 channel safety digital output card
11 F-DQ 4x24VDC/2A PM HF 4 channel safety digital output card

12 Server module Rack bus terminator

In table [6.13] reference is made to standard (ST) and high feature cards (HF). The
difference between these two families of signal modules is how their commons function.
Standard cards share a common (usually a global power bus); in the case of input
cards, their shared common is usually the 24 VDC bus; for output cards, it is the 24
VDC GND bus. High feature cards provide a separate common per channel, where
each input has its own 24 VDC source, and each output has its own GND sink (This
is useful for error detection by the PLC)

The assignment of the I/O for the PLC (channel addressing and channel functions) is
listed appendix [M]

The s7-1512SP is configured in what is known as i-device mode. In i-device mode, the
PLC acts as a slave device ("IO Device" in Siemens nomenclature), allowing it to easily
communicate with another master device ("IO Controller" in Siemens nomenclature)
without having to resort to TCP, UDP or [SO-on-TCP communications. The master
controller in this research project is the software PLC located on the IPC427E industrial
PC. The i-device functionality is critical due to the "real-time" requirement of the
control system in this research project as TCP, UDP, or ISO-on-TCP communications
are not real-time communication protocols while the Profinet communication between

an 10 Device and 10 Controller is. This real-time communication (RT) has a cycle
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time of precisely 1 ms and an allowable jitter of 1 us [70]. The real-time behaviour
also allows two mechanisms to function correctly, the first is Profidrive, and the second
is Profisafe. Prodrive is necessary to allow real-time speed and torque control of the
drives, while Profisafe must allow safety signals to be passed between devices over a
network (i.e. a safety compliment signal can be passed from the E-stops attached to
PLC’s physical inputs to the software controller).

6.3.1.c ET200

The Siemens ET200 is used for digitising the analogue values from the two Festo
stepper drives. The analogue values generated by the stepper drives represent each
drive unit’s steering angle. Originally these analogue signals were attached to one of
the analogue input cards of the PLC. However, it was found that these values were
volatile as the signal wires had to run near the main power inverter and, as such, picked
up interference. These signals were not simply sent over the Profibus network directly
due to an artificial limitation in the Festo firmware of the CMMS-ST drives.

The actual hardware configuration of the ET200 is illustrated in figure [6.12]
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Figure 6.12: Actual Configuration of the ET200S

The purpose of each module shown in figure is listed in table
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Table 6.14: Table of ET200S Components

Slot Type Description

0 Drive analog et200s Network interface module for the ET200s
1 PM-E 24VDC Power module for signal modules

2 2AT x U ST Two channel analog input module

The ET200 only supports two analogue channels as listed in table The tag-table
for these channels can be found in appendix [Nl The ET200s is designated as a slave
device to the s7-1512SP, and as such, its addresses are part of the S7-1512SP’s range
and not the Software PLC’s address range.

6.3.2 Nayviagtion

Primary navigation is done via the SICK NAV350-3232. This LiDAR uses a 905 nm
laser with an angular resolution of 0.25°. The update frequency of the unit is 8 Hz and
has a 360° viewing angle with an effective range of 35m @ 10% remission (10% laser
light scattered) and 100m @ 90% remission. The LiDAR unit and scanning envelope

are illustrated in figure
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Figure 6.13: NAV350-3232 3D model & Scanning Profild’|
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Specifications for the NAV350 can be found in appendix [O]

This unit is a 2D LiDAR scanner that maps the surrounding environment by creating
a point cloud map. This point cloud is generated using time-of-flight calculations to
measure the distance a beam of light must travel between the LiDAR unit and the
object that reflects the beam to the LIDAR. An example of a point cloud is illustrated

in figure [6.14]

Figure 6.14: 2D Point Cloud Map of a Room []

The primary operating mode of the NAV350 is to utilise retro-reflector waypoints as
landmarks. The position of the NAV350 is triangulated using these waypoints. The
triangulated position is then passed to the high-level controller as coordinate data. The
NAV350 uses telegrams on industrial ethernet to provide the AGV with its current
position; this can then be compared to a "virtual path" that the AGV can follow as
if it were a physical line. The high-level controller requests the AGV’s position; in the
case of this AGV, that would be the IPC. Position requests are made cyclically with a
max stable cycle time of 125 ms. This process is illustrated graphically in figure [6.15]

SImage adapted from SICK [71]
"Image courtesy of Sokolov [72]
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Figure 6.15: NAV350 Position Update Behaviour

6.3.3 Safety Systems

The safety system of the AGV can be activated via either of the two E-stop buttons or
the light curtain safety system. When the AGV is placed in "safety mode", the STOs
of the four drives (the two traction motors and two steering motors) are activated via
safety channels from the s7-1500 PLC. Activating the STO input disables the drives
and prevents the AGV from functioning. In order to release the AGV from the safety
mode, the E-stops must be released, or the light curtain cleared, and the acknowledge
must be registered using either the pendant acknowledge (Pendant SW7 in table
or the red push button located at the front of the AGV (RED Pushbutton in table
. An analysis of the safety concerns and required conformance can be found in
chapter [7]

6.3.3.a E-stop Safety System

The E-stop safety system is a manual safety system requiring the operator to press
either of the two E-stop buttons. One button is located on the front of the AGV, while
the second is located on the rear. These E-stop buttons use two "equivalent" channels
to ensure high redundancy. "Equivalent" means each E-stop contains two electrically
independent normally closed contacts, which get broken when the E-stop is pressed.
In addition to providing redundancy, since the same mechanical action triggers both

contacts, the trigger time between the two contacts can be used to evaluate the health
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of the E-stop. This type of E-stop is known as a 1002 system or "Read-in process
signal via two channels" [73]. In the E-stop configuration used in the AGV, each E-
stop received its own independent supply from the safety input card. The layout of

this system is illustrated in figure [6.16]

VS,

Safety Input
Card

DI,(

E Stop E Stop Button

Figure 6.16: 1002 Equivalent E-stop Circuhﬂ

Note that to use 1002 configuration on the Siemens F-DI 8x24VDC HF, the appropriate
inputs must be paired as listed in table [6.15]

Table 6.15: Channel Pairing for 1002 using the F-DI 8x24VDC HF

loo2 Pair F-DI Channels F-DI Source
a Channel 0 (terminal 0) terminal 8
Channel 4 (terminal 4) terminal 12
B Channel 1 (terminal 1) terminal 9
Channel 5 (terminal 5) terminal 13
v Channel 2 (terminal 2) terminal 10
Channel 6 (terminal 6) terminal 14
4] Channel 3 (terminal 3) terminal 11
Channel 7 (terminal 7) terminal 15

8Image adapted from Siemens [43].
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6.3.3.b Light Curtain Safety Sensor

The light curtain safety sensor prevents object collisions with the AGV. Collisions could
occur if a static object is in the path of the AGV or because a moving object (such
as a walking person) is on a collision course. Either way, it is necessary to avoid this
collision or mitigate the possible damage/ injury should the collision be unavoidable.
It was decided that the best way to do this was to bring the AGV to a complete stop
by using the AGV’s STO safety system. Since this light curtain barrier is responsible
for ensuring the AGV operates in a "safe" manner (per the evaluation in chapter m),

it too must be safety rated.

In order to conform to the desired safety integrity level, a pair of SICK S300 Mini
Remotes were used on opposite corners of the AGV. This configuration was previously
discussed in the mechanical design chapter in section The layout of the safety

sensors is illustrated in figure [5.66| and is repeated in figure [6.1

Scanner B
Field of Vision

Scanner

Figure 6.17: SICK S300 Mini Remote Safety Scanner Layout Repeated

The SICK S300 Mini Remote’s LIDAR data is not available to the end user, however
what is available is 3 zone triggers. That is to say, when an obstruction is at a set
distance from the sensor it can be designated as in a certain zone. There are three
zones available to the AGV, these are the protective zone, warning zone 1 and warning
zone 2. When an object is detected in warning zone 2 the speed of the AGV is clamped

from it maximum of 3 m/s to 20 % of this (0.6 m/s). If the object enters warning zone
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1 the AGV will be brought to a non-safe state stop. Finally is the object enters the
closest zone to the AGV, the protective zone, the drives will be shut down and placed
in a safe state using the hardware STO’s on the drives. These zones are illustrated in
figure [6.18]

SICK S300 Mini Remote Scanner AGV

Protective Zone

‘Warning Zone 1

Warning Zone 2

Figure 6.18: SICK S300 Mini Remote Safety Scanner Zones|

Note, as shown in figure [6.18] the zone boundaries do not have to be a fixed radius from
the sensor but can be contoured to best suit the machine shape. This configuration is
done on the sensor using the commissioning port and SICK’s CDS (Configuration &
Diagnostic Software) software. The generalised specifications for the SICK S300 Mini
Remotes are discussed in table [6.16

9Image adapted from SICK [71]
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Table 6.16: Technical Specifications for SICK S300 Mini Remote

Specification Value
Usage Can only be used with SICK EFI network
Protective Zone < 3m
Warning Zones < 8m (@ 15 % reflectivity)
Distance Measuring Range 30 m
Type of Zones Triple field set
Scanning Angle 270°
Resolution (configurable) 30 mm, 40mm, 50mm, 70mm, 150mm
Angular Resolution 0.5°
Response Time 80 ms
Safety Type 3
Safety Rating SIL2 (IEC 61508)
SILCL2 (EN 62061)
Safety Category Category 3 (EN ISO 13849)

Safety Performance Level ~PL d (EN ISO 13849)

As mentioned in table [6.16, the SICK S300 can only talk to other SICK devices via
the EFI network. Thus, a SICK safety PLC had to be included in the AGV; the PLC
used was the SICK FX3-CPU320002, which can support two EFI connections (enough
for the two S300 remote minis used on the AGV). The SICK PLC was expanded with
the following signal modules, a FX3-XT1084002 I/O module and a FX0-GPNT00000

industrial ethernet gateway.

The FX3-XTIO84002 I/O module was necessary since this was the only way to pass
safety-rated signals to the s7-1500 PLC since SICK does not (at the time of writing

circa 2021) have a Profi-safe ethernet gateway.

Four F-DQ outputs of the s7-1200 PLC were wired to four F-DI inputs of the SICK
PLC to send safety data from the s7-1200 PLC to the SICK PLC.

Four F-DQ outputs of the SICK PLC were wired to four F-DI inputs of the s7-1200
PLC to send safety data from the SICK PLC to the s7-1200 PLC.

Joining the I/O in such a manner allows four boolean safety signals to be sent in either
direction. Since the safety signals sent between the devices are boolean, very little
information can be conveyed besides the STO state (STO activated/ deactivated). To
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gather more in-depth information about the safety condition, such as which of the two
scanners were triggered or the obstruction’s coordinates in the laser field, a non-safety
rated communication (black channel communication) is sent via industrial ethernet
using the FX0-GPNTO00000 industrial Ethernet gateway. The hardware configuration
of the SICK PLC is shown in figure [6.19]

FXO0-GPNT00000

SICK FX3-CPU320002

Ethernet
Ports

Programming
Interface

FX3-XTIO840002

Figure 6.19: SICK Safety PLC Layout

The modules used in the SICK PLC, that are shown in figure [6.19 are listed in table
0. 17

Table 6.17: Table of SICK PLC Components

Slot Type Description

1 FX3-CPU320002  SICK safety CPU with 2 EFI channels
2 FX3-XTIO8480002 8 F-DI, 4 F-DQ digital safety card

3 FX0-GPNTO00000 2 port industrial Ethernet gateway

The wiring between the Siemens and SICK PLCs is shown in figure [6.20
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Figure 6.20: SICK Safety PLC to Siemens 1500 Safety /O Connections

6.3.3.c STO Circuits for Servo and Stepper Drives

The Safe Torque Off (STO) circuits that control the Siemens v90 servo drives (traction)
and the Festo CMMS-ST stepper drives (steering) are described in this section. These
STO circuits are driven by the fail-safe digital outputs of the F-DQ 4x24VDC/2A PM
HF card in slot 10 of the Siemens s7-1500 PLC.

A noted behaviour of the PLC safety outputs is that they will self-test approximately
every hour. This self-test involves switching safety output on and off rapidly while
measuring the residual current on the return path. When the voltage to the relay
(connected to the safety output) is cut, the current should reduce to near zero; if this
does not occur, relay failure is suspected. The STO state will be entered if relay failure
is suspected, and a "disable run" command is sent via the bus network. The switching
is fast enough that the attached device does not register the switching as an STO stop

command [74].

The wiring between the Siemens s1500 PLC and the Siemens V90 servo drives (used
for traction) is illustrated in figure . A DTDP relay is used here, with each throw
controlling one of the two STO inputs of the drive for added redundancy should one
of the contacts weld. The SIL level of the STO implementation, according to the drive
manufacturer (Siemens), is SIL 2 per EN61800-5-2 (PL d Equivalent) [75].
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Figure 6.21: Siemens V90 Servo Motor STO Circuit

In figure [6.21] the wiring of the motor’s brake is illustrated. This brake is not powered
by the drive but rather by an external 24 V DC' power source and is actuated via one
of the drive’s outputs (connection 18). Connection 18 draws power from the supply
connected to connection 17. In the application notes for this drive, it is insisted that the
supply for the brake be separate from the supply for other electronics, most likely due
to the brake coil acting as a giant inductor. It is also recommended that an appropriate
varistor be connected across the brake coil as illustrated in figure[6.21] The chosen (and
recommended by Siemens) varistor implemented on the AGV was the EPCOS S20K20.

The wiring between the Siemens s7-1500 PLC and the Festo CMMS-ST stepper drives
(used for steering) is illustrated in figure [6.22] A DTDP relay was used here; the first
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throw of the relay controlled the STO input of the drive (labelled REL on the drive),
while the second throw controlled the "output stage enable" of the drive acting as a
second level redundancy to shut down the drive. The Festo CMMS-ST drives have
a 3rd enable signal, directly controlled from a non-safe output of the PLC (Q1.2 &
Q1.3); this enables the drive’s control board. The third enable signal was not done
over a safety channel as there were none left in the F-DQ cards, and this enables itself
not rated for safety applications. Safety switching the two inputs mentioned should
rate the stepper drive at PL d, according to the manufacturer (Festo), per EN ISO
13849-1 (SIL 2 Equivalent) [76].
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Figure 6.22: Festo CMMS-ST Stepper Motor STO Circuit

Unlike the Siemens V90 Servo motors, the Festo CMMS-ST stepper motors do not

have external braking hardware; the brakes are implemented directly by the drive.
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6.3.4 Battery Unit Eject Motor

The battery eject motor is an ELP.WM10412 Hilux windscreen wiper motor. This
motor is a simple permanent magnet DC motor with a worm gearbox. Since this
motor is responsible for both ejecting and loading the main battery unit, the motor

must be able to spin both clockwise and counter-clockwise.

For a DC motor to change direction, the polarity of the voltage across it needs to be
inverted. Swapping the polarity presents two issues in the current application of the
AGV. Firstly, since this is an automotive part, the motor’s negative terminal is tied to
the chassis ground (in normal usage, the motor only spins one way). Having one of the
terminals tied to the chassis ground is an issue since when the polarity is swapped, the
+12 VDC would be connected to the chassis ground shorting out the auxiliary battery
bank and other PSUs which are also tied to the chassis ground. Secondly, a circuit
needs to be designed to switch the polarity or the motor using digital signals from the
Siemens s7-1500 PLC; this system must also contain the appropriate hardware-level
interlocking to prevent the system from receiving a counter-clockwise and clockwise
command at the same time. Since this will cause a dead short across the auxiliary

battery bank, possibly causing a fire.

The negative terminal tied to the ground is fixed by opening the motor and severing the
connection of the second brush to the motor body. The severed connection is replaced
by a new cable of appropriate gauge that runs alongside the first brush cable. Thus,

neither brush/terminal of the motor is tied to the chassis ground.

The polarity switching circuit was implemented with relay logic, with appropriate

hardware interlocking. A diagram of the relay system is illustrated in figure [6.23]
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Figure 6.23: Battery Eject System System using Relays

In figure [6.23], it can seen that feedback was implemented via inputs 1.6 and 11.7.

6.3.5 Networking

A PFsense router controls the network on the AGV. PFsense is an enterprise-grade
routing software package designed by Netgear to run on x86 hardware. This router is a
client to a high-level plant network and an AP (access point) for programming devices.

The inclusion of a full-blown router in the AGV was done for the following reasons:
e [oT Security

The router and its firewall sit physically between the AGV’s automation
network and any external connections. These external networks include
the interface a PG/PC would use to program the AGV and the high-level
network the AGV would connect to as a client device. Using a PFsense box
adds a layer of IoT security to the AGV since the firewall makes it much
harder for malicious actors to access the AGV’s systems even if the network

that the AGV is connected to was compromised.

e [P Consolidation
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When the AGV is viewed from the plant network perspective, the entire
AGV is registered as one IP address. Reducing the AGV to a single IP saves
IP addresses on the plant network and adds a layer of obfuscation. With
such a system, the plant network engineers need not worry about assigning
static IP addresses to each component in each AGV. The data sent from the
plant network can still be directed to the appropriate device on the AGV’s

internal network via port forwarding in the router.

e DHCP Client

Since the AGV has a router, the plant level network can use a DHCP
server to assign IP addresses to the AGVs in the facility automatically.
Using a plant DHCP allows AGVs that need servicing to be removed from
circulation easily, with a backup AGV slotting into its place. Data is sent
to the appropriate device on the AGV’s network via port addressing rather
than IP addressing. The use of a DHCP client system for the AGVs is also
helpful regarding AGVs moving between different isolated networks/subnets
as the AGVs physically move through a large factory and enter the range

of different automation networks.
e DHCP Server

The programming AP of the AGV can be accessed via either a physical
ethernet cable (higher speed and reliability) or via a separate WIFI network
generated by the AGV. Either way, the AGV will use a private DHCP server
on the Pfsense router to assign the programming device an IP address.
Assigning the programming device an IP address prevents issues where a
programmer might accidentally set a static [P address on their programming
device, which conflicts with a device on the AGV. It also makes connecting

to the AGV easier as documentation will not need to be consulted regarding

the subnet that the AGV.
e Trusted MAC Addresses

The router can be configured to reject any MAC address (a hexadecimal
hardcoded address unique to each network-capable device in the world) that
does not appear on a whitelist contained in the router. Thus, malicious
actors would have to guess the MAC address of an approved programming
device (There are approximately 281 trillion possible MAC addresses [77]).
If the attacker were to bypass this hurdle, they would still have to bypass
the cryptography of the firewall to compromise the AGV. MAC filtering
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can also be implemented on the plant network, where the AGV rejects any

WIFT access points that are not approved in its whitelist.
e DDoS Resilience and Network Chatter Reduction

DDoS (distributed denial-of-service) is a malicious attack strategy whereby
a device is bombarded by an inordinate amount of irrelevant data in the
hope to overwhelm a device and drown out legitimate data packets. A
firewall does not strictly prevent a DDoS attack but will prevent the attack
from directly targeting the AGV’s internal network. That is to say, the AGV
will lose connection to the plant network as the firewall is overwhelmed and
locks down, but the devices inside the AGV will still be able to communicate
with each other freely. Thus the internal navigation data and Profisafe data
will not be interrupted, and the AGV can make a controlled halt. Since the
firewall in the router only allows relevant data through, any data not meant
to cross networks will be blocked. This segregation reduces background
chatter on both the AGV’s internal and plant networks, especially when
UDP protocols are employed. UDP is used heavily by the LiDAR scanner
and ROS nodes on the AGV; since this protocol does not use handshaking,
it can proliferate to multiple devices rather than just the intended recipient

causing unnecessary chatter on the network.

A diagram of the AGVs network is shown in figure [6.24]
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Figure 6.24: Network Topography

A list of the IP addresses used by the AGV’s internal Ethernet/Profinet network is
listed in table [6.18] while a list of device addresses for the Profibus network is listed in
table [6.191
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Table 6.18: AGV IP Addresses List

Device IP Address NIC Purpose

Pfsense Router NIC 1 192.168.18.1 AGV Ethernet

Pfsense Router NIC 2 192.168.2.1 W746-1 Ethernet up-
link

Pfsense Router NIC 3 192.168.18.1 Ethernet programming

Pfsense Router NIC 4 192.168.18.1 WIFI programming

Siemens IPC 427E NIC 1

Siemens IPC 427E NIC 2

Siemens [PC 427E NIC 3

Siemens V90 Drive A
Siemens V90 Drive B
Siemens 1512SP PLC

SICK Safety PLC (FX-CPU32002)
Siemens IoT 2040 AGV NIC 1
Siemens IoT 2040 AGV NIC 2
Siemens [oT 2040 Battery NIC 1
Siemens IoT 2040 Battery NIC 2

Siemens W746-1 NIC 1
Siemens W746-1 NIC 2
SICK NAV350-3232
Siemens ET200S

192.168.18.51 NAT
192.168.18.51 NAT
192.168.18.52 NAT
192.168.18.52 NAT
192.168.18.53
192.168.18.57
192.168.18.56
192.168.18.55
192.168.18.61
192.168.18.60
192.168.60.4
disabled
192.168.60.3
192.168.2.1

Plant DHCP
192.168.18.59
192.168.18.58

Windows 7 VM
Future ROS linux VM
PLC Profinet Master
WinCC SCADA
Unused Ethernet
Profinet Slave
Profinet Slave
Profinet Master
Profinet Master
AGV Ethernet

IoT WIFI

Unused Ethernet
IoT 2040 WIFI
PFsense up-link
Plant WIFI

Profinet Slave
Profinet Slave

The DHCP server uses IP addresses between 192.168.18.100 and 192.168.18.254 as
freely assignable IP addresses for devices that are added ad hoc. This category in-
cludes programming devices attached to the system. During testing, the pseudo plant
network DHCP assigned the AGV an IP address (Siemens W746-1 NIC 2 IP address)
of 192.168.2.5.

ONAT (network address translation) in this implementation allows virtual devices to use the same

IP address when on the same physical hardware
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Table 6.19: AGV Profibus Addresses List

Device Profibus Address Interface Pur-
pose

Siemens 1512SP PLC 2 Profibus Master

Festo CMMS-ST Drive A 3 Profibus Slave

Festo CMMS-ST Drive B 4 Profibus Slave

6.3.6 IoT Integration

IoT is not the focus of this research; however, the allocation has been made for future

implementation. This implimetation can be done in three possible ways:
1. ToT 2040

As eluded to in the name, these devices are aimed at IoT applications.
Since these are Siemens devices, they can relatively easily be connected to
Mindsphere; a Siemens hosted cloud service. Likewise, a third-party service
such as Ubidots can also be used. Data is sent as outbound connections only
to a cloud-based host. This strategy has a relatively small attack surface

due to IoT interaction being done via a cloud-based dash panel rather than
the AGV itself.

2. Windows/Linux API

The Windows or Linux VM on the IPC can host a service that sends data
to a cloud service via an API. Either Mindsphere or Ubidots could be used.
Data is sent outbound connections only to a cloud-based host. This strategy
has a relatively small attack surface due to IoT interaction being done via
a cloud-based dash panel rather than the AGV itself.

