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Anotace

Bakal&ska prace se zabyva navrhem a realizaci podvozkeriexentalniho
¢tyikolého vozidla s nezavislym pohonemiiaenim vSech kol. Vozidlo je &no jako
ucebni a vyvojova poiitka pro testovani konceptizeni vSech kol a systémnkontroly
fizeni, pohonu a brzdi. Prace obsahuje¢kolik koncepti jak samotného vozidla, tak
konstruknich detail, predevSim uloZeni kol a distribuce hnaciho momentu.
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Annotation

This bachelor thesis covers design and manufaciuexperimental four-wheeled
vehicle undercarriage, with all-wheel steering aftdvheel drive. The vehicle is supposed
to serve as a teaching aid or prototype for nevesyslevelopment. The vehicle is able to
test all-wheel steering concept and systems faerisig, drive and braking control. The
thesis includes several concepts of vehicle desighalso technical details, such as wheel
mount and driving power distribution.
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1. Introduction

Progress in automotive industry is to be seen ernyalay life. In last few decades a
huge rise in safety and reliability of producedscaras reached. Big credit on these
successes have not only the past-accident safetyeeks such as airbags or crumple
zones, but also (and more and more in last yehes)attive crash-avoidance systems,
whose purpose is to prevent the accident to evepdma These elements are affecting
car's stability, improving its behaviour in comman critical situation and reducing
driver’s workload and therefore his tiredness. @rotiactive safety systems includes well
known anti-block system with its enriched versialesigned to assure right braking force
distribution, system for skid detection and prew@ntand, with advancements in four-
wheel-drive automobiles, also driving force distitibn systems. Although modern driver
may consider these gadgets as a matter of coursg,weren’t here all the time. Their
implementation in common vehicles was done aftenler of tests and prototypes.

The purpose of project called Car4, which thisithesa part of, was to design and
construct a model vehicle, which can be considered of mentioned prototypes — a
vehicle applicable to testing its behaviour in @iéfint modes. To ensure universality of this
project and wide assertion, concept of four wherledvehicle was chosen. In addition to
classic concept, four wheel steering was includ@atcome of this project (and bachelor
and diploma theses made during the project) is ghuodel of automobile’s undercarriage
with possibility to independently drive and ste#rfeur wheels. Final product is ready to
be instrumental as a teaching aid or prototypeeim system development.

The undercarriage development itself was influendag primary project
specifications. The goal was to build a model viehior testing four wheel steering — four
wheel drive concept. In addition the vehicle wappmsed to have powerful engine (or
engines), to be able to skid during acceleratiomh lanraking. This, together with efficient
electronics and controllers, would lead to a veeysatile base for developing or testing
innovative, brand new or well known car controlteyss.

Assumption of using the model indoors and outddets to need of a sturdy
structure, resistant to flexion and torsion defdrarg capable of handling stress at any
condition. Chassis had to be fully sprung by indej@mt springs with absorbers at each
wheel. The structure was supposed to be relativgy to make it easy to carry by only
one person. The size of the model shouldn’t reqaioemuch space of storing, but should
be large enough, on the other hand, to keep resuitparable to a real vehicle.
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2. Background research

The concept of multiple steering wheels is not nbany solutions are already
used in regular duty, including not only four-whesklcars, but also six-wheeled buses or
even eight-wheeled military vehicles. In these sage steering of multiple wheels
inevitable. Compared to these examples seems akMsteering on four-wheeled car
unnecessary, even useless. But using this coneeptmall vehicles could conduce to a
very manoeuvrable base. This is the reason whysiangar systems applied on varietal
runabouts, forklift stackers and mainly robots.

Four wheel drive, on the other hand, has quiterancon application these days.
Many off-road vehicles and other devices use theamavrability, versatility and ability to
conquer rough terrain given by multiple simultar@guriven wheels.

A background research was performed to gain anveawron similar vehicles,
development projects or their parts, such as wimeelint, which could be used as
inspiration in designing and developing our ownsiat.