3. S7-1500 Webserver

Siemens s7-1500 range PLCs can host a web server, with either a custom
web page or a prebuilt Siemens one. When data is accessed over the inter-
net, the actor in question will be accessing services on the physical AGV.
This strategy means that, to some extent, inbound connections and port-
forwarding on the Pfsense firewall will have to be enabled. Such a system
makes this type of IoT interaction very risky as an improperly configured

firewall that allows inbound connections can provide an avenue of attack
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for malicious actors. This approach is not recommended due to its large

attack surface.

Whether the device is directly accessed from the internet or if the information is ac-
cessed via a cloud-based dash panel, appropriate rules and port forwarding must be

implemented in the AGV’s Pfsense router.

6.3.7 Drive System

As mentioned in the previous sections and chapters, the AGV has two traction motors
and two steering motors. The traction motors are two Siemens V90 servo motors,
while the steering motors are a pair of Festo CMMS-ST stepper drivers. The electrical

configuration of these drives is explained in the sections that follow.

6.3.7.a Traction Motors Electrical Configuration

The wiring of the traction motors is shown in figure[6.25] Figure shows both drives
in the system along with essential connections. Connections not used in the AGV’s
installation were omitted to simplify the diagram. For example, only pin 17 and 18
are illustrated in the I/O cable connections (X8) as these were the only connections

implemented.

Pin 17 and 18 of the I/O cable were used to actuate the third party braking solution
mentioned in figure [P.1] the installation of this system is illustrated in figure [6.21] as
part of the STO circuit hence it was not repeated in figure [6.25]

For clarity, striped cables in figure represent bus or standardised multi-core cables.

F1 and F2 in diagram are both 6A class C circuit breakers used to cut the 220

V AC power to the drives should an electrical fault occur.

The wiring diagram shown in figure [6.25 was developed using the Siemens application
notes titled "SINAMICS V90, SIMOTICS S-1FL6 PROFINET (PN) interface: Getting

Started" [78]. The wiring diagram from the application notes can be found in appendix

[Pl
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Figure 6.25: Electrical Installation of the Siemens V90 Servo Drives
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6.3.7.b Steering Motors Electrical Configuration

48 VDC

24 VDC

B/ B A/ A

———m DIN4 (PIN2D)
————a& DINS PIN9)
24V (PIN 18)
DIN 13 (PIN 15)
AMONO (Pin17)
AGND (Pin 14)

CMMS-ST

ET200s
M Profinet Profinet -
X1
(XD (X1) =
o
S7-1512SPp @)
ce— |
X6
> {E/
fY\_‘/ ZK+ =] P3)
0'r\:‘_EO VDC Encoder 2 < | B/BA/A
24 VDC (X2) S| & -
5|

| AGND (Pin 14)|

AMONO (Pin 17)
24V (Pin18)
DIN 13 Pin 15)
[—=8 DIN4 (Pin2l)
8 DIN S5 (Pin9)

I/0 Cable
(X1)

CMMS-ST

0VDC

Figure 6.26: Electrical Installation of the Festo CMMST Stepper Drives
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The wiring of the Festo CMMST stepper drive used for the AGV’s steering is illustrated
in figure [6.20]

The temperature sensor CAN bus, and master/slave connectors are not shown in figure
6.20] as they were not implemented in the AGV. Bus networks are represented as a
stripped line. Note that only relevant connections implemented in the AGV are broken
out of the bus connections in figure [6.26]

The Festo CMMST drives do not natively support Profinet or Profibus; however,
Profibus connectivity can be added using a daughterboard fitted to the Drive’s ex-
pansion slot as illustrated in figure .The boards are called CAMC boards by Festo
and support a variety of protocols; although a Profinet CAMC board is available from
Festo, the CMMST range of drives does not support it hence, why the older Profibus
network was employed.

Installation
) Raody
) Bux
B
B .
L 1
-
z Slot Cover
\r Fetaining Screw
T L4 C :'f-:'-I[_
i Slot @
e . * Profibus
. IEI, CAMC Card
\ w e

Retaining Screw
04 Xm

Figure 6.27: Electrical Installation of the Festo CMMST Stepper Driveq'|

The location and purpose of all the connections shown in figure [6.26| are illustrated on
the physical drive in figure [6.28|

HTmage adapted from Festo [76].
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aWlches MASIETD »lave e
S : Interface
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Serial
5233 Encoder
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CAM Bus
) Motor—
L0 Cable - '
5D Card "] =

Figure 6.28: Electrical Connections of the Festo CMMST Drived™]

The RS232 serial connection is used to configure the drives since configuration cannot
be done through Profibus. The IPC is connected directly to this the drive via a serial
cable for this purpose. Note, due to a software bug from Festo, the configuration of
the CMMST drives can only be done via COM1 on any PC. The SD card on the drive
stores configured parameters between power cycles (retentive memory). Thus, it is
essential to manually save the configuration in RAM to the SD card (this is done via
Festo’s FCT software when the drive is connected to COM1).

The configuration and pinout of the connectors illustrated in figure [6.28] are listed in
appendix [Q}
6.4 Chapter Conclusion

This chapter outlined the electrical configuration of the AGV, along with specifying

why certain electrical design decisions were made. This chapter was broken into two

2Tmage adapted from Festo [76].
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primary sections. Firstly, the power delivery section which is responsible for powering
the control systems and supplying power for the tractive effort. Secondly, the control

systems section which specified all of the electronics used for the AGV’s control system.
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7 Safety Evaluation

7.1 Introduction

Any machine that operates near people should be designed in such a way to eliminate
or reduce, as much as feasibly possible, the danger it presents to human beings. Thus,
this chapter will outline steps taken by the author to ensure that the AGV is "safe"
to be used amongst people and what laws and directives were followed to ensure its

compliance.

7.2 Standards and Directives

Safety evaluation of the AGV designed in this report was done according to the EU
Machinery directive 2006/42/EC. Although the AGV in this report was developed in
South Africa, the EU directive was used for the following reasons. Firstly, the South
African standards, SANS (South African National Standards), which are administered
by SABS (South African Bureau of Standards), are often of poor quality and outdated,
with the majority of SANS standards simply being "borrowed" by SABS from the ISO
(International Organisation for Standardization) or IEC (International Electrotechnical
Commission) standards. Secondly, since the EU Machinery Directive is synergised with
the ISO and ITEC standards, any machines built according to this directive will adhere
to the appropriate SANS standard when SABS copies the ISO and IEC standards.
Lastly, any machine built to EU standards will not have issues being imported into
any country in the world as the EU standards are some of the most strict in the world,

and as such, the AGV will likely pass the standards in other countries, such as [43]:
e EN (Europe)
e DIN (Germany)
e JIS (Japan)

189



C-Tick, A-Tick (Australia)

ANSI (United States of America)

UL(C), CSA (Canada)

IEC (International)

ISO (International)

There are three steps to implementing the EU Machinery directive 2006/42/EC on the
AGV. These steps are shown in the process chain, in figure [7.1]

Risk

Verification
Assessment

»

» Risk
Management

Figure 7.1: Implementation of the Machinery Directive

7.3 Risk Assessment

The risk assessment step for the AGV has four steps as defined by the EU machinery
directive [43]:

1. Define machinery boundaries
2. Identify hazards
3. Estimate risk

4. Assess risk

7.3.1 Step 1: Define Machinery Boundaries

The machinery boundaries are listed in accordance with ISO 12100 in the paragraphs
that follow:

Intended Use
e AGV intended for mobility
e AGYV intended for goods transportation

e AGYV intended for both manual control and autonomous movement
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e AGV intended for use in the vicinity of humans
e AGV size 1000 mm x 1700mm
Application Boundaries
e Maximum AC power present: 220 VAC @ 50Hz
e Maximum DC power present: 48 VDC
e DBattery operation only, not to be operated with charging cable attached
e Machine intended for factory use (IP54)
e Temperature range: -5 °C to 50 °C
e Maximum Speed: 1.3 m/s
e Maximum Net Weight: 1000 kg
e Maximum incline: 5°
User Groups
e Operation only by specialist personnel, no laypersons
e Trainees are only to operate the AGV under supervision by specialists

e Operates in the vicinity of factory workers whom must be given safety training

on how to interact with the machine
Time Boundaries
e Not to be operated longer than 3 months between services
Physical Boundaries
e Machine intended for operation only in forklift demarcated lanes

e Not to be operated in areas demarcated for machine operators

7.3.2 Step 2: Identity Hazards

According to ISO 12100, the following risks must be evaluated to ensure compliance:
Cutting, Dropping, Motion, Gravity, Approach and Rotation. This process is sum-
marised in figure [7.2]
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Cutting Dropping Motion

Figure 7.2: Possible Hazards According to ISO 12100 []

The following risk was identified when using the AGV contained in this thesis:
e Crushing risk when payload is load or offloaded onto AGV
e Crushing risk if AGV pins personal against a wall or object
e Pushing risk if AGV collides with person
e Shearing risk if appendages get caught in AGV when moving
e Pulling risk if appendages or clothing caught in AGV when moving
e Abrading risk if individual dragged by AGV
e Cutting risk if appendages caught in drive train
e Shearing risk if appendages caught in drive train
e Crushing risk if appendages caught in drive train
e Electrocution risk if individual touches exposed terminals

e Abrading risk if appendages caught in machinery

7.3.3 Step 3: Estimate Risk

Estimating the risk of a hazard is broken into two parts, namely, the severity of the
risk and the probability of it occurring. This concept is illustrated in figure

Image adapted from ISO 12100 Standard

192



RISK

Severity of
Damage

Figure 7.3: Severity of Risk Components

Severity of Risk
The severity of risk can be summarised as shown in the tiered list:
1. Reversible, first aid necessary
2. Reversible, treat by doctor necessary
3. Broken limbs, loss of fingers
4. Trreversible, death, loss of eye or arm
The Probability of Occurrence

Frequency and Duration of Exposure

e [s there a need to access a hazardous area
e Type of access required and duration of exposure
e Number of people accessing the hazardous area and the frequency of access

Probability of a Hazardous Event Occurring

o Low
e Medium
e High

Probability of Avoiding or Limiting Damage

e Type of movement: sudden, fast or slow
e Qualifications of people

e Risk awareness
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e Reflexes, practical experience

e Mobility, possibility of escape

7.3.4 Step 4: Assessment of Risk

Using the severity of risk along in conjunction with the probability of occurrence, from
section a matrix can be developed per the EU machinery directive 2006/42/EC
and compliant with ISO 12100 as shown in figure [7.4]

Probability of Occurrence

A B C D
Severity of Harm . . Remotely
. Very Likel Likel I babl
ery Ley el Taprobabie Concervable
Irreversible:
- Death
4 e 4C 4D
- Loss of an eye
- Loss of an arm
Irreversible:
3 - Broken limbs ic iD
- Loss of fingers
Reversible:
2 - Treatment by a doctor 2A 2B c 2D
necessary
Reversible:
1
- First aid necessary . 1B 1C —

Figure 7.4: Risk Assessment Matrix]

The risks identified in section were evaluated using the matrix in figure [7.4] to
create table [7.I] Table contains the results of the risk assessments done by the
author.

2Table adapted from Siemens TIA Safety [43]
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Table 7.1: Results of Risk Assessment

Hazard Risk Rating
Crushing risk when payload is load or offloaded onto AGV 3A
Crushing risk if AGV pins personal against a wall or object 4B
Pushing risk if AGV collides with person 4B
Shearing risk if appendages get caught in AGV when mov- 4B
ing

Abrading risk if individual dragged by AGV 4B
Cutting risk if appendages caught in drive train 3B
Shearing risk if appendages caught in drive train 3B
Crushing risk if appendages caught in drive train 3B
Electrocution risk if individual touches exposed terminals 4B
Abrading risk if appendages caught in machinery 3B

Although the severity of harm is relatively high for many hazards, the probability of
occurrence is moderate. The author made this assessment due to the low speed of
the AGV. The vehicle’s top speed is 1.3 ™/s (which is the walking speed of an average
human), which gives people ample time to realise the AGV is present and then move

out of the way.

7.4 Risk Mitigation

Risk mitigation on the AGV involves reducing the risk assessment rating in table
by applying safety devices and strategies to the AGV per ISO 12100 [43]. The steps
to be taken are illustrated in figure [7.5]
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Figure 7.5: Risk Mitigation in Accordance with ISO 12100

7.4.1 Safe Design

Safe design reduces the likelihood of injury to personnel by ensuring the machine is
built in such a way as to minimise access to dangerous sections of the machine. For
the AGV, the risk rating is reduced by applying safe design practices. These practices
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are listed in table ,along with an adjusted safety rating.

Table 7.2: Safe Design: Results of Risk Assessment

Hazard Risk Rating
Crushing risk when payload is load or offloaded onto AGV 3A

e none

Crushing risk if AGV pins personal against a wall or object 4B

e none

Pushing risk if AGV collides with person 4B

e none

Shearing risk if appendages get caught in AGV when mov- 4C

ing

e Ensure there are no snag points on AGV cowling
Abrading risk if individual dragged by AGV 4C

e Ensure there are no snag points on AGV cowling

Cutting risk if appendages caught in drive train 3C

e FEnclose all moving parts inside AGV cowling

Shearing risk if appendages caught in drive train 3C

e FEnclose all moving parts inside AGV cowling

Crushing risk if appendages caught in drive train 3C

e Enclose all moving parts inside AGV cowling

Electrocution risk if individual touches exposed terminals 4D
e Enclose all moving parts inside AGV cowling

e FEnclose all electronics in electronic boxes

Abrading risk if appendages caught in machinery 3C

e Enclose all moving parts inside AGV cowling

In table [7.2] the risk ratings that were lowered are bolded. The reason many of the
risks are reduced to C (improbable) rather than D (remotely conceivable), even when
there is a physical barrier between the individual and the dangerous components, is
because when the access panels are removed, the machine does not automatically shut

down.
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7.4.2 Technical Measures

Technical preventative measures interact with the machine’s behaviour rather than

being a simple barrier or guard. On this AGV, three technical measures were introduced

to reduce the risk rating of the AGV:

1.

2.

The new risk ratings of the AGV, when both the "safe design" mitigations and the

Installing an E-stop on either end of the AGV to shut down the system

Installing two SICK S300 Mini Remote scanners to shut down the AGV if a

person or object enters the "danger" zone

. Implementing a deadman switch on the pendant for use when the AGV is in

manual mode (i.e. when a person is in the vicinity of the AGV)

"technical measures" of this section are implemented, is given in table (7.3

Table 7.3: Technical Measures: Results of Risk Assessment

Hazard

Risk Rating

Crushing risk when payload is load or offloaded onto AGV

® none

3A

Crushing risk if AGV pins personal against a wall or object
e safety scanner shuts down motion when person enters
danger zone

e E-stop shuts down motion when triggered

2D

Pushing risk if AGV collides with person
e safety scanner shuts down motion when person enters
danger zone

e E-stop shuts down motion when triggered

2D

Shearing risk if appendages get caught in AGV when mov-
ing

e safety scanner shuts down motion when person enters
danger zone

e E-stop shuts down motion when triggered

2D

Abrading risk if individual dragged by AGV

e safety scanner shuts down motion when person enters
danger zone

e E-stop shuts down motion when triggered

cont...
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Hazard Risk Rating
Cutting risk if appendages caught in drive train 2D

e safety scanner shuts down motion when person enters
danger zone

e E-stop shuts down motion when triggered

Shearing risk if appendages caught in drive train 2D
e safety scanner shuts down motion when person enters
danger zone

e E-stop shuts down motion when triggered

Crushing risk if appendages caught in drive train 2D
e safety scanner shuts down motion when person enters
danger zone

e E-stop shuts down motion when triggered

Electrocution risk if individual touches exposed terminals 2D
e All circuits are fused appropriately with circuit breakers

e 220 VAC bus contains earth leakage protection

Abrading risk if appendages caught in machinery 2D
e safety scanner shuts down motion when person enters
danger zone

e E-stop shuts down motion when triggered

The risk rating of being injured by internal components of the AGV was reduced in
table [7.3] Since none of the moving parts will be active if someone enters the safety
scanners range, thus, even if a maintenance panel were to be removed and someone
were to stick their hand into the opening, the machine itself would be dead due to the

safety scanners detecting that person’s presence.

7.4.3 User Informed about Residual Risks

The only risk that has yet to be reduced to a green zone (as illustrated in figure is
the risk of crushing fingers or toes when the payload is loaded or offloaded. Mitigating
this is relatively difficult since if a person is allowed to load or offload items manually,
there will always be a risk that they can hurt themselves. The only way to mitigate
this risk is by enforcing operational workplace safety. That includes ensuring workers
wear safety boots and only manoeuvre heavy loads with the appropriate tools (forklifts,
block and tackles, or lift carts).
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Ensuring that workers take these precautions is directly tied to informing the workers
(or, more likely, the safety officer) about this residual risk. If this is done, then the
final risk ratings will be as given in table

Table 7.4: User Informed: Results of Risk Assessment

Hazard Risk Rating
Crushing risk when payload is load or offloaded onto AGV 2C

e (Occupational health and safety observed

Crushing risk if AGV pins personal against a wall or object 2D
e Personnel informed to stay out of forklift lanes
Pushing risk if AGV collides with person 2D

e Personnel informed to stay out of forklift lanes

Shearing risk if appendages get caught in AGV when mov- 2D
ing

e Personnel informed to stay out of forklift lanes

Abrading risk if individual dragged by AGV 2D

e Personnel informed to stay out of forklift lanes

Cutting risk if appendages caught in drive train 2D
e only qualified technicians allowed to open AGV

Shearing risk if appendages caught in drive train 2D
e only qualified technicians allowed to open AGV

Crushing risk if appendages caught in drive train 2D
e only qualified technicians allowed to open AGV

Electrocution risk if individual touches exposed terminals 2D

e only qualified technicians allowed to open AGV

Abrading risk if appendages caught in machinery 2D
e only qualified technicians allowed to open AGV

7.5 Architecture of Safety Functions

Once the AGV has been made appropriately "safe" by implementing the aforemen-
tioned risk mitigation techniques, the techniques themselves have to be analysed to
ensure that they can be "trusted". This analysis is done according to ISO 13849-1, or
[EC 62061 [43].

ISO 13849-1 designates "Performance Levels" (PL a to PL e) to safety systems, while
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IEC 62061 assigns "Safety Integrity Levels" (SIL 1 to SIL 3) to safety systems. Al-

though these are two different standards, they can be interchanged as shown in table
Note SIL 3/ PL e is the highest reliability rating [43].

Table 7.5: PL to SIL Conversion
Performance Levels Safety Integrity Level Reliability

(ISO 13849-1) (IEC 62061) [Faitures/hour]
PL a 1075 to 10~
PL b SIL 1 3 x 1076 to 107°
PL ¢ SIL 1 1076 to 3 x 10
PL d SIL 2 107 to 10
PL e SIL 3 1078 to 1077

The methodology for determining the PL and SIL rates are is given in figure [7.6] and

figure [7.7] respectively.
Frequency/
Duration of Exposure i
Irreversible Injury Frequent to Continuous W8 Hardly Possible 2
Reversible Injury 51 Seldom to More Often | E1 Possible F1 _
Low Mitigation
oogmy PL 2|
[T B
Ls1] - [UEE PL. b
AL |
START PL, c
I oLl
High Mitigation

Figure 7.6: Requirements According to ISO 13849-1F]

3figure adapted from Siemens TIA Safety [43]
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: 1013 | 141015
SIL3 | SIL3
SIL3

Severity of Injury
Irreversible: Death. loss or eye or arm
Irreversible: Permanent, loss of finger
Reverzible: Treatment by doctor
Reversible: First aid necessary
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Figure 7.7: Requirements According to IEC 62061[]

There are two safety systems on the AGV, listed in section [7.4.2] namely the E-Stop
system and the SICK S300 Mini Remote scanners. The SICK safety scanner has a SIL
rating of SIL 2 and a performance level of PL. d. While the E-Stops, which were wired

in 1002, have a SIL rating of SIL 3 and thus an equivalent performance level of PL e.

Although a deadman switch was included in the AGV pendant for manual mode, this
switch is not connected to a safety input on the PLLC and, as such, cannot be considered
"safe". Thus, it does not count towards the safety rating of the AGV.

Table [7.6] describes the SIL rating required from the risk rating in table [7.2] this
was done to ensure that the technical measures taken in section [7.4.2l were done with

components of an appropriate SIL level.

“figure adapted from Siemens TIA Safety [43]
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Table 7.6: Component SIL Level Requirements

Hazard Safe Design SIL
Risk Rating Requir.

Crushing risk when payload is load or offloaded onto AGV 3A SIL 2
Crushing risk if AGV pins personal against a wall or ob- 4B SIL 2
ject

Pushing risk if AGV collides with person 4B SIL 2
Shearing risk if appendages get caught in AGV when 4C SIL 2
moving

Abrading risk if individual dragged by AGV 4C SIL 2
Cutting risk if appendages caught in drive train 3C SIL 2
Shearing risk if appendages caught in drive train 3C SIL 2
Crushing risk if appendages caught in drive train 3C SIL 2
Electrocution risk if individual touches exposed terminals 4D SIL 1
Abrading risk if appendages caught in machinery 3C SIL 2

As illustrated in table [7.6] the SIL rating of most components falls into SIL category
2; there are no SIL 3 requirements. This distribution stems from the low exposure
level (i.e. people should not be in the forklift lanes) and the ease of prevention (i.e.
enforcing the rules where humans are not allowed to walk or stand in forklift lanes). The
riskiest interaction is when the AGV must be loaded or offloaded. The machine must
be stopped to do this at a docking zone. So long as workers say in the appropriate
sections of the dock (areas with physical rails that prevent the AGV from entering
there), they should be safe.

7.6 TIA Safety Report

TIA portal (Siemens PLC programming software) can generate a safety report that
confirms whether or not the fail-safe programming on the AGV meets basic safety

requirements. This report is attached in appendix [R}

7.7 Chapter Conclusion

This chapter analysed the risks associated with the AGV and then mitigated these risks

to a safe level using a combination of safe design, technical mitigation measures and user
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operation restrictions. This analysis was done per ISO 12100. The technical mitigation
components were then analysed to ensure that they met the minimum performance
level or SIL level to be used as technical mitigation. The technical mitigation was
validated per ISO 13849-1 for the performance level evaluation and IEC 62061 for the
SIL evaluation.
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8 Kinematics

Since the mechanical design of this vehicle drive system is so unique, very little previous
work exists to describe the kinematic model, and as such, the kinematic will have to
be generated from first principles. Added design features such as the castor offset on

the drive wheels further complicated this endeavour.

8.1 Introduction to the Drive Philosophy

In order to produce a holonomic vehicle that is not over-contained (i.e. has more
degrees of freedom than is predicted by the mobility formula), using the swerve drive
philosophy, at least three motors would need to be used. Using three motors would

allow for the creation of two 2 DOF system.