2.1. Fieldrobots

Many robots using all wheel drive and steering tenfound at premises of
universities. Number of different versions is beidgveloped within various projects.
Some of them are objectives of bachelor and dipltmeses like ours, some of them are
supposed to participate on a competition. Sevetatesting robots can be found among
annual FieldRobot competition [1] participants. Blydaking place alternately in Holland
and Germany, is focused at agricultural robotstsRafrthe contest are situated in ordinary
field, therefore must the robots fulfil design reqments allowing them to work in
outdoor surroundings and challenging terrain.

2.1.1. EasyWheels robot

Robot was developed specially for FieldRobot evantHelsinki University of
Technology, Faculty of Electronics, Communicatioard Automation [2]. It's an
autonomous four-wheeled robot with four wheel drimed steering, composed from
modules, which can be easily changed in case ofdafgct. One of modules is a block
containing two wheels’ mounts. Wheels are connettgdther by a differential unit and
therefore driven by only one electrical motor. Aveenotor handles the steering. Wheel
mounts are not individually sprung, but whole blaskconnected to frame by a joint
enabling itself to rotate among direct axis. ThiduBon guarantees permanent contact
between wheels and road and uninterrupted motiaveliseven in field terrain.
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Fig. 2: EasyWheels robot’s wheel mount block. [3]
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2.1.2. Demeter robot
Demeter [4] is the ancestor of EasyWheels robstfrémework is similar to radio
controlled model trucks. Wheel mount is howeverail@éwf most of the springs and placed
again into two blocks. Block suspension is donealggint similar to EasyWheels robot.
Most alike is the mechanical differential dividipgwer to both wheels in block.

Fig. 3: Demeter robot’s undercarriage. [4]

2.2. Seekur robot
Seekur [5] is a commercial platform from companybil® Robots. The company
is developing and selling robots and their undei@ges intended as bases for extensions
and adjustments executed or specified by the custohime type called Seekur is a sturdy,
four-wheeled undercarriage with all wheel drive ateering. Thanks to its proportions
and well designed suspension is suitable to usedaous terrain. All wheels are mounted,
steered, driven and sprung independently, makirdg8erery universal product.

19



Filip VADLEJCH - bachelor thesis Designexfperimental vehicle undercarriage with
VUT Brno, 2010 four wheel steering

2.3. Spider slope mower

At first look is Spider [6], from Czech producer @ak — svahové sekky Itd, very
similar to the Seekur robot. It is a four wheelediercarriage with all wheel drive and all
wheel steering as well. However wheels are notpeddent in steering. They are all
turned together and the body remains in unchangedtidn, moving in a yawing motion.
Suspension matches assumptive driving conditiors.tdilored to movement in grass-
grown terrain, but firm enough to provide mowingdtion and keep the trimmed grass at
constant level.

Interesting on this type are also bulky wheels,rgogying high terrain mobility,
and low laid centre of gravity, enabling the mowerclimb and drive steep slopes.
Modified undercarriage, supplemented by propertedacs, was also used in FieldRobot
competition.
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Fig. 5: Spider slope mower, mrk02 [6]

2.4. SuperDroid dSPACE robot
This robot [7] was developed by SuperDroid Robnots &ccording to dSPACE Inc.
company specifications. Whole device is a low frdme wheel steering, four wheel drive
construction build around dSPACE’s control unitl@al AutoBox [8]. This unit is also
available in Mechatronics Laboratory at Faculty Méchanical Engineering, and was
considered in early stages of development to bsilplesway to control our vehicle. This
robot is mentioned here mainly as an example aipdgthe Autobox unit in the body.

Fig. 6: SuperDroid robot developed for dSPACE. [7]
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2.5. Omnirota robot

Another participant of FieldRobot event was robatted Omnirota [9] created by
students at University of Aarhus in Denmark. Camntrep other mentioned project has
Omnirota three wheels and only one of them is driged steered. The aim of whole
development was to produce this very wheel andinigsersal mount. The outcome is a
wheel mount capable of 360° rotation, with big whigeexcel in every terrain. Whole
mount’s suspension is implemented inside the leggddm and covered, but still very
effective.