8.2 Forward Kinematics & Drive Unit Considerations

The first task to solve in creating a kinematic model is to create the kinematics of an
individual drive unit. Since the traction motors and steering motors share a common
axis, the issue of parasitic motion rears its head as described in section [5.3.5.¢ If only
the traction motor operates at w; and the steering motor is held still (wy), then the
AGV will move forward. However, if the steering motor were to be actuated (w; # 0),

then the traction wheel will rotate as its orientation changes.

There are two strategies for solving this issue. The first is to use a feed-forward con-
troller where an offset is applied to the traction motor angular velocity (described in
section . The second decoupling method is done using a mechanical compen-
sator in the form of a decoupling gear. This idea is described by Yang et al. [79] in the
thesis titled "Decoupled Powered Castor Wheel for Omnidirectional Mobile Platforms".

For this, AGV feed-forward compensation in the software will be used.

Using figure it is possible to create an equation that describes the behaviour of the
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coordinate vector of the drive unit (x, y and rotational velocity of the system) from
the drive unit’s mechanical behaviour (speed of drive wheel and angular velocity of the
steering mechanism), so-called "forward kinematics". These vectors will be described

as 2., and 1y, respectively. The formula for this relationship is given in equation .

Figure 8.1: Coordinates of a Single Drive Unit Castor

77, = By, (8.1)
xZU = C(Coordinate Vector of the Drive Unit
B, = Kinematic Matrix of a Drive Unit
u], = Mechanical Behaviour Vector of the Drive Unit

Equation [8.1] can be expanded to:

Y | = |7rsin(0,) scos(y) (8.2)

Ty rcos(f,) —rsin(f,)
O 0 1

Ws
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T = X Axis Position of the Steering Axis m
Yuw = Y Axis Position of the Steering Axis m
r = Radius of the Wheel m
S = Castor Offset of the Wheel m
0. = Angular Orientation of the Wheel rad
T = Velocity of a Drive Unit in the x Direction m/s
Yw = Velocity of a Drive Unit in the y Direction m/s
W = Angular Velocity of the Wheel rad/,
W = Angular Velocity of the Steering rad/,
Equation gives the following component equations:

Ty = 17 €08 (B )wy, — Ssin (0 )ws (8.3)

Yo = 18I0 (0 )Wy + 5 €08 (O, )ws (8.4)

O = wey (8.5)

It is to be noted in equations[8.3] [8.4]and [8.5] that there exist common variables between
all three equations. Thus if equation [8.3] were to be rearranged to give the formula in

terms of "r":

B T Sws sin (0y,)
"= W €08 (By) + ws cos (By) (8.6)

Substituting equation [8.6] into equation [8.4] will yield:

- Loy sws sin (6,,) _
= 0 9 '
Yw (Ww cos (G) + o oS (Qw)) Wy sin (6,) + sw;s cos (O,,) (8.7)

Simplified:
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. Tysin(fy) | sws sin?(6,,)

w T s Qw
cos 6, cos(f) + sws cos(6)
Y €08(0) = Xy sin(By,) + sws sin®(0,) + sws cos®(6,,) (8.8)
S Ywcos(0y,) = 2y sin(fy,) + sws
Substituting equation [8.5| into equation [8.8] will yield:
T sin(By,) — Y cos(6,,) + s0, =0 (8.9)

If the Pfaffian contraint matrix is generated from equation [8.9) as shown in equation
where  is the configuration ¢ = (x4, Yw, 0w) of the point shown in figure
which can be assumed to be derived from a set of loop closure equations that state the

final position of the point q must coincide with the starting point.

A(q)q=0
S A(Q)g = A(Q) [yu| =0
O, (8.10)
—> A(q)¢ = |sin(f,) —cos(6,) s] y:w =0
gw

The velocity constraint given in equation [8.10 <[Sin(9w) —cos(0,) 3]) cannot be

integrated to give a an equivalent configuration constraint matrix. Thus, the system
will be non-holonomic in nature, with equation representing the non-holonomic
constraint of the system. This has the effect of reducing the space of the possible
velocities of the drive unit but does not reduce the space of possible configurations (i.e.

positions in real-space).

8.3 Inverse Kinematics of the Drive Units

In order to control the final behaviour of the drive unit, values need to be calculated for
the steering and traction values. This calculation can be done by creating an inverse

kinematic model for the drive unit from equation |8.1} Thus:

Uy = (By) ' 22, (8.11)



To determine the inverse of B,, in equation (B, "), according to Niku [80] the

following steps are taken:
1. Calculate the determinate of the matrix
2. Transpose the matrix
3. Replace each element of the transposed matrix by its own minor
4. Divide the converted matrix by the determinate

However, B,, is not a square matrix, and as such, the determinate cannot be easily
found. Thus a new strategy must be used called the pseudo-inverse or "Moore-Penrose
inverse" method must be used [50]. According to Dresden [8I] the pseudo-inverse

matrix for B,, € k" can be defined as B, where:

B} = (B!B,) ' B; (8.12)

w

It k = R then the Hermitian transpose B;, is equivalent to the standard transpose
BT Thus equation becomes:

1

B} = (BLB.) B, (8.13)

Thus using the pseudo-inverse matrix in equation [8.11] in place of the true inverse will
yield equation

iy = |(BLBW) ™ BL] 4

w

T
L cos b, Lsind, 0 _ (8.14)
- s s Yuw
—whsind Fiycosby S| |

As the system is overdetermined [50], it is very difficult to determine values for me-
chanical behaviour vector (u_{u) Thus to generate a stable solution for the desired
coordinate vector (:1:_{”), we can reduce the number of controlled coordinates of the co-
ordinate vector by the number of non-holonomic constraints [50]. Since equation
has only one non-holonomic constraint (i.e. one formula), the coordinate vector can be

reduced by one term to give a system that is not overdetermined.

As euclidean space is easier to work with the rotational term in equation [8.2] will be
released (i.e. control of the term 6, will be given up). This will change equation
into the form given in equation [8.15}
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Typ|  [rcos(By) —ssin(@y)| |we
[y'w] B [Tsin((%) scos(Qw)] L)s] (8.15)
Thus,

Tywo = BwOUw

) 1 1 (8.16)
O = — =2y sin(0,,) + =y, cos(6,,)
s s

Where in equation , 0,, is an internal variable that is described in terms of z, and
Y thanks to the non-holonomic constraint discovered in equation [8.9 If the inverse
kinematics for the new equation described in equation is evaluated utilising the
four rules defined by Niku [80] and given previously in this section, then equation m
will result:

N 1n
Uy = BwO Lwo

L cos(b,) %sin(@w)] [mw] (8.17)

—Lsin(0,) Lcos(0w)| |Yuw

If equation is used, the drive unit should accurately reproduce the behaviour of
a castor wheel; this was also proposed by Wada et al. [50]. Thus, there should be
no conflicts between the behaviour of the driven casters in the "drive units" and the

uncontrolled casters in the "castor units".

8.4 Kinematics of the Swerve Drive AGV

The kinematic model can be expanded to control the entire AGV using the kinematic
models developed for the drive units. Since the AGV only has two drive units, only
these units’ wheels will be considered in the model. The uncontrolled castor units will
be ignored. The AGV has a total of 3 DOF (degrees of freedom), two in translation
(in the x and y direction) and one in rotation (about the z-axis); see section for
more clarity. Given the available 3 DOF, the AGV will need at least two drive units to
control the body of the AGV relative to the universal origin. As previously mentioned

in this thesis, the AGV will have the bare minimum of 2 controlled drive units.
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Figure 8.2: Coordinates of the AGV and It’s Two Drive Units

The AGV’s body and two drive units are represented in figure Note that this
diagram does not show the actual physical layout of the vehicle but rather a simplified
layout with the drive units assumed to share a common axis, in this case, the y-
axis. This simplification is done to simplify the mathematics as the distance between
the wheels will not need to be broken into x and y-components. This choice can be
justified as the AGV is an omnidirectional vehicle whose front or positive x-axis is
entirely arbitrary; thus, a front is designated later (which it will be). The vehicle
axis can be rotated by a determined amount about the z-axis using a transform. This

simplification was proposed by Wada et al. [50]

In figure .2, the two drive units are labelled A and B; the origin of the AGV is set
at the midpoint between the two drive units, which are spaced a distance "W" apart.
Since each drive unit receives an z7, and 7, component of a control coordinate vector,
it is necessary to differentiate between the two coordinate vectors. This adaptation is

defined in equation [8.18
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Ty

a

b
y'wa
Wy

a

Wy

Ty = Lq
Ty, = T
Ywa = Ya
Yuwy, = Yo
Wy, = ga
Way, = gb

Velocity of Drive Unit A in the x Direction
Velocity of Drive Unit B in the x Direction
Velocity of Drive Unit A in the y Direction
Steering Angular Velocity Drive Unit A
Steering Angular Velocity Drive Unit B

(8.18)

7“cwl/S

rad/S

The forward kinematic equation to describe the AGV body, as shown in figure 8.2} is

given in equation [8.19}

Ty = Byt

(8.19)

The equations of motion for the AGV’s body, which are necessary to develop matrix

B, in equation [8.19 are developed with the aid of the free body diagram shown in

figure [8.3]

Xp

AGYV Direction
Xy

Xa

Figure 8.3: Free Body Diagram of the AGV and It’s Two Drive Units
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Equation of motion for translation in the x-direction:

Ty = T + T (8.20)

Equation of motion for translation in the y-direction:

Equation of motion for rotation about the z-direction:

6, =0, =0, —0,
Ty Yy

Vzq

+0 (8.22)

Vya

= AGV centroidal angular velocity due to x-component velocity of drive unit A

0

0s,, = AGV centroidal angular velocity due to y-component velocity of drive unit A

491,.% = AGV centroidal angular velocity due to x-component velocity of drive unit B

61,; = AGV centroidal angular velocity due to y-component velocity of drive unit B
b

Where:

: 9
Ov,, = Za cos(6,) (W)

. 2
Ov,, = Yasin(6,) (W)
: . 9
Ou,, = —T cos(6,) W
: . 2
Ou,, = —ypsin(6,) W

The equations of motion developed in equation [8.20] equation [8.21] equation [8.22] and
B.23] are utilised to generate matrix B, in equation [8.19] to give equation

(8.23)

) Tq

Ty : 0 : 0 ;

Yo | = 0 3 0 L N (8.24)
s X

0, % (cosB,) % sin(6,) —% cos(f,) —% sin(6,) y:
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The inverse matrix for B, is not square, so once again, the pseudo inverse will have to
be calculated as described in equation and equation Thus:

u_;) = (Bv)il f;)

- |(BYB,) " B 4 (&2

Using the online mathematical tool Wolfram|Alpha [82] the pseudo-inverse matrix can
efficiently be found, as recorded in equation [8.26| An extract from the Wolfram|Alpha
Website can be found in the appendix [5

Ty = cos(0, ,
: 10 Weos(d
Ly
. o 01 Ysin(4,
i, = | % = @) 11, (8.26)
T 1 0 —=%cos(0, :
. o 0y
b 0 1 —4-sin(6,)

8.5 Control System Strategy

To control the AGV using the previously developed kinematics, it is necessary first to

develop a strategy to implement them.

|High Level Controller

Manual Control

|Vehicle Kinematics|

|Caster A Kinematics | | Caster B Kinematics |
Ow O

[Parasitic Correction] [Parasitic Correction]
Owg¥ ¥ s Ows \ZoN

@ @

© ©

Figure 8.4: Control System Strategy

From equation it is possible to generate the velocity vectors for drive units A and
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B from the desired AGV’s x, y velocities and angular velocity. These values can be fed
into the appropriate drive unit to control accurately each unit’s desired wheel angular

velocity and steering angular velocity. This idea was graphically explained in figure

B4l

8.6 Chapter Conclusion

This chapter outlined the kinematic model needed to make the AGV function. The
forward kinematics allows the high-level control system or manual control system to
drive the AGV by sending an x-component velocity, y-component velocity and yaw
rate for the centroid of the AGV. These values are translated into a steering speed
(not position) and traction speed of each of the two drive units. A reverse kinematic
model was also created to deduce the position and orientation of the AGV through

integration.
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9 Programming and Future ROS In-

tegration

This section mainly focuses on the PLC code needed to operate the AGV. Included
in this chapter is a small section on how it attaches a higher level ROS system to the

AGYV, but this implementation is outside the scope of this research.

9.1 Programming Overview

The control loop strategy described in figure is expanded upon in this section to
make this system functional with real-world code. The control kinematics in section
will also be reduced down to a set of formulae that can be implemented in a PLC. The

control loop in the AGV is illustrated in figure 9.1}
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v
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O
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[X"‘act Yaget Xbact ybact]
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kinematic equations)

. . . T
[XVact Yvact 6"z1ct:|

—){ still need 0, for calculations |

J

T
[XVact Yvact 6"z1ct:|

Figure 9.1: Kinematic Control Startergy

Since the AGV is a complex machine with multiple controllers, each section will revolve

around a different controller. The primary controllers in this system are:

Siemens s7-1512SP PLC

Software PLC on the IPC427E
WinCC SCADA system on [PC427E

Siemens Sinamics V90 Servo Drives

e Fetso CMMS-ST Stepper Drives

Note: due to the complexity of the code, no code will be included in this chapter.

Instead, it will be included as appendices for each controller with the description of

operation included in this chapter.

The code used on this AGV is written in five languages; however, the number of

languages used on this PLC will likely increase to seven when ROS is implemented. A
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breakdown of the languages used is listed in the sections that follow:

Ladder (LAD)

Ladder code was used on the IPC and PLC for basic code operations. Ladder is a
straightforward language to troubleshoot, so it was used for much of the basic coding.
It also works on an assignment principle rather than a set/reset principle like most

higher-level text-based languages making it appropriate for use with a PLC.

Structure Control Language (SCL)

SCL is a Siemens proprietary language similar to C++ in syntax and functionality.
This language was used in the PLC and software PLC whenever complicated code
needed to be implemented. SCL has the advantage of implementing complex structures
and algorithms; however, it is difficult to troubleshoot (compared to Ladder) and is
considered a dark art by most technicians (only really be understood by programmers
and engineers). This complexity makes routine maintenance on machines that only use
SCL complex for most factories without a qualified code jockey; thus, SCL was used

sparingly in the research project.

S7-GRAPH

S7-GRAPH is another Siemens proprietary language (other PLC manufacturers have
similar languages). GRAPH is a language developed to control machines with a defined
sequential process. When a machine enters a defined step in the process, only the
variables associated with that step will be read or written; any variables outside of
that step are ignored even if they change behaviour. Essentially the language is a finite
state machine that can be compiled. This language was used on the IPC and PLC
for wheel alignment, booting the system, and shutting down the system. All these
processes have a definite sequence of steps to be executed in a known order. Although
this language is foreign to programmers, it is well known by engineers and technicians,

making it appropriate for factory machines.

VBScript

VBScript is a Microsoft language. This language is the preferred language for SCADA
scripting, and as such, it was used primarily in the WinCC SCADA system that runs on
the IPC. The author also used the language to run custom commands on the Windows

7 VM on the IPC.
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BATCH script

BATCH scripting is a Microsoft language used only on the Windows 7 VM of the IPC.
The author used this language in conjunction with VBScript to control the Windows
OS via Powershell.

Python

A high-level interpreter language. This language is to be used (not implemented at the
time of the report) to create ROS nodes. Thus, it is to be used with a future Debian-
based Linux VM (the author would recommend either Kubuntu or PopOS) that runs
alongside Windows 7.

C++

C++ is a compiled language that can be used in place of Python to create some
ROS nodes. Since C++ is compiled, it will be more efficient than equivalent Python
code. However, it will take longer to implement due to do the fact that it needs to be

compiled.

The AGV has seven operation modes; these are summarised in table [0.1]
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Table 9.1: AGV Modes

Mode Description
Auto Mode Receives centroidal data from ROS system
Manual Mode Calculates centroidal data from analog "accelerator", ana-

log "steering wheel" and analog "strafe direction lever" on

pendant

Commissioning Mode Allows for jog of individual motors using dip switches on

pendant & accelerator for direction/ speed

Homing Mode Cannot be controller by user, evoked when AGV boots or

when "home wheels" selected from HMI

Move Units (HMI only) Similar to "commissioning mode" but run from HMI

rather than pendant

Move AGV (HMI only) Similar to "manual mode" but run from HMI rather than
pendant

Testing Mode Cannot be controlled by user, uses recorded data from
previous "manual mode" to control the AGV. This mode
is used to repeat the exact input condition to the AGV

in-order to repetitively test its response

"Centroidal data", in table refers to the x-component velocity, y-component ve-
locity and yaw rate of the centroid. The kinematic model calculates the behaviour of

the steering and traction motors from this data.

9.2 PLC Code

The Siemens PLC s7-1512SP is the low-level controller for this system. It is responsible
for actuating the drives per the desired motion of the centroid of the AGV.

220



9.2.1 Overview

In Siemens’ TTA Portal, there are four code blocks available. These are Organisational
blocks (OBs), Functions (FCs), Function Blocks (FBs) and Data Blocks (DBs). OBs

are used to control the behaviour of the PLC’s operating system as, unlike microcon-

trollers, the programmer does not have access to edit the OS. These OBs include boot

OBs, cycle OBs (runs user code) and interrupt OBs. FCs contain code but have no

static memory; only temporary variables can be used. FBs contain static memory.

Finally, DBs are blocks that only contain static variables.

The program was ordered into folders in TIA; this was done to simplify the code layout

and make maintenance more manageable. These aforementioned folders are:

00.
01.
02.
03.
04.
05.
06.
07.

08.

Global DBs Variables that must be accessed in multiple blocks

Wheel Alignment Code that homes steering mechanism

Modes Code to select modes as given in table

Safety Safety compliant code

IO Control FCs that pass/receive variables to the physical 10 via DBs
Analog Steering Pots Code to process € scale raw analog values
Indicator Controls Controls for indicator LEDs, Stack Lamps, Sirens, etc.
Commissioning Mode Generates control vectors for commissioning mode

Manual Mode Generates control vectors for manual mode from pendant

values

09.

Forward Kinematics Generates steering and traction speed values for

motors

10.
Tupt

11.

late
12.
13.

14.

Plant (Motor Control) Sends and receives data from motor control inter-

Reverse Kinematics Feedback from actual motor behaviour used to calcu-

actual centroidal behaviour
Integration Integrates various speed values to get position values
HMI Control FCs that pass/receive data from HMI via DBs

Auto Calibrations Code to calibrate absolute potentiometers and encoders,

activated from maintenance screen on HMI
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o 15.
e 16.
o 17.
e 18.

e 99,

System Shutdown Code to gracefully shut down all systems on the AGV
Time Sync Code to synchronise clocks between devices

Testing Code to run testing mode

Automatic Mode Code to run automatic mode

General Functions General reusable functions such as degrees (°) to radi-

ans converter, etc.

A screen capture of these code folders described previously is shown in figure [9.2]

* [ Program blocks
B ~dd new block
3 Main [OB1]
48 Motor Update [OB31]
3 Pot Processing [OB30]
& Startup [OE100]
3 Testing Cyclic Interupt [OB33]
38 TimeSyncWithPLC [OB32]
4 Safety Main [OB123]
¢ [£:] 00 Global DBs
b (5] 01. Wheel Alignment
» [5z] 02. Modes
b [E] 03, Safety
» [£] 04,10 Contral
b [£:] 05. Analog Steering Pots
¥ [%z] 06. Indicator Controls
b [£2] 07. Cornmisioning Mode
b [£:] 08 Manual Mode
b [£:] 09 Forward Kinematics
r r.;:—_=| 10. Plant (Motor Control)
b [E2] 11.Reverse Kinematics
b [£2] 12 Intergration
¢ [E2] 13. HMI Contral
¥ [%:] 14. Auto Calibrations
b [£2] 15. Systemn Shutdown
b [E2] 16 TimeSync
b [£2] 17 Testing
k

r'E_:| 99 General Functions

Figure 9.2: Screen Capture of Code Folders for the PLC

Not all of the code used in the PLC is run as part of the main code loop in OB1 (often

referred to as the "main" in other IDEs). Several systems are run solely as cyclic
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interrupts. The can be seen in figure [9.2] they are:
e Motor Update [OB31] (50ms)
e Pot Processing [OB30] (50ms)
e Testing Cyclic Interrupt [OB33] (25ms)
e TimeSyncWithPLC [OB32] (60s)

"Main [OB1]" is the cycle (not to be confused with cyclic) block, and "Startup [OB100]"
is the boot code. Since all of the interrupt OBs are cyclic OBs, their cyclic time was

listed in curved brackets in the previous itemised list.

OB1 is the cycle OB and is responsible for running non-time deterministic code, which
is the majority of the code. Since OBI itself does not run on a deterministic time
scale but will instead run at the fastest possible CPU cycle speed. This cycle time was

approximately 2ms - 3ms.

"Motor Update [OB31]" is responsible for sending the Profidrive telegrams to the V90
servo and CMMS-ST stepper drives. This communication must be time deterministic
and should be at a cycle time higher than the 2 ms to 3 ms of OB1. The cycle time for
this block is 50 ms; due to the operation of the block, the Profi-drive telegram is sent

every second execution. Thus, the update cycle of the drives will be every 100 ms.

"Pot Processing [OB30]" is responsible for reading and scaling the analogue inputs.
Four analogue inputs are read and scaled by this OB. They are the two "endless"
potentiometers used for registering the absolute angles of the steering and the two
analogue signals generated by the CMMS-ST drives, which give the relative steering
angles. The execution cycle of this OB is done every 50 ms, while the sampling is
every 100 ms since the sampling occurs every second execution cycle. The reason that

there is both a relative and absolute measurement for each drive unit’s steering angle

is explained in section [9.2.13]

"Testing Cyclic Interrupt [OB33]" is used to either record or stream the control input
data to the kinematic model of the AGV for repeatability of testing. I.e. the same input
data is streamed to the AGV while the response is recorded to check for deviations
in behaviour. This block has an execution interval of 25 ms, while the actual data is

recorded or streamed every 50 ms (every second execution cycle).

"TimeSyncWithPLC [OB32|" runs every 60 seconds (1 minute) and at each execution
syncs the time with the IPC. The IPC is the time master as it can sync its time using
the windows VM and an internet-based NTP server. This block was depreciated but
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was not removed due to it causing issues when disabled (it will take time to disentangle

it from the rest of the code properly).

9.2.2 Boot

Booting the AGV is a two-step process that makes use of "Startup [OB100]" and
"Main [OB1]". OB100 is used to SET a startup latch. This latch, while true, disables
all other functionality of the AGV except for code in OB1 that controls homing the
steering. OB1 will execute the homing subroutine via the code contained in the folder
"01. Wheel Alignment" (see figure . This code can be viewed in its entirety in
appendix [T] Once the wheel alignment has been completed, this subroutine’s "done"
signal is used to reset the startup latch. More boot actions can be added in the future
with their "done" signal being "ANDed" with the wheel alignment "done" signal to
reset the startup latch.

* [] 01. Wheel Alignment
3 FB Steering Check & Alignment [FB4]
3 FB Steering Initialisation Sequencer [FB157]
k r'E_:, Instance DEs

Figure 9.3: Wheel Alignment Code Blocks

The wheel alignment has two options set from a service screen on the HMI. The first
option sets whether the wheels are orientated (steering) to the front (zero degree point)
or whether the wheels should have the same orientation relative to each other but do
not necessarily need to be oriented to the zero point. The second setting prevents the
wheel alignment code from running a homing sequence. If homing is allowed and the
wheels fail the alignment check, the AGV can move them into the appropriate position.
If homing is not allowed and the wheels fail the alignment check, the AGV enters error
mode, and the steering must be manually jogged into alignment. These settings were
exposed to the user as it allows them to select the most appropriate behaviour for

implementation in their factory.

Due to its relative complexity, the wheel alignment subroutine used a GRAPH language

sequencer and various SCL code blobs, which were called by the sequencer.

9.2.3 10 interfacing

IO interfacing is run using OB1 via the code contained in the folders "04. I/O Control"
(see figure and "13. HMI Control" (see figure . The purpose of the FCs in those
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folders is to provide a layer of abstraction between the actual hardware addresses in
the case of the I/O control or the DB variables passed over the Profinet network in the
case of the HMI. This abstraction layer allows for much easier re-wiring or porting of
code should the physical hardware configuration change. Since the programmer needs
not to hunt down every reference in the code to a specific hardware/HMI address but

rather change it once in these FCs.

w [i] 0410 Contral
3 FC Get Cycle Time [FC162]
& FCInputs [FC101]
3B FC Markers [FC100]
28 FC Outputs [FC102]

Figure 9.4: 1/O Control Code Blocks

= [£z] 13 HMI Contral
4 FC HMI Inputs [FC54]
4 FC HM Outputs [FC55]

Figure 9.5: HMI Control Code Blocks

Interfacing with the indicators on the AGV, such as the moving light and stack lamps,
is done using the code in the folder "06 Indicator Controls" (see figure [9.6)).

« [g] 06. Indicator Controls
28 FB Indicator Controls [FE20]
b [z Instance DBs

Figure 9.6: Indicator Control Code Blocks

The full code for the I/O interfacing can be found in the appendix

9.2.4 Mode Selection

Mode selection is run as part of the main cycle (OB1) and is executed by the code
found in "02. Modes". This block is used to choose one of the operating listed in table
0.1 Tt is also responsible for placing the AGV into ON or OFF mode. The drive train
has been disabled when the system is OFF, but the AGV is otherwise powered. The
AGYV will enter OFF mode after an STO issue has occurred. The system returns to
ON mode once the STO fault has been cleared and the fault has been acknowledged.
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Acknowledgement can be done via either the pendant or button on the AGV. The
"02. Mode" folder is shown expanded in figure and the full code can be found in

appendix [T]

- [i:] 02. Modes
2 FB Power & Mode Contral [FES]
@ Manual Yaw Rate Differentiation iDB [DB7]
b [z Instance DBs

Figure 9.7: Mode Selection Blocks

Once a mode is selected, any code not relevant to that mode is jumped over in OB1,
using the jump command. This jumping was done to save CPU cycle time, as returning
a "false" would take the same cycle time as returning a "true". Hence, it is more efficient

to ignore the code entirely rather than waste time generating the "false" logic result.

9.2.5 Manual Mode

Manual mode allows the operator to control the AGV via the pendant. Three poten-
tiometers are used as control inputs in this mode. The first controls the centroidal
speed of the AGV (this is a magnitude value). The second acts as a sort of steering
wheel which controls the Ackerman steering of the AGV. Finally, the last potentiome-
ter controls the strafe angle of the AGV (essentially, the heading offset). The code
used to control the manual mode is located in the folder "08. Manual Mode" and is
illustrated in figure 0.8 A full breakdown of the code can be found in appendix [T]

* [%] 08. Manual Made
4 FB Manual Mode [FE318]
b r'E_=| Instance DBs

Figure 9.8: Manual Mode Blocks

Both the strafe angle potentiometer and Ackerman steering potentiometer modulate
the speed potentiometer. Combining these three potentiometer values generates three
velocities of the centroid used by the kinematics to generate steering and traction
speeds. These speeds are the x-component velocity, y-component velocity and yaw
rate. See section [5.1] for clarity on these coordinates.
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9.2.6 Commissioning Mode

Commissioning mode allows low-level user control of the four motors on the AGV (two
steering motors and two traction motors) from the pendant. Control of a motor is
selected via one of four DIP switches on the pendant; these switches are interlocked so
that only one motor can be jogged at any given moment. Once a motor is selected, its
speed and direction are controlled via the speed potentiometer normally used in manual
mode. The potentiometer midpoint is designated (in this mode only) as 0 7/min, with
the extremities of the pot designated as max speed counter-clockwise or max speed
clockwise. The code used for the process is contained in the folder "07. Commissioning
Mode", which is illustrated in figure and is fully detailed in appendix

~ [£z] 07. Commisioning Mode
38 FB Commisioning Mode [FB313]
b [£] Instance DBs

Figure 9.9: Commissioning Mode Blocks

The commissioning mode block is also used for the mode "Move Unit" (see table
, an HMI only mode, as this mode performs essentially the same function as the
commissioning mode that is run from the pendant. It acts as a stand-alone mode from
the commissioning mode due to the differences in interaction between the HMI variables
and the pendant variables with the AGV. Thus, it was simply easier to implement it

as a separate mode.

When the commissioning mode is being run, the kinematics are disabled via jump
commands, and the commissioning code directly controls the RPM of the selected

motor.

9.2.7 Automatic Mode

Automatic mode is the default mode that the AGV will attempt to enter when the
AGYV is booted. For safety reasons, the AGV will not begin running immediately
after boot but will enter STO mode and requires the system to be acknowledged before
operations can begin. Acknowledgement can be performed using either a button on the
pendant or the acknowledge push-button located on the AGV’s front. An acknowledge
button was included on the AGV since the pendant can be detached when the AGV is

in automatic mode.

Automatic mode operates by grabbing control information from the software PLC (on
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the Siemens IPC) and streaming it to the kinematic model. The control information
will be generated directly from the SICK NAV 350 to perform "virtual line following"
or generated by the ROS system using SLAM. Either way, the control data will consist
of:

e Centroidal x-component velocity /s
e Centroidal y-component velocity m/s

e Centroidal yaw rate rad/s

9.2.8 Forward & Reverse Kinematics

The forward kinematic block takes the following inputs that were generated by either

the manual mode or automatic mode code:
e Centroidal x-component velocity [SETPOINT| m/s
e Centroidal y-component velocity [SETPOINT| m/s
e Centroidal yaw rate [SETPOINT| rad/s
and translates them to:
e Unit A steering motor speed [SETPOINT] /min
e Unit B steering motor speed [SETPOINT| 7/min
e Unit A traction motor speed [SETPOINT| 7/min
e Unit B traction motor speed [SETPOINT| 7/min

These RPM values are sent cyclically, via OB31, to the V90 and CMMS-ST drives.
Note, both sets of drives accept RPM as the unit of measurement and not rad/s. The
code to perform this function was developed using the mathematics from chapter

and is contained in the folder "09. Forward Kinematics", which is illustrated in figure
9.101

= E 09. Fornward Kinematics
48 FB Simplified Forward Kinematics [FE316]
b [E] Instance DBs

Figure 9.10: Forward Kinematics Blocks

The reverse kinematics block uses the actual values returned from the motor encoders

to develop the actual centroidal x-component velocity, y-component velocity and yaw
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rate. These values can then be integrated to find the AGV’s actual position. They
can also be used in the closed-loop necessary for automatic mode, where the error
between the setpoint and actual values needs to be determined. The code for the
reverse kinematics is contained in the folder called "11. Reverse Kinematics", which is

illustrated in figure [9.11]

w [iz] 11. Reverse Kinematics
3 FB Simplified Reverse Kinernatics [FE320]

b [£:] Instance DBs

Figure 9.11: Reverse Kinematics Blocks

The full code for both forward and reverse kinematics can be found in appendix [T}

9.2.9 Integration

The integration system on the AGV used numeral analysis to approximate the integral
of a set of variables. Since this system uses numerical analysis, any variable to be
integrated must be sampled at a fixed time interval since this process is time deter-
ministic. The two values sets that are integrated are the actual speed of the steppers
and the actual and setpoint yaw rates of the AGV. When these values are integrated
with reference to time, the angle of the steppers and the yaw angle is generated. These
values are beneficial for closed-loop control and general system monitoring feedback
systems. For clarity’s sake, the variables and their integrals are listed in table [9.2]

Table 9.2: Integrated Variables

Variable Integral
Setpoint yaw rate (6, ACT) Setpoint yaw angle (6, ACT)
Actual yaw rate (6, SET) Actual yaw angle (6, SET)

Actual unit A steering angle (6, ACT) Actual angle of the steering (6, ACT)
Actual unit B steering angle (6, ACT) Actual angle of the steering (6, ACT)

Although the steering angle was calculated using integration, this value was never used
and was eventually disabled. It was disabled after a way was found, via analogue
channels, to grab the actual steering angle directly from the CMMS-ST drives. Since
this is a direct measurement rather than one mathematically deduced, it proved to be
more reliable for use with kinematics. The issues with grabbing the actual steering
angle are detailed in the section [9.2.13]
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All code for integration was run via the cyclic interrupt "Motor Update [OB31]" and
is contained in the folder "12. Integration" as shown in figure [9.12]

w [£:] 12 Intergration
3 FB Intergrate Body Yaw [FB3]
3& FB Intergrate Unit Angles [FE2]
r r'E_=| Instance DBs

Figure 9.12: Integration Blocks

The code for these integration blocks can be found in appendix [T}

9.2.10 Safety Systems

The safety code is linked to the safety analysis done in chapter [/} This code is run
as a separate runtime to the standard code called "Safety Main [OB123|", see figure
09.2] Thus, if the standard code goes into stop mode, the safety systems remain active.
OB123 is responsible for executing the safety code, most of which is contained in "Safety
Main RTG [FBO|". This code interacts with the fail-safe IOs on the AGV; in this case,
it is the inputs from the two E-stops, the SICK S300 Remote Minis (via bit-banging
the SICK safety PLC) and the outputs to the drive’s STO terminals. "Safety Main
RTG [FBO]" can be found in the folder "03. Safety", as illustrated in figure The

complete code can be found in appendix [T}

* [i] 03 safety
i safety Main RTG [FEO]
@ safetyMain RTG iDB [DBE1]

Figure 9.13: Safety Code Blocks

9.2.11 System Shutdown

Faults can occur if the system is hard shutdown (power cut) as this can cause corruption
of the Windows OS, issues with the PFsense routing tables and issues with the software
PLC not properly storing retentive variables. To avoid these issues, the AGV needs to
be a soft shutdown. A soft shutdown of the AGV is easier said than done as both the

IPC and PFsense router needs to register a shutdown command.
The shutdown system works as follows:

1. Main isolator on AGV turned to off position
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10.

11.

e 220VAC bus cut
e Inverter told to shutdown via axillary contact 1 on switch
e Control systems now running off of DC UPS

e Auxiliary contact 2 on switch tells PLC that main isolator in off position

. PLC flips router shutdown bit which is shared with SCADA system

e Shutdown timer]l started

SCADA system uses VBScript to open SSH window using PuTTY on Windows
7 VM

SCADA logs into PFsense router via SSH using VBScript, sends "poweroft" com-

mand

. Router begins shutdown sequence

Shutdown timerl elapsed, PLC flips IPC shutdown bit which is shared with
SCADA system

e Shutdown timer2 started
SCADA uses VBScript to call windows batch file to shutdown IPC
SCADA, Windows 7 VM and Software PLC begin shutdown
Shutdown timer2 elapsed, IPC and router are fully shutdown at this point
PLC triggers UPS shutdown via DQ output
UPS shutdown, AGV now fully dead.

All systems are set in boot config or bios (device dependant) to boot "after power

recovery," i.e. when power is restored via activating the inverter using the isolator.

The code for this system on the PLC side is contained in the folder "15. System
Shutdown", which is illustrated in figure [9.14]

7 r'E_:l 15. Systern Shutdown
3 Controlled Shutdown Sequence [FES00]
» [E] Instance DBs

Figure 9.14: System Shutdown Code

The code for this operation was mainly written in GRAPH due to its sequential nature
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and can be found in appendix [T} The VBScripts and batch files can be found in the
sections dealing with the IPC.

9.2.12 Motor Control Interrupt

The "motor control interrupt" is responsible for sending the cyclic and acyclic Profidrive
telegrams to the drives. This process needs to be time deterministic, and as such, a
cyclic interrupt was used, namely, "Motor Update [OB31]" The cyclic interrupt is set to

execute every 50 ms but only updates the telegram every 100 ms due to code operation.

These telegrams send/receive the acyclic words that change the drive’s state. The
telegrams also send the setpoint RPM to the drive and receive the actual RPM as a
response using cyclic words. Though there is a shortfall with the Festo stepper drives,
due to poor implementation by Festo, the relative position cannot be returned to the
PLC from the drive when the drive is in velocity mode (as is the case with the AGV’s
implementation). The relative position is calculated and exists on the drive; only no
provision was made to send this data. The only way the author could retrieve this

value for use on the PLC was by passing it through an analogue output on the drive.

w [i2] 10. Plant (Matar Control)
o MC-Anterpolator [OB92]
2B MC-Servo [0B91]
38 FC Choose Setpoint Source [FC8]
48 FE Main Motar Contral [FE309]
38 FE Unit A Serva [FE312]
3 FB Unit A Stepper Velocity [FE310]
48 FB Unit B Servo [FE308]
35 FB Unit B Stepper Velocity [FE311]
b [£:] Instance DBs

Figure 9.15: Motor Control Interrupt Code

The code of the motor control interrupt is called by OB31 and is contained in the
folder "10 Plant (Motor Control)", which is illustrated in figure and full described
in appendix [T}

9.2.13 Potentiometer Reading Interrupt

Since analogue to digital conversion is CPU intensive, performing this process every
CPU cycle is unwise. Especially if the analogue value’s rate of change is significantly

slower than the CPU cycle time, thus, the processing and conversion of the analogue
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values generated by the potentiometer were only read cyclically, using the cyclic inter-
rupt "Pot Processing [OB30]|" every 50 ms. Measuring the pot values using a cyclic
interrupt also makes these samples time deterministic, simplifying processes such as

integration.

Four analogue values are measured using this cyclic interrupt; they are the two absolute
steering position sensors and the two relative steering position sensors sent by the
Festo CMMS-ST drives. All four channels are configured to use 0..10 VDC as their
measurement range, with the real-world values (in this case, radians) being scaled to
this analogue voltage range. The code for this system is contained in the folder "05.

Analog Steering Pots", as illustrated in figure [9.16]

w [i:] 05. Analog Steering Pots
3 FE Festo A Analog Read [FE163]
3 FB Festo B Analog Read [FB164]
48 FE Pot A Read [FE160]
48 FE Pot B Read [FE161]
» [E] Instance DBs

Figure 9.16: Potentiometer Reading Interrupt Code

A question might be raised as to why it is necessary to capture the relative steering
position when the absolute steering position is known. Capturing the relative position
is necessary due to how the absolute position measurement was implemented. The
absolute position is generated using an endless potentiometer; this was done to save cost
as absolute encoders (when compared to relative encoders) are an order of magnitude

more expensive.

Using a potentiometer as an absolute encoder has two drawbacks. The first is that
there exists a relatively sizeable dead zone when the potentiometer crosses over from
the OV point to the 10V point. Secondly, it was found that the voltage value became
unstable at higher RPMs making the values unreliable. These issues made using the

absolute position unsuitable for feedback into the kinematic control loop.

Since the relative encoder does not suffer from either of these two shortfalls, it was
ideal to use it for feedback on the kinematic calculations. Though there is also an
issue with using relative encoders for position measurement, and that is the fact that
they will lose their start position between power cycles and assume that the 0-degree
position is where were when they are powered "on". This behaviour is not ideal for
a system like the steering mechanism with a definite O-degree position. The relative

encoder is homed using the absolute encoder as a homing reference to solve this issue.
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If the homing is done slow enough and the potentiometer is oriented so that the dead
zone is not at the zero point, the issues associated with using a potentiometer as an

absolute encoder are alleviated.

An issue encountered during testing occurred when the relative encoder’s 0-degree
position was scaled to 0 V, and the 360-degree position was scaled to 10 V. This
scaling causes a crossover from 0 V to 10 V at the steering’s neutral position. Since the
crossover from 0 V to 10 V is not instantaneous, a ramp up/down occurs during the
changeover due to real-world electrical behaviour. The control system interprets this as
a high-speed 360° rotation which causes the steering to vibrate violently. The solve this
issue, the 0-degree position was mapped to 5 V, while the 0 V position was mapped to
the 180-degrees. Although the violent vibrations will still occur if the steering attempts
to hover around the 180° position, this orientation can be locked out in software, and
180° travel can be achieved by reversing the rotation of the traction wheels when the

steering is orientated to 0° instead.

The complete code for this interrupt can be found in appendix [T}

9.2.14 Testing Cyclic Interrupt

Repeatability is needed to generate useful data for analysis. Such data generation is
tricky for a system such as an AGV as each motion, even over the same path, will be
unique. The closest that a system such as this can be to "repeatable" is if the system is
fed the same control inputs (centroidal x-component velocity, centroidal y-component

velocity and yaw rate) over the same path.

This pseudo repeatability was achieved using a cyclic interrupt called "Testing Cyclic
Interrupt [OB33]", which ran every 25 ms. This cyclic interrupt was used to perform

two separate functions.

The first function was to record the raw analogue data from the pendant potentiometers
for speed control, Ackerman steering and strafe angle. This recoding occurred every
second cycle (50 ms interval), and the resulting sample was stored in an array. Since
this recording mechanism records the pendant pots, the testing mode can only use data
recorded from manual mode. The array has 6000 indices, and as such, a recording can

last for a maximum of 300 seconds (5 minutes).

The second function is to stream the recoded data back into the manual mode block
every 50 ms to spoof usage of the pendant. Since this data can be streamed multiple

times into the AGV, the process is highly repeatable.
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The code to run this system is contained in the folder "17. Testing" (see figure
and can be found in its entirety in the appendix [T}

w [Ez] 17. Testing
4 FE Generate Test Data [FET1]

48 FB Run Test Buffer Values [FE72]
r r'E_=| Instance DBs

Figure 9.17: Repeating Test Code
9.2.15 General Functions

The general functions folder in the PLC contains code reused multiple times in different

portions of the control system. These functions are listed in table[9.3]
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Table 9.3: Generalised Functions

Name Description
ALX True ARCTAN [FCT7] Calculates the arc tan of a value, with the

correct sign

ALX_ Deg2Rad [FC2] Converts degrees to radians
ALX Rad2Deg [FC6| Converts radians to degrees
ALX Rad2FestoUnts |[FC3] Converts radians to Festo’s measurement of

angle (65536 ticks per revolution)

ALX Rad/s2PRM [FC1] Converts radians/s to 7/min

ALX_ RPM2Rad/s [FC4] Converts 7/min to radians/s

LGF _DifferenceQuotientFB Preforms differentiation using known time
[FB10004] delta

LGF _Frequency [FB10024] Flips a boolean at a specified frequency
LGF _Integration [FB10043] Uses numerical analysis to integrate variable

sampled at a fixed rate

LGF LimitRateOfChangeAdvanced Limits the rate of change of variable (rate se-

[FB10033] lectable for rise vs fall, + vs -)

LGF LimitRateOfChangeBasic Limits the rate of change of variable (rate
[FB10032] fixed)

LGF_SmoothByPolynomFB Smooths variable using higher level
[FB10005] polynomial

Code contained in table that has the prefix "ALX" was written by the author
of this thesis, while code with the prefix "LGF" was written by Siemens and can be

downloaded from the Siemens Industrial Mall. The contents of "99. General Functions"
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is illustrated in figure [9.18] The code for these blocks can be found in appendix [T}

w [i:] 99. General Functions
48 ALX True ARCTAN [FC7]
4 ALX_Deg2Rad [FC2]
4 ALX_Rad2Deg [FCE]
2 ALX_RadZFestolnts [FC3]
4 ALX_Radis2RPM [FC1]
4 ALX_RPMZRadls [FC4]
;W ALK _y=mx+c [FC5]
E'a LGF_DifferenceQuotientFE [FE10004]
& LGF_Frequency [FE10024]
4F LGF_Integration [FE10043]
= LGF_LimRateOfChangeAdvanced [FE10033)
E'a LGF_LimRateOfChangeBasic [FE10032]
= LGF_SmoothByPolynemFE [FE10005]
b [Ez] Festo Systemn Blocks

Figure 9.18: General Functions Code

9.3 Software PLC code

The software PLC currently does very little for the AGV’s functionality. The function-
ality that will be implemented is listed in the section to follow and is not within the

scope of this thesis.
There are two mutually exclusive modes that the software PLC will run in.

The first mode will interpret the data coming from the SICK NAV350 (x-position, y-
position and yaw position telegram updated every 100 ms). These values will be used to
run a closed-loop control system that generates an x-centroidal velocity component, y-
centroidal velocity component and yaw rate to follow a predetermined path in memory
(so-called "virtual" line following). The closed-loop part results from the fact that the
low-level controller on the PLC will return an actual X centroidal velocity, actual Y

centroidal velocity and actual yaw rate for error calculation.

The second mode passes the SICK NAV350 raw point cloud data to a Debian VM
running ROS and SLAM for real-time navigation and object avoidance. This VM
will pass the resultant x-centroidal velocity, y-centroidal velocity, and yaw rate data
desired of the AGV to the high-level controller. The high-level controller passes the
data un-edited to the low-level controller. The high-level controller will also echo the

actual values from the low-level control system back to the ROS system to complete
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the control loop.

The code as the system stands (at the time of this thesis’s creation) is listed in figure
and is detailed in appendix [U]

7 r;;:. Program blocks
i ~dd new block
& Main [OB1]
a0 FOB_RTG1 [0B123]
&L+ Main_Safety RTG1 [FB1]
@ Main_Safety RTG1_DB [DB1]
¢ [£z] 00. Global DBs
b 4 System blocks

Figure 9.19: Screen Capture of Code Folders for the Software PLC

9.4 WinCC SCADA

The SCADA system is hosted on the Siemens IPC alongside the software PLC. The
purpose of the SCADA system is primarily to host an HMI that is displayed on the
Mecer A5026 LCD screen. The secondary function of the SCADA is to pass commands
from the low-level controller to the Windows 7 VM. Such as the commands to run the

scripts that gracefully shut down the various components on the AGV.

The Mecer A5026 screen is not a touchscreen and, as such, uses a generic "mini wireless
keyboard & mouse" as its input device (see figure [9.20]). However, this screen can be
replaced in the future with any generic VESA mountable touchscreen.

Figure 9.20: Generic Mini Wireless Keyboard & Mousdﬂ

The following screens were included in the HMI:
1. Alarms [Alarms|

2. Battery Unit |BatteryUnit]

Image adapted from the public domain
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3. Calibrate Analogs |CalibrateAnalogs|
4. Choose Orientation Mode [ChoseOrintMode]
5. Home [Home]

6. Jog Choice [JogChoice|

7. Jog System AGV [JogSysemAGV]|

8. Jog System Units [JogSystemUnits|

9. Main [Main|
10. Router Webpage [RouterWebpage|
11. System [System]
12. Test Runner [TestRunner|
13. Wheel Orientations [WheelOrientation]

Note: The tags used are listed in square brackets next to the screen name. A screenshot

of the folder containing these screens is shown in figure [9.21]

= rfj Screens
“"‘ Add new screen
[] Alarms
[] Batternit
[] calibrateAnalogs
[] choseCrintMode
F_| Home
[] JogChoice
[] JogSystemAGY
[] JogSystemUnits
[] Main
[] RouterWebpage
[] System
[] TestRunner
[] wheelCrientation

Figure 9.21: Screen Capture of Screens Folder for WinCC

The navigation of the screens is shown in the flow diagram contained in figure [9.22]
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Figure 9.22: HMI Screen Navigation

9.4.1 HMI Screens

The function of each screen is listed in the sections that follow:

9.4.1.a Home

Home is the root screen for the system. I.e. the screen that the system boots on too.
This screen is illustrated in figure Since this is a landing screen, the information
available on it is spartan. This screen is used to navigate to an appropriate screen

using the buttons along the bottom taskbar.
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Wheel
Orienations

Battery

Unit Alarms Exit RT

Jog / Testing

Figure 9.23: Home Screen

9.4.1.b Main

The main screen is the first screen available via the buttons arranged along the bottom
taskbar. This screen is shown in figure As illustrated in figure it is possible
to put both the physical PLC and Software PLC into either RUN or STOP mode using
this screen. The mode of operation can also be set using this screen; the selectable
modes are manual mode, automatic mode and commissioning mode. The remaining
modes mentioned in the PLC code section (section are activated when the user
enters the appropriate screen and are not manually selectable. Finally, this screen
includes "Quick Status" indicators that assist with the operation of the AGV. Many
of these indicators are mirrored by the LEDs found on the pendant. As illustrated
in figure the AGV can be put into ON or OFF mode using the rotary switch.
The position of this rotary switch will automatically update itself to the appropriate
orientation should the push-button on the pendant be used to change the ON/OFF
status of the AGV.
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MAIN GERTRUDE

Soft PLC Explanation Quick Status
The two PLC's in the system can be put in stop or run mode using the controls on the left ; O AGV ON/OFF State
thus it is not necessary to open the AGV to perform this task .

STOP/RUN : O The AGV operatin state (ON/OFF) and the operationg mede can be selected using the panel O System Homing

below. Note that by default the AGV will attampt to start in automatic mode by default.
The status LEDs on the control pendant are mirrored on the panel to the left. Some addtional O Manual Mode

status indicators have been included that are not avaliable due to the limited 10 of the

pendant. O ic Mode

“ -

Siemens s7-1500

O Commisioning Mode

O AGV Moving

- 1 Manual Mode O AGV Steering Error

O Front E-Stop Triggered

O O e ston Trigoersd
O Acknowledge Required
Commisioning Mode
STOP O Router Shutdown Trigger
AGV ON/OFF O IPC Shutdown Trigger

Wheel
Orienations

Main Control Panel

STOP/RUN :

Battery

Unit System

Jog / Testing

Figure 9.24: Main Screen

9.4.1.c Wheel Orientations

The wheel orientation screen is primarily for visualisation. Due to space limitations,

the heading for the screen was concatenated to "wheels", as illustrated in figure [9.25

WHEELS GER DE

Universal Frame AGV FRONT

Drive Unit A
Angle of AGV with reference Steering Orientation
to the universal co-ordinate origin

fiEiagad deg

12/14/2021 12:32:49 PM|

AGV Drive Units

Unit A

Actual Predicted

HRABERE
deg
Reset

#r#a#4#|deg Universal Frame

X Comp Velocity: I:I m/s
Y Comp Velocity: I:I m/s

Drive Unit B
Steering Orientation

L ddidaid deg

‘Choose Wheel Home Calibrate Analog
Alignment Steering Measurments

Battery

Unit B

P

Traction Speed: rpm

Wheel
Orienations

Jog / Testing Unit System

Figure 9.25: Wheel Orientation Screen

This screen shows the real-time angular orientation of the AGV with reference to the

universal fame. Both a predicted (integrated from the set point or desired yaw rate)
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and actual angle (integrated from actual yaw rate) are shown. In addition, the actual
x-component velocity and y-component velocity of the AGV are given. If the user
needs to reset the universal coordinate system to the AGV’s coordinate system, this

can be done using the "Reset Universal Frame" button.

The centre of this screen contains a graphical representation of the AGV, viewed from
above. This screen displays the real-time orientation of the drive unit’s steering and a
numerical degree value. The rightmost section of the screen lists the live speed of the

traction and steering motors, both graphically and numerically, in RPM.

If the user wants to force the AGV'’s steering to home at any stage, this can be achieved
by using the button "Home Steering". The button "Choose Wheel Alignment" takes
the user to the "Choose Orientation Mode" screen, while the button " Calibrate Analog
Measurement" takes the user to the "Calibrate Analogs" screen. Neither of these

screens can be reached outside the "Wheel Orientation" screen.

9.4.1.d Choose Orientation Mode

The screen name is shortened to "HOME MODE" due to size limitations as illustrated
in figure [9.26]

HOME MODE GERTRUDE

Explanation
There are two modes that can be chosen for how the AGV aligns its wheel during startup or when the home steering button is pressed on the previous screen. Option 1 orientates
the AGV's steering to the zero degree position while option 2 checks if they are facing the same direction. If they are facing the same direction then the steering is not orienated
to the zero position. However, if they are not facing the same direction then the steering is homed to zero in the same manner as option 1.
ACTUAL AGV
Run Steering Option 1: Option 2:
Homing Always Home to Zero Home to Same Angle
Home @
Steering Home To Home To
Zero Same Angle
deg
Allow Automatic
= O Q % @
deg

Wheel Battery

Jog / Testing Unit Alarms Exit RT

Orienations

Figure 9.26: Choose Orientation Mode Screen

This screen is only accessible via the screen "Wheel Orientations". It is used to set the

system’s behaviour when the steering is homed. The home steering sub-routine is run
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when the AGV boots or can be manually invoked at any time using the button "Home

Steering" on the screen Wheel Orientations".

Using this screen can determine the type of home the steering will do. The default
is to home and orientates both wheels to zero degrees (rolling axis perpendicular to
the x-axis of AGV, see section [5.1). The alternative mode still homes the wheels to
the zero degree point of the AGV but orientates them with reference to each other
(i.e. the system will move the wheels as little as possible from their current orientation
until they share the same orientation angle). The second mode was implemented to
reduce wheel scuffing. The homing can also be completely disabled from this window.
Provided the AGV is not moved between power cycles, the relative angle stored in
retentive memory should still be valid. However, keeping the homing disabled for a

long time is not recommended as the cumulative error will eventually stack.

9.4.1.e Calibrate Analogs

The name of this screen was shortened to "Calibrate", as illustrated in figure It
is only accessible via the screen "Wheel Orientations".

CALIBRATE GERTRUDE

Explanation

Two analog systems can be reset from this page. These systems include the two i s that the angle of the AGV's drive units and the analog signal
produced by the two Festo CMMS-ST drives that give the relative angle of the drive units.

The potentiometers are only used to home the drive units steering angle. Once the units have been homed the relative position generated by the drive is used to determine the
steering angle of each drive unit. The system was implimented in this fashion as the analog signal from the drives proved to be a more stable and reliable measurement.

Calibrate Absolute Potentiometers Calibrate Festo Analogs
ONLY CALIBRATE THE ABSOLUTE POTENTIOMTERS IF THEY HAVE PHYSICALLY BEEN ONLY CALIBRATE THE FESTO ANALOGS IF THE VOLTAGE OFFSET WAS CHANGED ON
DETACHED AND REATTACHED TO THE AGV! THE CMMS-ST DRIVES USING FESTO FCT SOFTWARE!
1. Use Commisioning mode to align the drive units with the front of the AGV 1. Use Commisioning mode to align the drive units with the front of the AGV

1C Ent:
0 O 1| e | ||| 1| e | 0 5

2. When the drive units are both facing forward PRESS AND HOLD the calibrate 2. When the drive units are both facing forward PRESS AND HOLD the calibrate

button below for 5 seconds wait for the done light to turn ON before release button below for 5 seconds wait for the done light to turn ON before release
T 2 34 0 1 2 34
Lot fot £ Lot ot

Wheel
Orienations

Battery

Unit Alarms Exit RT

Jog / Testing

Figure 9.27: Calibrate Analogs Screen

This screen allows the user to perform two tasks. The first is calibrating how the PLC
interprets the analogue voltage returned from the Festo drives (this voltage represents
a relative angle). This calibration can set any arbitrary voltage returned by the Festo

drive as the zero degree point. The second calibration option allows the user to set
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any arbitrary voltage returned by the absolute steering angle potentiometers as the
zero degree point. This second calibration must be done each time the absolute po-
tentiometers are removed and reattached, as it is improbable that they will be placed

back on the AGV in the same position as before.

Both calibration tasks follow the same methodology. The steering systems are jogged
to the desired position (and checked with a protractor) using the buttons included on
the screen. The user then holds down the appropriate calibrate button until the done

indicator changes to yellow. This procedure can take up to 5 seconds.

9.4.1.f Jog Choice

The "Jog Choice" screen (see figure 9.28)), labelled "JOG/TESTING" in the heading

of the screen, is used to direct the operator to three other screens.

JOG/TESTING GERTRUDE

Explanation

There are two jog systems avaliable through the HML.

The first is direct control of the motors, the user inputs the speed of each motor then jogs them counterclockwise or clockwise. Using this mode the kinematic mode is completely
ignored.

The second is similar to the manual mode of the pendant whereby a speed for the AGV is set rather than an individual motor. The system can be steered in both strafing motions
and Ackermann motions using this mode.

Testing

Jogging

Jog Individual
Motor

Testing Screen

Jog Entire AGV Create and run repeat tests on the AGV

Wheel
Orienations

Battery
Unit

Jog / Testing

Alarms System Exit RT

Figure 9.28: Jog Choice Screen

The screens that can be accessed from here are the "Jog System AGV" via the button
labelled "Jog Entire AGV", the "Jog System Units" via the button labelled "Jog
Individual Motor", and the "Test Runner" screen via the button labelled "Testing

Screen".

9.4.1.g Jog System AGV

The "Jog System AGV" (figure , labelled "AGV JOG", can be used as an alterna-

tive to manual mode using the pendant. In both cases, the AGV is fed a speed value,
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strafe value and Ackerman steering value and moves according to these desired inputs.
This system is much more awkward to use when compared to the manual mode and
pendant since, for safety reasons, the button "HOLD TO MOVE SYSTEM" must be
pressed to move the system. As the HMI is not multi-touch, if the steering or strafe is
to be changed, the user must first release the button "HOLD TO MOVE SYSTEM"
(causing the AGV to stop), change the values and then press the button again. This
interlocking means that the AGV cannot be steered while it is moving; but instead has

to stop, change its steering behaviour, and move again.

AGV JOG GERTRUDE

Explanation
The jog system commands on this page allow the'user te move the AGV in manual mode in case the pendant is missing. Please not that it is PREFERABLE TO USE THE PENDANT for
these actions as using the AGV can quickly lead to the AGV moving out of control. To jog the AGV the command must be set using the controls below. This action will then be
executed for as long as the Jog button is held high.
STEP1 -> STEP2 -> STEP3 -> SCTULAA
1) Put the AGV into full body jog mode, 3) Choose Speed of the AGV, note using 5) Choose ackermann steering speed
using the button below: HMI limits the speed to 0.05 m/s, scale (OPTIONAL) x10E-3 rad/s

is x10E-2 for slider:

1|ro | 3|r|) | sTo
ACTIVATE AGV [T
JOG MODE I
4

4) Choose strafe angle (OPTIONAL):

aaaad deg

2) If the AGV is not ON turn it on using the

button below: Desired Steering Speed

6) Hold Jog button to execute action % @
HOLD TO MOVE SYSTEM

Desired Strafe Angle

Activate Mode First

it deg

Wheel
Orienations

Jog / Testing Alarms Exit RT

Figure 9.29: Jog System AGV Screen

This mode of operation should only be used if the pendant has been removed and is

not available.

9.4.1.h Jog Unit AGV

The "Jog Unit AGV" (figure , labelled "Unit Jog", can be used as an alternative
to the commissioning mode used with the pendant. This mode allows for low-level
control of the individual steering and traction motors. To operate this mode, the AGV
is first placed into the model using the button "ACTIVATE UNIT JOG MODE" once
this is done, the AGV can be placed in run mode (the run mode button only becomes
visible when the mode is active before this the button is locked out and displays the
text: "Activate Mode First"). Once the AGV has been activated, the top slider can
be used to select the desired motor speed; the appropriate motor is then jogged by

holding down an appropriate direction button.
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UNIT JOG GERTRUDE

Explanation

The jog mode on this page makes use of the AGV's commisioning mode to control the individual motors of the system. This jog mode should only be used when calibrating the AGV
or during tests when the WHEELS ARE NOT ON THE FLOOR as the system could otherwise be severely damaged.

STEP1 -> STEP2 -> ACTUAL AGV
1) Put the AGV into unit jog mode, to return 3) Choose motor rpm speed r T 1‘0 JF 710 1f 3r|
to previous mode press button again scale x10E-1: | LI e e B @ %
ACTIVATE UNIT . -
JOG MODE Stepper Unit A Stepper Unit B
XTI <eo
[0 ]e ||« 0] -
2) If the AGV is not ON turn it on using the

button below:

Servo Unit A Servo Unit B

Activate Mode First % @
ccw cw CCW cw

oo I

Wheel
Orienations

Jog / Testing System

Figure 9.30: Jog Unit AGV Screen

9.4.1.i Test Runner

This screen is used to generate tests and execute them at a later stage. Once again,
due to size limitations, the heading on the screen was changed to "TESTING" (as
illustrated in figure [9.31)).

TESTING GERTRUDE

Explanation

This screen is used to create a test condition and to execute it. A test condition is created by activating the test record function, when this is active all the motions performed by
the AGV will be recored after the AGV is put into run mede. The recording will stop when the AGV is either placed into stop moede OR the memory buffer for the recording is filled.
To run a recording simply activate the test running condition and then put the AGV into run mode, the AGV will automatically go into stop mode when the recording is done.

Generate Test Recording Memory Buffer Run Test Recordin Test Progress

= 100% —
STEP 1: Activate Test

STEP 1: Activate Recording

STEP 2: Put AGV into run mode
using pendant

START RECORDING

STEP 2: Wait for Test to Finish ACTIVATE TEST =y

Extra: Abort if AGV is about to
crash

STEP 3: Drive AGV manually
using pendant

STEP 4: Put AGV into stop
meode using pendant:
this ends recording

ABORT

Extra : Abort ends recording
the recording must be
redone if a run test to
be run

READY
— Looetn)

Wheel
Orienations

Jog / Testing Alarms Exit RT

Figure 9.31: Test Runner Screen

The left portion of the screen is used to generate a test. Test generation is done by
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activating the recording using the "START RECORDING" button. This action would
turn the AGV off if it were previously on and places the AGV into manual mode. When
the user turns the AGV back on using the push button on the pendant, the system
will begin recording the relevant input values and will store them in a memory buffer.
The recording will end when the "ABORT" button is pressed, the AGV is placed in

OFF mode, or the memory buffer becomes saturated.

The right portion of the screen is used to run the previously recorded test. Running a
test is done by pressing the "ACTIVATE TEST" button. The AGV will then drive, in
manual mode, using the previously recorded data. It is recommended to first move the
AGYV to roughly the same starting point between tests to prevent obstacles or different

driving surfaces from interfering with the test.

9.4.1.j Battery Unit

This system was not implemented at the time of writing this report; as such, a greyed

out holding screen is shown in figure [9.32

12/14/2021 12:38:21 PM

Wheel - Battery

Figure 9.32: Battery Unit Screen

9.4.1.k Alarms

The alarms screen (see figure 9.33) shows the currently active alarms on the right-hand
side and a historical view of the alarms that have occurred on the left-hand side. A

complete list of all the alarms implemented on the AGV can be found in appendix [V]
section

248



ALARMS GERTRUDE

Historical Current

No. Time Date Status Text Acknowiedge group [P No. Time Date Status Text Acknowledge: group

$ 70051  12:31:56 PM  12/14/2021

Controller HMI_s7-1500: The 0
operating mode of the controller
could not be read.

Error during time synchronization: 0
The system time of PLC
HMI_SoftPLC could not be written.

¢ 140024 12:30:02FM  12/14/2021

¢ 140024 12:30:00 PM  12/14/2021

Error during time synchronization: 0
The system time of PLC
HMI_s7-1500 could not be writt...
Connection disconnected
HMI_SoftPLC, Station 3, Rack 0,
Slot 3.

Connection disconnected: 0
HMI_s7-1500, Station
192.168.18.55, Rack 0, Slot 1.
Assign a password for the 0
Sm@rtServer in the WinCC
Internet Settings applet, becaus...

4 140001 12:20:57 PM  12/14/2021

$ 140001 12:20:57 PM  12/14/2021

$ 380100 12:20:55 PM  12/14/2021

$ 110001 12:29:55PM 12/14/2021 1 Change to operating mode o
‘online’.

$ 70018 12:29:55 PM  12/14/2021 1 User administration imported 0
successfully.

$ 70022  12:29:55PM  12/14/2021

User administration import 0 -

Wheel
Orienations

Battery
Unit

Jog / Testing

Figure 9.33: Alarms Screen

9.4.1.1 System

The system screen displays the built-in diagnostics from the software PLC and s7-
1512F PLC. This screen can also access either PLC’s diagnostics buffer (a log system
for important events in the PLC’s runtime). In addition to hosting the diagnostics
windows, there are also four buttons located on the rightmost side of the screen. The
"Open FCT" button opens Festo’s FCT software as a pop-up window to allow the user
to change the configuration of the drives. Due to poor implementation by Festo, the
configuration of the CMMS-ST drives can only be done through serial COM1. Thus,
a mechanical switcher was needed to physically change over the cable even though the
IPC has three serial ports. This switching was done via the PLC using a digital output
and a relay bank black box.
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DIAGNOSTICS GERTRUDE
_ Extra Functions
ﬁs AGV Open FCT to configure stepper drives, note serial

Main PLC Rack -j 32* cable will have to be manually moved between
5 IPC427E 3 32 CMMS-ST Drives

Open Putty or a webpage to comminicate with the
router

Open Putty Router Webpage
SSH HTTP

Wheel
Orienations

Battery

Unit System

Jog / Testing

Figure 9.34: System Screen

The "Open PuTTY SSH" button opens an SSH window to the router to adjust its
configuration. The router runs PFsense, which is based on FreeBSD; thus, most Linux
commands will not work, and the FreeBSD equivalent should be used. If using the
terminal is beyond the user’s capabilities, an embedded webpage for the router can be
opened using the "Router Webpage HT'TP" button.

9.4.1.m Router Webpage

This screen contains an embedded HT'TP management webpage for the PFsense router,
as illustrated in figure[9.35] Since this screen was printed from the TIA portal software,

the live webpage is not visible.
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ROUTER GERTRUDE

| Explanation User: admin Password: Siemens1200 |
c Qa Q Q

Webpage will appear here

Wheel
Orienations

Battery
Unit

Jog / Testing

System

Figure 9.35: Router Webpage Screen

To idiot-proof the system, the login credentials for the router are printed on the border
of the webpage. Management is only allowed via the LAN; WAN access is blocked to
ensure the system is still relatively safe. Thus even if a malicious actor were to acquire
these credentials, they would not be able to access the system unless they attached
their PC/PG to the LAN side, which requires physical access to the machine.

9.4.2 VBScripts

There are two VBScripts written on the WinCC system. They are the "ShutdownIPC"
script and the "ShutdownRouter" script. These scripts act as brokers to activate scripts
or batch files on the Windows 7 VM.

The "ShutdownIPC" script is used to call the batch file "IPCPowerOff.bat" located in
the Windows 7 directory "C:\ AlexBatchFiles". The called batch file is detailed in the
section [9.5], while the raw code for the SCADA VBScript is listed in appendix [V.6]

The "ShutdownIPC" VBScript script is used to call the VBScript on the Windows 7 VM
called "RouterPowerOff.vbs" located in the directory "C:\ AlexBatchFiles". Details on
the Windows 7 VBScript are detailed in the section [9.5] while the SCADA script can

be found in appendix [V.6
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9.5 Windows 7 VM

The Windows 7 VM was included by Siemens on the IPC by default. Although it
would have been ideal to have had only a Debian Linux machine running on the IPC
(the author is partial to Kubuntu), the Windows 7 VM is necessary to manage the
Software PLC and SCADA system, neither of which have Linux apps. Due to certifi-
cation of safety issues, it is inadvisable to run these tools under something like WINE

(compatibility layer for Linux).

The windows VM also hosts the Festo FCT tool for configuration and management
of the Festo CMMS-ST drives along with "WatchPower", which is a proprietary tool
that interacts with the RCT inverter and displays data such as State of Charge (SoC),
current draw, power draw, and last charge time. It is recommended that WatchPower
be depreciated later as the software is closed-source, and as such, there is no easy
way to grab that data for use in the PLCs. There is an open-source tool called NUT
(Network UPS Tool) which can be used on Debian Linux in its place, which provides

the appropriate means to export the data from the inverter (section [9.9.1)).

9.5.1 IPC Shutdown Code

The IPC shutdown code called by the WinCC VBScript is straightforward. It only
contains the code "shutdown /s /t 20". When run on a windows system, this will cause
the system to shut down after a time delay of 20 seconds. This code was included in
appendix [W] The batch file is named "IPCPowerOff.bat" and is stored in the Windows
7 directory "C:\AlexBatchFiles".

9.5.2 PPFsense Router Shutdown

The PFsense router shutdown is slightly more complex than the IPC shutdown code
as it has to use an SSH window to shut down the router remotely. Since Windows
7 does not natively support SSH (this feature was only introduced in Windows 10),
a third-party application had to be used. The chosen application was PuTTY since
PuTTY is lightweight, FOSS and can store pre-configured connection templates.

The pre-configured PuTTY template created by the author was called "GoldenRouter"
and pointed the connection to the SSH channel using port TCP 22 and IP address
192.168.18.1 (LAN interface of the router). To open this template, a VBScript was
called by the SCADA system named "RouterPowerOff.vbs", which was located in the
directory "C:\ AlexBatchFiles". This script, in turn, opened a batch file in the same
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directory, called "OpenRouterTerm.bat", which contained the code to open and run
the PuTTY template. After the batch file opened the SSH window via the template,
the "RouterPowerOff.vbs" VBScript then pushed the appropriate FreeBSD commands

to the router to shut down the system using the SSH window.

The code for the batch files and VBScripts used in this system can be found in appendix
W1

9.6 CMMS-ST Stepper Drive Configuration

The CMMS-ST drives were configured using Festo’s FCT tool. These drives can only
be commissioned using RS232 communication via a serial port; a shortfall of the FCT
system is that it can only connect to a drive via COM1. Thus, communication cannot
be established if something else is using that port. There is no sensible reason for this
besides the extremely shoddy implementation by Festo. A serial switched box was used

to alleviate this issue, which is actuated by an output from the PLC.

FCT was used to input the physical characteristics of the motor (gearbox ratio, motor
size, etc.). The two significant deviations from a stock configuration of this type of
system were to use the analogue output (0V - 10V) of the drives to register the relative
angle of the steering with the zero degree point set to 5V (explained in section ,
and setting the homing method of the drive to its current position (as "homing" is
done by the PLC and not the drive).

The complete configuration of the Festo stepper drives can be found in appendix [X]

9.7 V90 Servo Drive Configuration

There was minimal configuration done on the V90 drives besides selecting the correct
motor and limiting the maximum allowable speed to 3000 "/min (translates to 1.3 m/s
after gear train). Configuration was done using the Siemens V-ASSISTANT tool. The

results of the configuration can be found in appendix [Y]

The only difference in the configuration of the two V90 drives (Unit A and Unit B)
was the IP configuration. Since the IP configuration of the drives is not set in V-
ASSISTANT but rather in TTA Portal, the configuration files from Drive A and Drive
B were identical in V-ASSISTANT; thus, it is only shown once in appendix [Y]
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9.8 Interface between IPC and PLC

In order to pass safety data via ProfiSafe between the two controllers (PLC and Software
PLC), it was necessary to set up the PLC as an "iDevice". Essentially an iDevice
behaves as both a master and slave device simultaneously. Thus, the PLC will act as
a slave device to the Software PLC and as a master device to the drives and other
distributed 1/0.

To pass safety signals and other data seamlessly between the two PLCs, the following
peripheral I/O was dedicated, as illustrated in figure m

Transfer areas

.. | Transfer area Type Address in 10 contr... #+* Address in l-device  Length

SoftPLC 2 MainPLC ch Q 250..259 =+ |250..259 10 Byte

2 MainPLC 2 SoftPLC D 1250..259 += (250.259 10 Byte

3 Safe SoftPLC 2 MainPLC F-CD Q 260..271 =+ |260..271 12 Byte

4 Safe MainPLC 2 SoftPLC FCD 1272..283 & (272.283 12 Byte
5 <Add new=

Figure 9.36: PLC to PLC iDevice Transfer Areas

9.9 Incomplete Code and Sections

Listed in the following sections are segments of code and objects on the AGV that
still need to be completed to produce a genuinely automatic vehicle. This code and
programming were outside the scope of the research, and as such, its incomplete state
does not affect this thesis but will need to be completed to create a minimal viable

product (MVP) for commercialisation.

9.9.1 Battery Eject

The battery eject code will need to handshake via the WAN to the battery load-
ing /unloading device. When the power management system determines that the bat-
tery capacity is below a predefined threshold, the AGV will attempt to return to the

docking station.

The easiest way to monitor the battery system capacity would be to use the built-in
BMS on the inverter. Information is currently being sent to the Window’s VM from
the inverter BMS. NUT (Network UPS Tool) can be used to interpret this data for
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use with the AGV’s control system. NUT will, however, have to be implemented on
Debian Linux. Usage on Debian is beneficial as it can be hooked into the ROS system
as a ROS node.

Once the AGV has moved into the operational range of the docking station, ROS can
hand off the rest of the procedure to the low-level PLC controller. This controller
will handshake with the docking station and actuate the eject motor as appropriate.
Section describes the docking procedure and mechanism.

9.9.2 AGYV Side IoT 2040

There is an [0T2040 located in the control box of the AGV. This IoT can be used as
part of the battery management system on the AGV by communicating wirelessly to
the [0T2040 inside the main battery unit. This [oT can also act as an [oT gateway to

Mindsphere, a Siemens cloud system targeted at the manufacturing industry.

9.9.3 Battery Management System

In addition to using the built-in BMS on the inverter, it would be advantageous to have
an loT 2040 inside the main battery unit acting as an advanced BMS. This additional
BMS will greatly increase the overall lifespan of the batteries since, at the moment,
the BMS system on the inverter only makes use of the battery voltage to estimate the
SoC (State-of-Charge). This is explained in section ??7. The inverter BMS is unaware
of the actual capacity of the battery bank, the true SoC and the temperature of the

batteries.

A far more accurate SoC value can be deduced if the [0T2040 is used to perform Columb
counting and battery temperature measurement. Advanced BMS can significantly
improve the lifespan of the batteries by preventing over-discharge and overcharging the

battery.

9.9.4 SICK NAYV 350

The SICK NAV 350 was not implemented in the AGV as it was faulty. This NAV
350 was received second hand from another project; however, it was never used in that
project as far as the author is aware. When the author opened the device, none of
the daughter boards was attached to the mainboard via the appropriate ribbon cables.
Whether this was delivered faulty from the factory or was the result of the previous
user is unknown; unfortunately, the device was outside of warranty and could not be

replaced.
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The SICK NAV 350, when it can be afforded to replace, will be used in two modes.
The first mode is virtual line following; the NAV 350 will stream its current coordi-
nates to the Software PLC via telegrams using retro-reflector beacons in the factory;
this is called automatic mode. ROS (on the Debian-based VM) will be used for true
autonomous mode. In this mode, the raw point cloud will be sent to the ROS system

to create a SLAM map for the environment.

9.9.5 ROS integration

Adding ROS to this system was beyond the scope of the thesis. It was only necessary to
ensure that ROS could be implemented. Preparing for ROS integration was achieved
using an [PC and ensuring that the PLCs could communicate with the ROS Master
as a ROS node using UDP.

9.10 Time Synchronisation Addendum

As eluded to in the previous sections, the time synchronisation method was changed
from using a DB (data block) to pass the current time for synchronisation to using a
built-in method only available on Siemens s7-1500 and s7-1200 PLC.

Initially, the time was read from the "time masters" internal clock using a library code
block called "Read System Time" this time was then passed every minute to the "time
slaves" who read the time from the DB and then overwrote their internal clocks with
this time using a library code block called "Write System Time". This method was the
documented synchronisation process for S7-300 and s7-400 Siemens PLC considered

the previous generation or "legacy PLCs".

The author only became aware of the new method after the code skeleton was written,
hence why the previous system has not completely been removed but deactivated. The
new synchronization method is illustrated in appendix [Z] using the connections tab in
WinCC SCADA.

9.11 Chapter Conclusion

This chapter fully described all of the code’s functionality in the AGV, including the
code on both the hardware PLC, software PLC, Windows 7 VM and WinCC SCADA
system. Also described in this section is code outside this project’s scope but would

need to be implemented to create a minimally viable product.
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10 Testing

This section contains the tests used to validate the two-wheel functionality of the two-
wheel swerve-drive system. Calibration of various components had to be performed;

these component calibrations can be found in appendix [AA]

10.1 Test Methodology

10.1.1 Research Validation

The functionality of a four-wheeled swerve drive system has been proven by both
Holmberg et al. [39], and Chikosi [49]. This research aims to prove that a novel two-
wheeled variant works at least as well as traditional four-wheeled variants. To this
end, a set of tests need to be conducted. These tests must prove that this swerve-drive
system should perform the same tasks as a traditional four-wheeled system in a stable

manner.

Previous work on a similar two-wheeled system was conducted by Wada et al. [50] in
1996. Wada et al.’s system lacked both a suspension system and SIL safety system,
the inclusion of which adds significant complexity to the design and makes it utterly

unique.

10.1.2 Test Operation

Four operational tests were performed to validate if the AGV in this research can
perform equivalently to a traditional four-wheeled suspension-less AGV. These tests can
be performed stably by a traditional swerve-drive AGV as validated by both Holmberg
et al. [39] and Chikosi [49].

Thus if this thesis” AGV passes these tests, it proves this thesis’s research goals. The

tests are:
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e Straight Line Test

e Strafe Test

e Ackerman Steering Test
e Combination Test

Each test was run five times, with the average of the five tests used for analysis. Each
of these five repeats contains approximately 6000 samples each. As mentioned in the
PLC programming section (section , the way a test is created is by recording a
set of inputs used to perform movements in manual mode. This recording was then
streamed five times into the control system of the AGV in order to get the system to

reproduce a set of identical motions.
The variables streamed to the PLC were:
1. Pendant speed potentiometer value
2. Pendant Ackerman steering angle potentiometer value
3. Pendant strafe angle potentiometer value
The resultant values that were recorded during each test were:
1. Setpoint centroidal x-component velocity (m/s)
2. Setpoint centroidal y-component velocity (™/s)
3. Setpoint centroidal yaw rate (rad/s)
4. Unit A steering RPM (7/min)
5. Unit B steering RPM (7/min)
6. Unit A traction RPM (7/min)
7. Unit B traction RPM (7/min)
8. Actual centroidal x-component velocity (™/s)
9. Actual centroidal y-component velocity (7/s)
10. Actual centroidal yaw rate (rad/s)
11. Actual unit A steering angle (deg)
12. Actual unit B steering angle (deg)

13. Actual centroidal angle (deg)
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The results of each test are listed in the sections that follow.

10.2 Straight Line Test

The straight-line test locks the steering (Ackerman and strafe) to zero degrees. IL.e.
the AGV is travelling in a straight line. Only the speed potentiometer on the pendant
was used; the other two pots were left in the "neutral" position. This resulted in the

centroid setpoint velocities shown in figure [10.1

Note, in figure [I0.1] the only value that changes is the AGV’s setpoint centroidal x-
component velocity (see figure for explanation of the axes system). The setpoint
centroidal y-component velocity and setpoint centroidal yaw rate remain zero. This

behaviour is expected as the AGV is only moving in the forward ( x-axis ) direction.

This test was started at 0.2 m/s as illustrated in figure m This starting point was
chosen to saturate the AGV’s acceleration, as it would have to jump from 0 /s to 0.2
m/s immediately (obviously, acceleration limits were imposed on using the servo drives
configuration). Next, the system was ramped down to near 0m/s, before being very
gradually being ramped back up to 0.2 m/s. Following this, the speed of the AGV was
ramped up and down three more times, with each successive ramp accelerating and
de-accelerating faster than the last. These ramps are visible as the last three spikes
between time 40s and 55s in figure [10.1] The AGV was run at a fixed speed between
55s and 60s. The test was stopped at approximately the 65s mark.

Figure on next page
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Figure 10.1: Straight Line Test Setpoints
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From the setpoint values developed in fig-
ure 10.1l The kinematic model calculated
the required traction and steering speeds
to ensure that the centroid of the AGV

moved per these desired setpoints.

Since there is no centroidal component
velocity in the y-direction or a yaw rate
caused by Ackerman steering, the steering
motors remain at zero RPM throughout
the entire test. Hence why, these graphs
were not included in the results. The two
traction motors, however, had non-zero

RPMs as illustrated in figure [10.2]

The tractive RPM values shown in fig-
ure [10.2], represent the actual wheel RPM.
This value was determined by reading the
motor encoder’s RPM and dividing this

value by the gearbox ratio.

As illustrated in figure [10.2] the imme-
diate jump from 0 ™/s to 0.2 m/s at the <
1s mark, results in the highest accelera-
tion of the wheels. Both drive wheels go
from 0 7/min to 25 7/min in under 1 sec-
ond (as illustrated in figure [10.2)). After
1 second, the acceleration of the traction
motors will not be saturated, so for the
most part, the curve of the RPM of the
wheels can be matched to the centroidal
setpoint x-velocity curve in figure [10.1}
This behaviour is expected, as when the
steering is not used, the speed potentiome-
ter on the pendant essentially becomes the

setpoint for the wheel speed.
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From the actual RPM of the steering and traction motors, it was possible to use
the kinematic model to calculate the actual centroidal x-component velocity, actual

centroidal y-component velocity and actual centroidal yaw rate.

These results were plotted in the graphs contained in figure [10.3] In figure [10.3] it
can be seen that the actual y-component velocity is zero throughout the test, which is

entirely expected as the AGV travelled in a straight line during this test.

The centroidal x-component velocity is almost an exact match for the setpoint x-
component velocity (shown in figure , which is to be expected as the actual value
should closely follow the setpoint. However, there is a slight discrepancy between
the two graphs at the <1s mark. This discrepancy was where the traction motor
acceleration was saturated, and as a result, there was a delay between when the setpoint
dictated that the AGV should be moving at 0.2 ™/s and when the AGV was moving at
0.2 m/s.

Also of note is the yaw rate graph shown in figure [10.3] One would expect this graph
to be constant at zero, like the setpoint graph in figure but this is not the case.
Since the traction and steering mechanism share a common axis (as explained in section
, rapid changes in the behaviour of the traction can cause the steering mecha-
nism to shift from its setpoint position (zero in this case). The closed-loop control of
the steering mechanism then will quickly bring the steering back to its correct setpoint
position. This behaviour is visible as spikes on the actual yaw graph of the AGV that
correspond time-wise to inflexions of the actual centroidal x-component velocity. These
spikes are highlighted in red on the actual yaw rate graph in figure [10.3] The worst
offender is the spike that occurs during acceleration saturation, named the "Accelera-
tion Spike" the remaining spikes called "Direction Change Spikes" have minimal effect

and are not noticeable in the real world.

10.3 Strafe Tests

During the strafe test, the setpoint speed of the AGV was kept as constant as possible.
The speed pot was ramped up from zero to the point where the tractive wheels were
rotating at 16 RPM (see figure[10.5)). The strafe angle of the AGV (holonomic motion
with AGV’s reference frame remaining fixed relative to the universal frame) was then
adjusted so that the machine was strafing either left or right. Strafing was done using

the strafe potentiometer on the pendant. The sequence of movement is as follows:

e turn anticlockwise 90°quickly then back to 0°quickly
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turn clockwise 90°quickly quickly then back to 0°quickly

turn anticlockwise 90°slowly then back to 0°slowly

turn clockwise 90°slowly then back to 0°slowly

turn anticlockwise 180°slowly then back to 0°slowly
e turn clockwise 180°slowly then back to 0°slowly

The motions described in the previous itemised list will change the ratio between
the x-centroidal component velocity and y-centroidal component velocity. The an-
gle describes the ratio change between these two developed as a result of the strafe

potentiometer setting, which is illustrated in equation [10.1}

Ty = vagv c08(Estrafe) (10.1)

Yo = Vagv Sin(Esprafe)

T, = X centroidal component velocity m/s
Yo = Y centroidal component velocity m/s
vaqy = Setpoint velocity of AGV (from speed pot) m/s
Estrafe = Setpoint strafe angle (from strafe pot) rad

The yaw rate of the AGV will remain zero for this test as no Ackerman steering takes
place, and as such, the reference frame of the AGV will maintain its orientation with

reference to the universal frame.

The setpoint x-centroidal component velocity and y-centroidal component velocity are
illustrated in equation [10.1] along with the zero yaw rate throughout the test. The
results of these measurements are illustrated in figure Note that this test took 2

minutes (120s) to run.

The setpoint values shown in figure [10.4], when fed into the kinematic model, caused

the wheels and steering to move, as shown in figure [10.5] to follow these setpoints.
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As can be seen in figure the trac-
tive (wheel) RPM remains relatively con-
stant after the AGV is ramped up from
zero RPM, with only minor disturbances.
These disturbances coincide with fast
steering motions and are caused by the
traction and steering mechanisms cou-
pling due to their shared axis (see fig-
ure . Coupling only occurs at high
steering speeds as it is at these speeds that
the compensation algorithm’s cycle time is
too slow to compensate correctly. These
spikes are temporary, and the compensa-
tion algorithm will return the speed to
steady-state conditions given time. These

disturbances are highlighted in red circles
on the wheel speed graph in figure [10.5]

On the steering speed graph in figure [10.5]
the steering motions of the AGV have
been highlighted. When enclosed in a red
dotted block, the steering is attempting
to move the strafe direction of the AGV
in a counter-clockwise direction and then
back to zero. The direction is evident as
the AGV’s steering motion (for both drive
units) increases in the positive direction
(CCW id defined as positive), peaks, and
then decreases to zero RPM. This Zero
RPM point represents the steering angle
zenith and the inflexion point where the
steering angle will return to zero (the neg-
ative RPM after this point). The sections
of the graph enclosed in a dotted blue line
represent clockwise motion for the AGV,
as the RPM accelerates in a negative di-
rection, decelerates to the inflexion point

(maximum steering angle

,{; 120

100 105 110 1
I
)
Steering Angle B

1

95

Steering Angle A

65 70 75,7 80
o

55 60

7
80 35 45 50
Time [s]

L)
20 25

F
15

10

o o o o o o o
=22} [ B =] o ] oo
— - 1 —
1

[33(1] 9[8uy 3urrdRlg

Figure 10.6: Strafe Test Drive Unit Steer-

5 67ing Angles



\1 10/ 115
AV
Actual Y Velocity

8
Actual X Velocity

75

50 5560 65 70
Time [s]

30 35

S
25

oA

D
|
[
|
IV‘.u
S T T B
° = S <
[s/un]
A00[A ADY

Figure 10.7: Strafe Test Actual Centroidal

Values

point) then accelerates in the positive di-

rection to the zero degrees angle point.

The motions in the previous paragraph
can be more easily understood if viewed
as an angle value rather than a velocity
value. This analysis can be done with
the aid of figure [10.6] which represents
the steering angles of the drive units with
reference to time. Figure gives the
angle in degrees as measured directly from
the relative encoder on the stepper motors

(multiplied by a gear ratio).

From the actual values produced by the
encoders (both on the tractive system and
steering system), the real-world values
were captured and represented in figure
M0.5l When these values are fed into the
kinematic model in reverse, the actual
centroidal x-component and y-component
velocities can be determined along with
the actual centroidal yaw rate as illus-
trated in figure [I0.7} It is then possible to
compare the actual values to the setpoint
values given in figure [10.4] to determine

the accuracy of the control system.

When comparing the actual (figure
and setpoint (figure centroidal mo-
tion values it can be seen that the actual
value very closely matched the setpoint
value. This result was expected since the
drives were not saturated and were able to
keep their speed in sync with the setpoint
speed.
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The last set of values that need to be examined is the behaviour of the yaw of the
AGYV. These values include the actual yaw rate and the actual yaw angle of the AGV.
In figure the setpoint yaw rate is shown to be zero throughout the test; however,

the actual yaw rate does not remain at zero. This effect is illustrated in figure [10.8]

Although there is plenty of jitter about the actual centroidal yaw rate (as illustrated
in figure [10.8)), this jitter is centralised and balanced around the 0 rad/s point. With
the peaks extending to only 0.017ad/s (0.095 7/min). Thus, this jittery is negligible and

not noticeable under normal observation for the most part.

Of concern, however, is the drift experienced by the yaw angle. This angle should
have remained zero throughout the entirety of the test; however, as illustrated in figure
the yaw angle drifted consistently by approximately 1° every 110 seconds in the
clockwise direction. The yaw angle is produced by integrating the actual yaw rate.
Since the actual yaw rate is relatively consistent about the zero point (see yaw rate
graph in figure , likely, the time interval used for the numerical analysis based
integration (trapezoidal method) is not as stable as it should be. That is to say;
there exists jittery about the sample point times. Stabilising the sample times is not
easy to fix as the cyclic interrupt system (used for the sampling) on Siemens PLCs is

closed-source; the programmer can only set an interval time.

The easiest solution to this issue would be to run the integrated value through an error
correction control loop that used the navigation sensor data (from the NAV 350) to
correct this drift or abandon the integration altogether and only use feedback from the

NAV 350 sensor for the yaw angle.

10.4 Ackerman Steering Test

Ackerman steering involves changing the heading of the AGV (i.e. the AGV’s frame
will rotate relative to the universal frame) like a car. The sequence of motion for this

85 second test is listed in the itemised text:
e hard steer anti-clockwise (left) then return to zero

e hard steer clockwise (right) then return to zero

gradual steer clockwise (right) then return to zero

gradual steer anti-clockwise (left)

continue to hard steer anti-clockwise (left) and return to zero
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e extremely hard steer clockwise (right) and return to zero

During the steering test, the AGV’s linear velocity was kept constant in the x-direction
(relative to the AGV’s reference frame) at 0.9 m/s. This behaviour is illustrated in the
setpoint centroidal velocity graph contained in figure [10.9] Since Ackerman steering is
performed during this test, the setpoint yaw rate, for the first time, is non-zero. The
yaw rate value (figure is determined by the Ackerman steering pot found on the
pendant.

The setpoint values described in figure [I0.9 were fed into the kinematic model by the
AGV’s control system to produce a set of tractive and steering RPMs (shown in figure
. In order to perform Ackerman steering correctly, both the tractive velocity of
the wheels themselves and the steering angle they moved to had to be varied. If only
the steering angle were to change and the tractive RPM of the wheels were to remain
constant, scuffing would occur. Thus, the RPMs of the wheels were varied to produce

a virtual differential effect, as can be seen in the wheels speed graph contained in figure
10.10, The need for a virtual differential is explained in figure [2.12]

To simplify understanding, the motions described in the previous itemised list (for this
test) are highlighted by enclosing them in dotted boxes. Red dotted boxes represent
clockwise steering relative to the universal frame (i.e. the AGV is turning right), while
blue dotted boxes represent counter-clockwise steering relative to the universal frame
(i.e. the AGV is turning left). When interpreting the steering speed, it is important
to note that the speed will "ramp up" for a deterministic amount of time to move the
steering to the desired steering angle. Once this angle has been reached, the steering
speed will drop to zero RPM. The AGV will turn about the yaw until the steering is

"ramped down" to an angle of zero. The "ramp up and "ramp down" is labelled in
figure [10.10] for clarity.

The direction of yaw rotation in figure [10.10| can be determined by establishing which
unit is rotating in a positive direction (for Ackerman steering, the other unit will always
rotate counter to this, i.e. in a negative direction). If the AGV is turning anti-clockwise
relative to the universal frame (i.e. turning left), then the "ramp up" would have been
positive for unit A and negative for unit B. The opposite will be true if the AGV turns

clockwise (i.e. right) relative to the universal frame.
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This steering direction effect is also visible in the wheels speed graph in figure [10.10},
where one of the wheel’s speeds is boosted relative to the other (to create a virtual

differential). The unboosted unit remains at the nominal speed of 12 7/min. For clarity:

Counter-clockwise (left) steering Unit A speed boost
Clockwise (right) steering Unit B speed boost

To prevent scuffing, the RPM of the wheels will have to change to replicate a virtual
differential. This behaviour, however, breaks down when the boost speed reaches satu-
ration (i.e. maximum allowable wheel RPM). When this happens, the non-boosted unit
will also experience a speed boost, as can be seen in the last CCW and CW motions
of the wheel speed graph in figure Note that the last CW (counter-clockwise
motion) attempts to turn the AGV left at such a sharp turning radius for the given
speed that both units’ speed becomes saturated, and the actual and setpoint values

will deviate.

The actual wheel and steering RPM (described in figure|10.10|) were fed into the reverse
kinematic model to determine the actual centroidal x-component velocity, y-component
velocity and yaw rate. These results are represent in figure [10.11]

For the most part, the actual speed values mirror the setpoint values given in figure[10.9]
As previously mentioned, this relationship only breaks down when the traction speed
is saturated. Between the 65 to 75 second mark on the AGV velocity graph in figure
10.11}, minor instability occurs on the x-component velocity. This point was where
the speed of Unit A was saturated, and as such, Unit B’s speed had to be increased
to maintain the desired steering arc. However, even with the minor instability, the
actual yaw rate could be maintained to match the desired yaw rate shown in figure
10.9] However, the system falls apart when both units’ speeds are saturated (between
77 and 83 seconds). At this point the actual yaw rate (AGV angular velocity graph
in figure deviates from the setpoint yaw rate in figure m This deviation is

marked with a red deviation bar in figure [10.11]

The saturation of the steering speed between 77 and 83 seconds also caused the AGV
to inadvertently strafe when it was not supposed to as it could not maintain the desired
steering arc. This behaviour can be seen in figure as the y-centroidal component

deviating away from zero RPM and peaks at the 80-second mark.
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The steering angles of the drive units dur-
ing this test are illustrated in figure [10.12]
It is important to note that the steer-
ing angle does not have the same mag-
nitude but opposite direction as would
intuitively be expected. As can be seen
in figure [10.12] the angles have different
magnitudes. These magnitudes diverge
according to a fixed constant resulting
from the speed of the AGV and the de-
The higher the desired

yaw rate (and thus the tighter the turn-

sired yaw rate.

ing arc), the larger this constant will be.
For more information on why the angles
should have opposing signs when perform-

ing Ackerman steering see section [2.3.4

When the steering angle plateaus at a
non-zero value in figure [10.12] the AGV
will turn at a constant rate relative to the
universal frame. That is to say, the steer-
ing arc of the AGV will remain constant,
and if the steering angle does not change,
the AGV will turn in a circle whose radius
magnitude is determined by the steering

arc/ yaw rate. This is illustrated in figure

10.13l

Nothing prevents the AGV from perform-
ing a full 360° rotation relative to the uni-
versal frame. For figure [10.13] a full 360°
is mapped between -180° and 180°. Thus,
whenever the AGV’s yaw angle crosses
over the 180° mark, it is mapped onto the
opposite sign spectrum. This effect is vis-
ible in figure as a vertical straight
line that jumps from -180°to 180°or vice
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10.5 Combination Test

The combination test combines the three previous tests to check if there is any unex-
pected behaviour when running these different manoeuvrers together. The sequence of

the test is as follows:
e Ramp up to constant velocity (50°max velocity)
e Strafe in the anticlockwise (left) direction then return to zero

Strafe in the clockwise (right) direction then return to zero

Ramp speed up to max speed then back down to 50°
e Ackerman steer anticlockwise (left) then return to zero
e Ackerman steer clockwise (right) then return to zero

Therefore, this test will involve all three control potentiometers on the pendant: the
speed pot, strafe pot, and steering pot. The values of these pots with respect to time
were used to develop the centroidal setpoint velocities and centroidal yaw rate of the
AGV. These centroidal velocities and the yaw rate are given with respect to time in the
graphs contained in figure This test took 2 minutes and 10 seconds to complete
(130s).

In figure the change in linear speed of the AGV are enclosed in green blocks, the
strafe manoeuvrers are enclosed in blue blocks, and Ackerman steering is enclosed in

red blocks.

These three setpoint values (in figure [10.14)), once fed into the kinematic models,
would produce a set of steering and traction RPMs that the tractive and steering
motors would run at. The resultant wheel speed and steering speed, as recorded by

encoders, are given in figure [10.15]

Figure on next page
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In figure [I0.15] the different manoeuvrers are once again highlighted in different
coloured blocks (green = speed change, blue = strafe and red = Ackerman steering).
From this, it is possible to deduce that a speed change will only affect the wheel RPMs,
with both units having the same wheels’ RPM magnitude and sign (see figure ,
the steering RPMs remain constant. When the AGV is strafing to either the left or
right, the wheel speed remains constant, and only the steering RPMs are affected. Both
units’ steering RPMs have the same magnitude and sign during this operation. Finally,
both the steering and wheel RPMs are affected when a manoeuvrer is performed that
uses Ackerman steering. Ackerman steering causes the steering RPMs to have opposite
signs and whose magnitude is a constant scaling dependent on the setpoint yaw rate.
The wheel RPMs during Ackerman steering have the same sign, but one of the unit’s
speeds will be boosted relative to the other to create a "virtual differential". The unit
whose speed is boosted depends on whether the Ackerman steering turns the AGV left
or right (left = unit A speed boost, right = unit B speed boost).

The reverse kinematic model, when used on the actual RPM values recorded in figure
10.15] will produce the actual centroidal x-component velocity, y-component velocity

and actual centroidal yaw rate. These actual centroidal values are given in figure[10.16]

When the setpoint values, in figure [10.14] are compared to the actual values in figure
10.16| they are almost identical except for some minor noise. This effect was expected
as at no point during this test was either the acceleration or velocity of any motors

driven to saturation.

Figure on next page
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The steering angles of the drive units, cap-
tured using the stepper motor encoders
and a gear ratio calculation, are given in
figure [10.17] The angle of the wheels dur-
ing a strafe manoeuvrer is enclosed in a
blue box in figure while during an
Ackerman steering manoeuvrer, it is en-

closed in a red box.

Note in figure that when the AGV
is strafing, the angles will have the same
magnitude and sign. When the AGV is
performing Ackerman steering, the angle
of the wheels will have opposite signs and
will be scaled relative to each other by a
constant determined by the desired yaw

rate, mirroring the behaviour seen in fig-

ure for the steering RPMs.

A change in the setpoint speed of the
AGYV has negligible effects on the steering

angle.

The yaw angle of the AGV is determined
using integration of the actual yaw rate
(from figure and is given in figure
[10.18) The yaw angle measures the angle
between the AGV’s frame and the uni-
versal frame; as such, it will only change
from zero when Ackerman steering is used.
This behaviour can be seen between the
75 to 130 second mark on figure
which corresponds to a set of Ackerman
manoeuvrers during this test. It is im-
portant to note that the yaw angle drift
of 1°every 110 seconds in the clockwise

(negative) direction (discovered in
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section [10.3]) is still present but not notice-
able due to the scale used in figure [10.18]
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Figure 10.18: Combination Test AGV
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10.6 Chapter Conclusion

This chapter contains the calibration and validation tests performed on the AGV. The
calibration tests were used to generate compensation algorithms to ensure that the
measured values from a given sensor matched the real-world values. The validation
tests confirmed that the modes of operation of the AGV performed as expected and

validated the kinematic model used to achieve a two-drive unit swerve drive machine.
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11 Conclusion

11.1 Discussion of Testing Results

This section discusses important observations made from the testing chapter (chapter
. These tests were used to confirm the validity of the design, kinematics and control
system. Confirmation of these tests validates the functionality of the two-wheel swerve-

drive system with an integrated suspension system.

In terms of confirming validity, the AGV behaved as desired for the four tests: straight-
line test, strafe test, Ackerman test and combination test; when the setpoint values of
the AGV were calculated and updated every 50 ms with the speed of the AGV kept
below the specified maximum of 1.3 m/s. The minimum number of control inputs that
the AGV required to achieve omnidirectional operation was three. These control inputs

were:
e Centroidal x-velocity
e Centroidal y-velocity
e Centroidal yaw rate

The system was controlled in the velocity domain, as seen from the listed control
inputs. An attempt was made to control the steering in the position domain; however,

this control strategy proved very jerky and unsuitable for stable operation.
The primary control principles for the system are as follows:
e Velocity in a straight line

If the AGV is to be driven straight forward, then the magnitude of the
centroidal x-velocity is set to the desired linear velocity. The centroidal

y-velocity and centroidal yaw rate are kept at zero.

e Strafe at a given angle and speed
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The strafe behaviour refers to the AGV moving linearly at an angle not
aligned with the front of the AGV (the AGV’s frame of reference will not
change its orientation relative to the universal frame). This behaviour is
achieved by setting the centroidal x-velocity and centroidal y-velocity to a
calculated component magnitude of the desired linear velocity. The mag-
nitude of these components is calculated using the desired strafe angle.
During a purely strafe operation, the centroidal yaw rate of the AGV is

kept at zero.
e Ackerman steering at a given speed

For a purely Ackerman turn where the strafe angle is zero, the centroidal
x-velocity is set to the desired linear velocity while the centroidal y-velocity
is zero. The turning arc radius is determined by the yaw rate of the centroid
coupled with the linear velocity of the AGV.

e Combination manoeuvres

A combination of the previously mentioned operations can be achieved by
superimposing these manoeuvres to achieve a centroidal x-velocity, cen-

troidal y-velocity, and centroidal yaw rate set.

During the tests, it was found that when the acceleration of the AGV was purposefully
saturated or rapid changes between deceleration to acceleration were performed (near
acceleration saturation), the steering angle of the AGV would be pulled off of its
desired angle. The closed-loop control corrected this effect; however, it illustrated that
the shared axis between the tractive and steering systems could cause issues even with
mathematical compensation. However, this issue is unlikely to affect normal operation
as saturating the acceleration or rapidly changing between accelerating and deceleration
in the manner needed to cause this effect will likely damage the payload long before

the coupling effect is noticed. For more details on this issue refer to section [10.2]

The tractive system affects the steering system, but the steering system was observed
to affect the tractive system; this was counter to expectations. This interaction was
shown in the second test (strafe), where the tractive velocity was kept constant while the
steering was actuated. It was observed, in section [10.3], that during a fast steering angle
change, a minor disturbance occurred on the tractive speed. However, this disturbance
was comparably minor compared to the effect that rapid acceleration of the tractive
system can have on the steering system (as previously discussed). This behaviour
is because the steering velocity’s magnitude is significantly smaller than the tractive

velocity. The only way the steering system could have a notable effect on the tractive
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system was when the Ackerman steering velocity was saturated, as observed in section
In this case, the AGV cannot turn at the desired turning arc relative to the
AGV’s linear speed. Thus to compensate for this and maintain the turning circle at

the desired arc radius, the linear velocity decreases.

The last effect of prominence observed during the testing was the drift of the yaw
angle. The yaw angle is determined using numerical analysis’ trapezoidal method to
approximate the integral of the yaw rate. If the sample time is not precisely constant,
then drift can occur. This yaw drift is invisible for most tests because it is so small
compared to the actual yaw angle change. However, during the swerve test (section
10.3|), when the yaw angle remains zero for the entirety of the duration of the test,
the drift can be observed. It is approximated to be 1° every 110 seconds. If the drift
proves to be constant, it could be compensated for by using a compensation algorithm;
however, an extended duration test would have to be run to determine if this drift
is as linear as it appears to be. This issue could also be eliminated by removing the
reliance of this value on integration and instead determining it by using feedback from

the navigation sensor; this concept is discussed further in section [10.3|

11.2 Research Conclusion

To recap, the primary research goal of this project was to produce a novel two-wheeled
swerve drive AGV with an integrated suspension system. Therefore to validate the
research into this system, it must be proved to function in a manner equivalent to a
traditional four-wheeled swerve drive system. Therefore the AGV had to pass the four
tests denoted in the testing section (section [10).

As discussed in section[11.1], the AGV passed all four validation tests and, therefore, can
act as a replacement for traditional four-wheeled swerve-drive AGVs such as Chikosi’s
[49] or Holmberg et al.’s [39] AGV. The AGV was still able to perform omnidirectional

manoeuvres even with an included suspension system; this was due to the unique
mechanism called the "vertical compromiser" (see section [5.3.3.b)).

Since the AGV researched in this project has only four motors as opposed to the eight
found in a traditional swerve-drive system, the cost of implementation of a swerve drive
AGYV could be reduced by as much as 50 %. However, this is closer to 40 % as the
cost of implementing "castor units" in place of the two removed "drive units" is not

negligible.

The AGV is entirely SIL safety compliant, which means this AGV can be directly
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implemented into the manufacturing industry, something Wada et al.’s [50] AGV (sim-
ilar two-wheel swerve-drive idea) was not compliant with and therefore could not be

directly implemented into industry.

Thus, in conclusion, the AGV researched in this thesis is lower cost than a traditional
swerve-drive system while still performing the same tasks and having an integrated
suspension system. These facts make the AGV researched in this paper an ideal candi-
date for replacing traditional swerve drive AGVs in the manufacturing industry, where
omnidirectional capabilities are needed with poor floor conditions. This AGV has the
benefit of being economically viable compared to mecanum wheel AGVs as this sys-
tem has the same number of motors, four in total. Due to the added complexity of
the mecanum wheel, any economic advantages that the system might have at initial

capital outlay (due to a more straightforward gearing topography) are negated.

There are a couple of concerns about this system related to behaviour near motor
speed saturation points. At these points, the control system performs erroneously,
as discussed in section [I1.1} This erroneous behaviour only occurs when the AGV is
operated outside of normal operating conditions and, therefore, cannot invalidate this
AGV as a replacement for the traditional four-wheel swerve-drive system. However,

solutions to this issue are discussed in the improvements section [12.2]

11.3 Technical Objectives Conclusion

The section discusses if the research’s aim, as described in section[I.2] has been fulfilled

and to what degree.

One of the core concepts of this AGV was the idea that the drive units should be
modular. This modularity would allow for easy exchange of faulty units and the ability
to build more powerful AGVs in the future by stacking more of these units on the AGV.
As described in the aim, this modularity goal was achieved since the drive units can
be removed from the AGV as discrete components. They are held in place by a set
of seven bolts, as described in section , with the electrical connections (be they

communication lines or power lines) being terminated in plugs.

It would have been ideal for the control system box and drive unit box to have been
removable. However, this was not a research aim or specification and thus beyond
this project’s scope. An attempt was made to achieve this, as described in the section
, via a set of "I/O plates" that contained a multitude of plugs. This attempt,

unfortunately, had to be abandoned as a short to ground was detected, and after three
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weeks of fault-finding, the short could not be found. Thus, the AGV was rewired from
scratch, and due to time constraints, the multitude of plugs could not be re-soldered
and were replaced with point-to-point connections. This issue does not affect the drive

units that still have their detachment plugs.

The physical separation of the drive units meant that fly-by-wire was the only con-
trol methodology that could be implemented; mechanical linkages between the drive
units would have made them too complex to be "removable". Thus the fly-by-wire

requirement of the AGV was successfully implemented as described in section [6.3.7]

The inclusion of a suspension system ensures that the AGV should be able to work in
factories with suboptimal floors as required in the aims; the complete validation of the

suspension system along with its modelling can be found in section [5.5

The conclusion to the aims for the kinematic model, control system and the two units
swerve drive system requirements are discussed as part of the "Objective Achievement"
section, section [11.4]

The last requirement of the project aim was for the AGV to fulfil the role of an AGC
(automated guided cart) that could be expanded with any number of additional devices,
such as perhaps a robot arm. To fulfil this AGC requirement, a large unobstructed deck
was designed into the top of the AGV to which additional components can be bolted,
see section [0.10] Additionally, the main 220 VAC inverter has an unused capacity of
1.5 kW (39%) (see section for additional devices.

11.4 Objective Achievement

The fulfilment state of the specifications listed section [1.2.1] is listed in table [11.1]
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Table 11.1: Fulfilment of Specifications

Specification Fulfilment Status
The gross mass of the AGV (including payload) will be be- YES
tween 500 kg and 1 000 kg

The AGV will have 4 wheels (two powered and two unpowered) YES
The powered units will have their own drive train and steering YES
mechanism

A basic suspension system is to be implemented YES
The wheel /drive train combos must be modular and removable YES

from the AGV body
The maximum speed of the AGV should be 1.3 m/s YES

The AGV should be able to climb an incline of 5° YES

How the specifications listed in table were fulfilled is detailed in the sections that

follow.

11.4.1 Specification: Gross Mass Between 500kg and 1000kg

The final gross weight of the AGV was 600 kg as developed in section [5.3.4 and listed
in table[5.3] The gross mass of the AGV includes the weight of any potential payload.
The curb/ unloaded weight (bare bones without a payload) is 389 kg. The weight
distribution of the AGV is thus 65% AGV and 35% payload; this is represented in

figure [11.1}]
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Payload
35%

Figure 11.1: AGV Weight Allocation

Determination of the various motors sizes, gearboxes and bearings was done using the
AGYV design tool listed in chapter [ and the calculations that can be found in chapter

11.4.2 Specification: Four wheels, Two Powered & Two Un-

powered

The AGV has two powered units called the "drive units" and two unpowered castor
wheel based units called "castor units". The drive units were arranged diagonally to
cach other with reference to the AGV’s frame as described in section 5.2} The arrange-
ment is illustrated in the block diagram contained in figure (which is repeated in
figure for ease of reference). The final mechanical design of this layout is contained
in the section 5.6
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Drive Unit Control System
Electronics

Power Unit/
Battery Bank

Drive System
Electronics

Drive Unit

Figure 11.2: Final Block Diagram Layout of The AGV

The diagonal placement of the drive units was necessary to prevent the development of
a moment about the centroid of the AGV during a strafing manoeuvre. This concept

is described both linguistically and mathematically in section [5.2]

11.4.3 Specification: Basic Suspension System

The suspension system that was implemented on the AGV was the "Inline Suspension"
system (see section . Since this AGV made use of two different wheel configu-
rations, namely the "drive unit" and "castor unit" configuration, two different inline
suspension systems were designed using a MATLAB model as described in section
0.0.0

The drive unit had to use four springs due to design limitations, with each spring having
a spring co-efficient of 13 462 N/m. With the castor unit, it was sufficient to use two
larger springs, each having a spring co-efficient of 26 924 N/m. No discrete dampeners
were implemented as the relatively high friction provided by the linear guides in this

suspension system provided sufficient dampening.

Since this is a passive suspension system, it can only be optimised for one weight rating.
The further the weight of the AGV deviates from the optimised weight value, the worse
the suspension will behave. The suspension will become more bouncy with less weight
and stiffer with more weight when compared to the optimised weight. The suspension
system on the AGV was optimised for 600 kg (fully loaded), as the author felt that the
AGYV should be most stable when transporting its payload.
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The worst-case scenario for the suspension system was also defined as a bump with a
height of 10 mm maximum and width of 20 mm minimum (see section [5.5.4). Any
bump or obstruction worse than this will cause the AGV to behave outside of desired

bounds.

11.4.4 Specification: Modularity of Drive Units

As discussed in the previous section [I1.3] the drive units are completely modular and
thus can be removed from the AGV’s body with the removal of seven bolts and six
electrical plugs. Three of those plugs are for the traction motor (Siemens S1FL6 servo
motors), two are for the steering motor (Festo CMMS-ST stepper motors), and the last
is for the absolute encoder. The mechanical modularity is discussed in section [5.3.3]
while the electrical connections and the plugs used are discussed in section [6.3.7]

11.4.5 Specification: AGV Max Speed = 1.3 /s

The chosen gear ration, combined with the chosen motors wattage, allows the AGV to
achieve a maximum velocity of 1.3 ™/s with a maximum acceleration of 0.65 ™/s2 (2s to
go from 0 to 1.3 m/s). Although 1.3 /s is the maximum speed the AGV is capable of,
it was found in practice to be rather quick. Thus, most manoeuvres are performed at
0.2 m/s as shown in the tests done in chapter [10]

11.4.6 Specification: AGV Climb Incline of 5°

The AGV was designed to be able to climb an incline of 5°, when fully laden to 600
kg as discussed in section [5.3.4.a] Though the AGV can climb this incline, it was not
designed to accelerate on such an incline but rather maintain a constant velocity. The

AGYV was designed to be able to perform the following operations:
e Constant velocity on a flat surface
e Acceleration on a flat surface

e Constant velocity up an incline

11.5 Chapter Conclusion

This chapter concludes the thesis. It analysed the results in the previous chapter,
"Testing", to find possible issues, confirmed that the design brief has been met and

suggested future improvements and spin-off fields of research.
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12 Improvements and Future Re-

search

12.1 To be Completed (Beyond Scope of Thesis)

This section will list tasks outside this thesis’s scope but will eventually need to be

implemented to complete the AGV fully. These are:
e Battery Eject System

The battery eject system was completed mechanically and electrically but
still requires programming and development of an interfacing protocol to

communicate with a future battery loading system.
e Battery Management

At a bare minimum, the AGV will need to know the charge of its batteries
to trigger a battery change or charging request. The easiest way to achieve
this is via reading the battery status data from the main inverter using
RS232. The wiring for this system has been completed; however, code
implementation remains unfinished; this could be done via NUTS (Network
UPS tool).

e SICK Nav 350 Navigation

To enable the automatic operation of the AGV, the IPC will need to grab
position data from the NAV 350 via Profinet telegrams. A point cloud will

need to be generated from the environment to enable autonomous operation,
which will require time-of-flight from the NAV 350 LiDAR scanner.

e SICK s300 Remote Mini

The two safety scanners responsible for the safety curtain around the AGV
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are not currently operational and need to be programmed.
e ROS integration

Suppose the AGV is to be autonomous instead of simply automatic (virtual
line following). A ROS system needs to be developed on the Debian Linux
VM on the IPC.

12.2 Improvements

The following improvements to the AGV:
e Armour Safety Sensors

Currently, the SICK s300 remote mini safety scanners are exposed on the
corners of the AGV; see section [5.8.2] Although it is unlikely the AGV
would damage these sensors since they would shut down the AGV before a
collision. There is a high probability that they could be damaged by third
parties when they operate in the vicinity of the shutdown AGV. To alleviate
this issue, they should be "armoured" by enclosing them in a cage or sheet

metal pillbox, with only the bare minimum exposed to possible damage.
e Main Battery Unit Electrical Interface Improvement

The current electrical interface on the main battery unit is less than idea,
shown in figure and described in section [5.11.3] since it has relativity
stiff springs. These stiff springs mean the pinion system motor has to work
harder to compress them, requiring more current, which means larger wires,

larger relays and an auxiliary battery unit that can produce more current.
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High Voltage
Isolation Standoffs

Mounting Plate

Ring Lug

Copper Connection Face

Figure 12.1: Main Battery Unit Electrical Interface

The reason these springs are so stiff is a result of the spring wire di-
ameter, which as the sole current carrier between the battery unit and the
inverter, had to be able to carry a maximum of 100A at 48 VDC. If these
springs were made thinner (easier for the pinion system to compress), the
high current drawn through them would cause them to heat up, damaging
the spring temper and possibly melting or igniting surrounding insulators

and components.

It may be possible to decrease the spring wire diameter by providing
an alternative path for the current to flow. It is the author’s idea that a
braided mesh (similar to those used for flexible busbars, see figure
could be placed inside of the spring connecting the copper connection face
(see figure to the ring lug connection plate.

Figure 12.2: Flexible Copper Braided Busbalﬂ

e SSR Cut-Out for AGV Battery Bank

Image taken from public domain
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The inverter is shut down via a digital I/O from the PLC (PLC powered
by DC UPS) to exchange the battery unit. It would be ideal if, in addition
to the inverter shutdown, the 48 VDC connection between the inverter
and the battery unit was physically broken via a high amperage contact or
Solid State Relay (SSR). To this end, the positive 48 VDC cable between
the inverter and battery bank passes through an empty enclosure to house
this contact. This housing also has its’ rear exposed to the bare metal of

the AGV’s aluminium skin to provide a heat sink for an SSR.

12.3 Additional Research

Additional research projects that can be done as undergraduate or master’s degrees:
e Direct Drive Wheels

Currently, the AGV’s traction and steering system share a common axis.
This common axis presents issues (as seen in the testing section) where the
two systems will influence each other even with an algorithm to compensate
for this. The easiest way to eliminate this issue is to attach the tractive
motor directly to the drive wheel, skipping the common axis. This design
will require research into compact high ration/high torque gearing, and
high current slip rings to power the motor. The gearbox issue could be
solved using a cycloidal drive which has recently (circa 2021) become more
accessible on the market thanks to its use in modern robotic arms such as
the Universal Robotics UR10e COBOT and the Chinese Dobot CR series.

e Advanced Battery Management System

There was previously an undergraduate project on this topic that failed to
meet requirements (see appendix ; as such, it can be reissued. Although
there is a primitive BMS system on the inverter that can be used as a
stopgap to determine the SoC of the main battery bank, it is not ideal. It
is not ideal since it only uses a voltage measurement to estimate the SoC.
A more advanced BMS system will be needed to determine the actual SoC,
such as Columb counting (the charge into and out of the battery). While
simultaneously checking the max current draw and battery temperature, all
of which affect a battery’s capacity. In addition to battery management,
this system can also perform advanced battery balancing (in place of the

cheap Bangood battery balancer) and track and trace the factory’s battery
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unit as it is a separate system from the AGV itself. A Siemens [0T2040
was pre-emptively installed in the battery bank for this purpose.

e Inertial Feedback

Inertial feedback uses a set of accelerometers, gyroscopes and a magnetome-
ter (compass) to determine the motion of a mobile machine. The inclusion
of an inertial navigation system to supplement the LiDAR navigation and
wheel feedback of the AGV would improve its accuracy. It could also help
reduce wheel slip as it would be easier to detect through an inertial system.
The inclusion of this system is relatively cheap as an Adafruit LLC 2472
BNOO055 is around R500.00 ($31.65). The main issues with these systems
are the extensive filters and data processing necessary to make them useful

and reliable, thus becoming a research project.
e Floor Camera Feedback

Like the inertial navigation unit, this could be used to supplement the
navigation system on the AGV. It works by using a monochrome camera to
take pictures of either the ceiling or floor and comparing landmarks it finds
in these images to determine motion. This system is the primary operating
principle of an optical mouse and has already been implemented by the

Xiaomi Mi 1C robot vacuum cleaner.
e Docking Station & Solar

Currently, the AGV can be "charged" in two ways. The first is by exchang-
ing the entire battery bank, and the second is via a 220 VAC manual plug.
It would be ideal if a docking station idea could also be implemented to
allow the AGV to perform opportunistic charging when docked to load and
offload its payload.

A full 300W solar panel could be embedded in the payload deck; this
would allow the AGV to trickle-charge its batteries when waiting or moving
without a payload outside. This solar panel will not provide enough power
to create a self-sustaining system, and the AGV will eventually need to
dock to charge or exchange its batteries, but it could provide a couple
of additional minutes of runtime, which, when spread over hundreds of
AGVs could make economic sense. It would also make maintenance more
manageable as the AGV can trickle charge when not in use to prevent self-
discharge of the batteries. This system is relatively easy to implement as a

solar charge controller is included in the inverter.
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e Robot Operating System

A ROS system will need to be implemented for full autonomous navigation
and a SLAM system and path optimisation algorithm. This ROS system
can all be implemented on the Debian Linux VM on the IPC.

e Fleet Management System

If multiple AGVs operate together, a fleet or factory management system
will need to be developed. This system will optimise the AGV movements
within the factory serve to notify AGVs of what payload they must collect
and where they need to deposit it.
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I
1. Abstract

12.0 mm

Deep groove ball bearing Deep groove ball bearing

Locating Non-Locating

Il SKF Explorer B> Popular item

Designation Life model Grease Static safety | Frictional Power loss
factor moment
Basic SKF life Catalogge Total
grease life
I'1Oh I'1Omh I'10 SO M F)Ioss
h Nmm W
Left 61900-27 > 2x10"5 > 2x1075 28900 139 0.21 0.2
Right 61900-2Z > 2x107"5 > 2x1075 28900 139 0.21 0.2

* SKF rating life ( Liomh ) for steel-steel bearings; GBLM load based life ( L ) for hybrid bearings

10GMh
Left bearing

I Low viscosity ratio k, reduced asperity contact. It is recommended to select a higher viscosity lubricant or improve cooling. It is not appropriate
to look at basic rating life only. Instead use SKF rating life method. Recommended to use anti-wear (AW) or extreme pressure (EP) additives to
reduce wear More info

! For rating life results above 100000 hours, other failure modes than those included in the current rating life models will dominate and limit the
life of the bearing. More info

! The grease life / relubrication interval is reduced depending on the contamination level. Higher cleanliness will improve the duration.

Right bearing

! Low viscosity ratio k, reduced asperity contact. It is recommended to select a higher viscosity lubricant or improve cooling. It is not appropriate
to look at basic rating life only. Instead use SKF rating life method. Recommended to use anti-wear (AW) or extreme pressure (EP) additives to
reduce wear More info

! The grease life / relubrication interval is reduced depending on the contamination level. Higher cleanliness will improve the duration.

! For rating life results above 100000 hours, other failure modes than those included in the current rating life models will dominate and limit the
life of the bearing. More info

SKF Bearing Select 2 2020-08-12
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2. Input
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2.1. Bearing data

d dy

d—B—b
)
{ r1
I
ra
D D,

d—B—b
1)
| M1
I
ra
D D2 d d1

Designation Bearing type Principal dimensions | Basic load ratings Fatigue load limit
Dynamic Static
d D B C C P
0 u
mm kN
Deep groove ball
Left 61900-27 i 10 22 6 2.7 1.27 0.054
bearing
. Deep groove ball
Right 61900-2Z . 10 22 6 2.7 1.27 0.054
bearing
Designation Speed ratings Clearance class
Reference Limiting
nref r]Iim
r/min
Left 61900-27 70000 36000 Normal
Right 61900-27 70000 36000 Normal
SKF Bearing Select 3 2020-08-12
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2.2. Loads &

Locating bearing

Bearing distance
Shaft orientation

Rotating ring

Speed

12.0

Vertical

None (axial load
ignored)

mm

Inner ring rotation

La ] <Y oF

Load Coordinate Coordinates Forces Speed Case
system weight
x|r y|0 4 Fx|Fr  Fy|F® Fz
mm mm|deg mm kN kN kN r/min
. -0.01
LC1 F1 Cartesian 0.0 0.0 6.0 8 0.003 0.0 8952.12 1
2.3. Temperature
Load Cases | Left Right
Inner ring Outer ring Inner ring Outer ring
°C
LC1 70 65 70 65
- Maximum temperature is used for calculating the actual viscosity, kappa, Agyr and SKF rating life.
- Mean temperature is used for calculating bearing friction and power loss.
SKF Bearing Select 4 2020-08-12
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2.4. Lubrication

Designation Lubricant Effective EP additives
Name
Left 61900-27 LT10 False
Right 61900-27 LT10 False
Designation Contamination
Method
Left 61900-27 Detailed guidelines
Right 61900-2Z Detailed guidelines

2.5. Fits and tolerances

. . . Calculated Include
Designation Requirements Tolerance Class . .
interference | Smoothing
Guidance Housing Shaft
Left 61900-27 False H7 k6 True True
Right 61900-2Z False H7 k6 True True
SKF Bearing Select 5 2020-08-12
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3. Results
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3.1. Loads & static safety

Static safety

Equivalent dynamic

Designation Load ratio factor load Equivalent static load
C/P S0 P P0
kN
Left 61900-27 296.5 139 0.01 0.00911
Right 61900-27 296.5 139 0.01 0.00911
3.2. Bearing minimum load
. . . Minimum
Designation Reaction forces
load
Radial Axial met?
F F F
r a rm
kN
Left 61900-27 0.00911 0 0.00705 yes
Right 61900-27 0.00911 0 0.00705 yes
SKF Bearing Select 6 2020-08-12
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3.3. Adjusted reference speed

Designation Adjusted reference Adjustment factors
speed
For bearing load P For oil viscosity
n f f
ar p \%
r/min
Left 61900-27 151000 1.0 2.16
Right 61900-27 151000 1.0 2.16

3.4. Lubrication conditions

Designation Operating viscosity |§005|ty
ratio

Actual Rated 5(? ted @ 40
Y v, Vet K
mma/s

Left 61900-2Z 5.7 10.0 28.6 0.56

Right 61900-2Z 5.7 10.0 28.6 0.56

SKF Bearing Select 7 2020-08-12
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3.5. Grease life and relubrication interval

Designation Catalogge Speed factor
grease life
Speed x mean
diameter
Lo ndm
h mm/min
Left 61900-27 28900 143000
Right 61900-27 28900 143000

Left bearing

! The grease life / relubrication interval is reduced depending on the contamination level. Higher cleanliness will improve the duration.

Right bearing

! The grease life / relubrication interval is reduced depending on the contamination level. Higher cleanliness will improve the duration.

3.6. Bearing rating life

SKF life .
. . . . . R Contaminati
Designation Bearing rating life modification
on factor
factor
Basic SKF
Lth I‘lOmh askf r]c
h
Left 61900-27 > 2x10"5 > 2x10"5 3.86 0.07
Right 61900-27 > 2x1075 > 2x10"5 3.86 0.07

* SKF rating life ( Liomn ) for steel-steel bearings; GBLM load based life ( L oM ) for hybrid bearings

Left bearing

I Low viscosity ratio k, reduced asperity contact. It is recommended to select a higher viscosity lubricant or improve cooling. It is not appropriate
to look at basic rating life only. Instead use SKF rating life method. Recommended to use anti-wear (AW) or extreme pressure (EP) additives to
reduce wear More info

! For rating life results above 100000 hours, other failure modes than those included in the current rating life models will dominate and limit the
life of the bearing. More info

SKF Bearing Select 8 2020-08-12
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Right bearing

reduce wear More info

La ] <Y oF

I Low viscosity ratio k, reduced asperity contact. It is recommended to select a higher viscosity lubricant or improve cooling. It is not appropriate
to look at basic rating life only. Instead use SKF rating life method. Recommended to use anti-wear (AW) or extreme pressure (EP) additives to

I For rating life results above 100000 hours, other failure modes than those included in the current rating life models will dominate and limit the

life of the bearing. More info

3.7. Bearing friction & power loss

Designation Frictional moment Friction Sources lF;osvg/er
At start
20-30°C . -
Total Rolling Sliding Seals Drag loss
and zero
speed
M Mstart Mrr Msl seal Mdrag F)Ioss
Nmm w
Left 61900-27 0.21 0.01 0.21 0.0 0 0 0.2
Right 61900-27 0.21 0.01 0.21 0.0 0 0 0.2
SKF Bearing Select 9 2020-08-12
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3.8. Bearing frequencies

Designation Rotational frequencies
. . Rolling element set & Rolling element about its
Inner ring Quter ring .
cage axis
f f f f
1 e C r
Hz
Left 61900-27 149 0 59.7 361
Right 61900-2Z 149 0 59.7 361
Designation Frequency of over-rolling

Point on inner ring Point on outer ring Rolling element

f. f f
p ep p
Hz
Left 61900-27 804 538 722
Right 61900-27 804 538 722
SKF Bearing Select 10 2020-08-12
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3.9. Fits and tolerances

3.9.1. Tolerances

Designation | Shaft outer diameter

Bearing bore

La ] <Y oF

Bearing outer diameter

Minimum Maximum Minimum Maximum Minimum Maximum
pm
Left 61900-2Z 1 10 -8 0 -9 0
Right 61900-2Z 1 10 -8 0 -9 0
Designation Housing bore Smoothing
Minimum Maximum Shaft and bearing Bearlng outer.
bore ring and housing
pm
Left 61900-2Z 0 21 7 12
Right 61900-2Z 0 21 7 12
- For the tolerances calculation, the normal tolerance for the bearing bore and outer diameter is used.
3.9.2. Fits, Probable Interference (+) / Clearance (-)
Designation Shaft Housing
Pr.ol_oable Middle Propable Pr.opable Middle Propable
minimum maximum minimum maximum
pm
Left 61900-2Z -4 2 9 -38 -27 -16
Right 61900-2Z -4 2 9 -38 -27 -16

SKF Bearing Select
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Calculations for bearings used in the idler pulley found in the lower belt
system of the drive unit
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I
1. Abstract

20.0 mm

Needle roller bearing Needle roller bearing

M SKF Explorer B> Popular item

Designation Life model Static safety factor
Basic SKEF life
L1on L 1omh S0
h
Left HK 1616.2RS > 2x10"5 161000 20.8
Right HK 1616.2RS > 2x10"5 161000 20.8

* SKF rating life ( L ) for steel-steel bearings; GBLM load based life ( L ) for hybrid bearings

10mh 10GMh
Left bearing

I Low viscosity ratio k, reduced asperity contact. It is recommended to select a higher viscosity lubricant or improve cooling. It is not appropriate
to look at basic rating life only. Instead use SKF rating life method. Recommended to use anti-wear (AW) or extreme pressure (EP) additives to
reduce wear More info

! For rating life results above 100000 hours, other failure modes than those included in the current rating life models will dominate and limit the
life of the bearing. More info

Right bearing

I Low viscosity ratio k, reduced asperity contact. It is recommended to select a higher viscosity lubricant or improve cooling. It is not appropriate
to look at basic rating life only. Instead use SKF rating life method. Recommended to use anti-wear (AW) or extreme pressure (EP) additives to
reduce wear More info

I For rating life results above 100000 hours, other failure modes than those included in the current rating life models will dominate and limit the
life of the bearing. More info

SKF Bearing Select 2 2020-08-19
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2. Input
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2.1. Bearing data

C C
r
( O\ ( N\
il I > sl
D Fw D Fw
By i By i
( IS ( Hid)
Designation Bearing type Principal dimensions | Basic load ratings Fatigue load limit
Dynamic Static
d D B C C P
0 u
mm kN
Left HK 1616.2RS Needle roller 16 22 16  7.37 9.8 1.12
bearing
Right  HK 1616.2RS Needle roller 6 22 16 737 9.8 112
bearing
Designation Speed ratings
Reference Limiting
nref r]Iim
r/min
Left HK 1616.2RS 9000
Right HK 1616.2RS 9000
SKF Bearing Select 3 2020-08-19
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2.2. Loads &

Locating bearing

Bearing distance

Rotating ring

Speed

20.0

None (axial load
ignored)

mm

Inner ring rotation

La ] <Y oF

Load Coordinate Coordinates Forces Speed Ca;e
system weight
X|r y|© z Fx|Fr Fy|FO Fz
mm mm|deg mm kN kN kN r/min
. -0.86
LC1 F1 Cartesian 0.0 0.0 10.0 4 0.376 0.0 476.65 1
2.3. Temperature
Load Cases | Left Right
Inner ring Outer ring Inner ring Outer ring
°C
LC1 70 65 70 65
- Maximum temperature is used for calculating the actual viscosity, kappa, Agyr and SKF rating life.
- Mean temperature is used for calculating bearing friction and power loss.
SKF Bearing Select 4 2020-08-19
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2.4. Lubrication

Designation Lubricant Effective EP additives
Name
Left HK 1616.2RS LGWA2 False
Right HK 1616.2RS LGWA2 False
Designation Contamination
Method
Left HK 1616.2RS Detailed guidelines

Right HK 1616.2RS Detailed guidelines

2.5. Fits and tolerances

. . . Calculated Include
Designation Requirements Tolerance Class . .
interference | Smoothing
Guidance Housing Shaft
Left HK 1616.2RS False H7 N/A True True
Right HK 1616.2RS False H7 N/A True True
SKF Bearing Select 5 2020-08-19
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3. Results
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3.1. Loads & static safety

Static safety

Equivalent dynamic

Designation Load ratio factor load Equivalent static load
C/P S0 P P0
kN
Left HK 1616.2RS 15.64 20.8 0.47 0.471
Right HK 1616.2RS 15.64 20.8 0.47 0.471
3.2. Bearing minimum load
. . . Minimum
Designation Reaction forces
load
Radial Axial met?
F F F
r a rm
kN
Left HK 1616.2RS 0.471 0 0.147 yes
Right HK 1616.2RS 0.471 0 0.147 yes
SKF Bearing Select 6 2020-08-19
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3.3. Lubrication conditions
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Designation Operating viscosity VIS.COSIty
ratio
Actual Rated L?ated @40
C
\Y v, Vet K
mmé2/s
Left HK 1616.2RS 41.4 54.2 231 0.76
Right HK 1616.2RS 41.4 54.2 231 0.76
3.4. Bearing rating life
SKF life S
. . . . . e Contaminati
Designation Bearing rating life modification
on factor
factor
Basic SKF
L1on L omn Agk e
h
Left HK 1616.2RS > 2x10"5 161000 0.48 0.1
Right HK 1616.2RS > 2x10"5 161000 0.48 0.1

* SKF rating life ( Liomn ) for steel-steel bearings; GBLM load based life ( Locmn ) for hybrid bearings

Left bearing

! Low viscosity ratio k, reduced asperity contact. It is recommended to select a higher viscosity lubricant or improve cooling. It is not appropriate
to look at basic rating life only. Instead use SKF rating life method. Recommended to use anti-wear (AW) or extreme pressure (EP) additives to
reduce wear More info

! For rating life results above 100000 hours, other failure modes than those included in the current rating life models will dominate and limit the
life of the bearing. More info

Right bearing

! Low viscosity ratio k, reduced asperity contact. It is recommended to select a higher viscosity lubricant or improve cooling. It is not appropriate

to look at basic rating life only. Instead use SKF rating life method. Recommended to use anti-wear (AW) or extreme pressure (EP) additives to

reduce wear More info

! For rating life results above 100000 hours, other failure modes than those included in the current rating life models will dominate and limit the
life of the bearing. More info

SKF Bearing Select
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3.5. Bearing frequencies

Designation Rotational frequencies
. . Rolling element set & Rolling element about its
Inner ring Quter ring .
cage axis
f f f f
1 e C r
Hz
Left HK 1616.2RS 7.94 0 3.53 35.3
Right HK 1616.2RS 7.94 0 3.53 35.3
Designation Frequency of over-rolling

Point on inner ring Point on outer ring Rolling element

f. f f
p ep p
Hz
Left HK 1616.2RS 79.4 63.5 70.6
Right HK 1616.2RS 79.4 63.5 70.6
SKF Bearing Select 8 2020-08-19
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3.6. Fits and tolerances

3.6.1. Tolerances

Designation | Shaft outer diameter Bearing bore Bearing outer diameter
Minimum Maximum Minimum Maximum Minimum Maximum
pm
Left HK 1616.2RS N/A N/A N/A N/A -9 0
Right HK 1616.2RS N/A N/A N/A N/A -9 0
Designation Housing bore Smoothing
Minimum Maximum Shaft and bearing Bearlng outer.
bore ring and housing
pm
Left HK 1616.2RS 0 21 N/A 12
Right HK 1616.2RS 0 21 N/A 12

- For the tolerances calculation, the normal tolerance for the bearing bore and outer diameter is used.

3.6.2. Fits, Probable Interference (+) / Clearance (-)

Designation Shaft Housing
Pr.ol_oable Middle Propable Pr.opable Middle Propable
minimum maximum minimum maximum
pm
Left HK 1616.2RS N/A N/A N/A -38 -27 -16
Right HK 1616.2RS N/A N/A N/A -38 -27 -16
SKF Bearing Select 9 2020-08-19
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Calculations for the bearings found on the wheel axle of the drive unit.
The left bearing is a roller bearing and the right bearing is an angular
contact ball bearing
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1. Abstract

95.5 mm
ool
S N s /410
Cylindrical roller bearing Angular contact ball bearing
Non-Locating Locating

M SKF Explorer B> Popular item

Static Frictional Power
Designation Life model Grease safety
moment loss
factor
Basic SKF life Relubrlcatlon CatalogL_Je Total
interval grease life
I‘10h I‘10mh tf I‘10 S0 M PIoss
h Nmm W
Left P NU 204 ECP 119000 16800 5920 6.47 29.0 0.51
>
i - > N . . .
Right P 3205 A-27 %1075 2x10"5 100000 52.7 8.42 0.15

* SKF rating life ( L10mh ) for steel-steel bearings; GBLM load based life ( L ) for hybrid bearings

10GMh
Left bearing

I Results are based on default operating conditions. Please, review and adjust operating conditions where needed!

! The grease life / relubrication interval is reduced depending on the contamination level. Higher cleanliness will improve the duration.
! The grease life / relubrication interval is halved for bearings fitted with J, JA, JB, MA, MB, ML, MP and PHA cages.

I Low viscosity ratio k, reduced asperity contact. It is recommended to select a higher viscosity lubricant or improve cooling. It is not appropriate
to look at basic rating life only. Instead use SKF rating life method. Recommended to use anti-wear (AW) or extreme pressure (EP) additives to
reduce wear More info
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I Low viscosity ratio k, reduced asperity contact. It is recommended to select a higher viscosity lubricant or improve cooling. It is not appropriate
to look at basic rating life only. Instead use SKF rating life method. Recommended to use anti-wear (AW) or extreme pressure (EP) additives to
reduce wear More info

Right bearing

! Results are based on default operating conditions. Please, review and adjust operating conditions where needed!
! The grease life / relubrication interval is reduced depending on the contamination level. Higher cleanliness will improve the duration.

! For rating life results above 100000 hours, other failure modes than those included in the current rating life models will dominate and limit the
life of the bearing. More info

SKF Bearing Select 3 2020-08-19

This report was produced with SKF Bearing Select software. Please note the limited warranty, shown at the bottom of the last page of this report
® SKF is a registere