Fig. 7: Visualization of Omnirota robot. [9]

Fig. 8: Omnirota’s universal wheel mount. [9]

2.6. High Trek baby-coach
Interesting wheel mount which can be seen on balgft BeéBé Confort High Trek
[10] brings a proof that inspiration is not to leeifd at similar projects only.
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Wheel is obviously nor driven, nor steered, jusefy revolving. On the other hand,
the spring’s emplacement is very sophisticated,sbuple and effectively made. It neither
magnifies the mount, nor reduces the turning pdggib

Fig. 9: BéBé Confort High Trek baby-coach andiitt wheel suspension. [10]

2.7. Radio controlled models

The most alike undercarriage as the real cars havelearly used in car's
miniatures. Models are manufactured in almost egealing with corresponding details.
Many of them are created as mobile miniatures amd operated by remote radio-
connected controllers. Some off-road versions [drH equipped with four wheel drive.
Although nearly none serial product is performedoas wheel steering vehicle, the front
axle can be used as a representative part. Ddsuedavheel steering undercarriage would
be constructed if two front axles were used.

Wheel turning angle of this solution is significlgnivorse than in previous cases,
but similar to real cars’ one and therefore stllisfactory. Wheels can be independently
sprung, steered and driven so a huge variabilifyitner development is still assured and
vehicle’s body can be customized to match othemirements. Various pars are available
in specialized shops allowing the manufacturinggeand effort to be reduced.
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2008 FG Modelisport GmbH

Fig. 10: RC model car Baja Buggy from FG Modellgpmmpany. [11]

2.8. Overview
Mentioned variants served well while designing oewoncepts of wheel mount.
Although the priority during designing was the b@sictionality, manufactory demands
and overall cost were also considered. These ange meguests are summed up in
following chapter as detailed variants are.
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3. Wheel mount
The main part of undercarriage development layroper wheel mount solution.
After research, discussions and clarifying the mespents, several concepts were made.
All concepts include one wheel mount only because whole undercarriage design
presumed using the same mount for all wheels.

3.1. Mount requirements

At the beginning, the possibility to steer the whi@e best case) in any direction
was priority. Considering real car’'s implementatiognwas decided to give up on this
demand, because it was not necessary to be abteue the car in any direction, or turn
on the spot. Requirements about low price and naatwfiing simplicity on the other hand,
remained.

Other considered issue was required turning mondémtnent would be reduced by
mounting the wheel as close to vertical axle of tileeel as possible. If done so,
mathematical model describing steering of the wharlld be simpler and less demanding
on controlling processor. In other words the mathtral model should be preferably
linear. Likewise linear should be the relation bed¢w actuator’s deflection and steered
angle.

Not a bit less important is supplying driving fortem the engine to the wheel.
There had to be enough space in the mount, whehafé, belt or roller chain, or even a
whole engine could be placed. This requirement wlasely associated with wheel
steering. Attached engine or shaft could rapidduce turning angle of the wheel.

The wheel mount’s parts which would be inclinaldebe soiled or damaged in
outdoor conditions shall be covered or locateds#fa place. The chassis should be sprung
to allow outdoor operation.

3.2. Mount variants
3.2.1. Baby-coach

Concept, especially the spring placement, is iespiry mount of rotatable wheel of
High Trek pushchair. Extension spring is used t&oa roughness of terrain. Turning axel
can be placed exactly in the middle of the whe®lthe required steering moment will be
reduced. Wheel can be steered in every direction.

Inconveniently connected is the engine. Placingdingéctly at the wheel makes it
vulnerable and the whole unit is oversized in width

This variant can be well performed with a speclat £ngine, which would be
placed inside the wheel itself. Otherwise workingvionment without danger of
damaging the engine would be required.
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Fig. 11: Wheel mount design inspired by baby-caagpension, with engine connected
directly to the wheel.

Other possible variant of this wheel mount have #ngine mounted on the
unsprung part of the leg, which would be safe at gw@n for outdoor driving. The
engine’s output moment is transmitted to the whmeh synchronous belt. The distance
between wheel's and engine’s axle is constantetbsr the belt would remain properly
tensioned even during springing.

Downside of this mount is big unsprung weightled twheel. The weight of the
engine (approximately 1 kilogram), respective it'®rtia and produced forces during
springing would be too big for current mount dimengg. Proper function would be
assured by enlarging the leg’s dimensions, but wWosld also raise the manufacturing
effort and overall price.

26



Filip VADLEJCH — bachelor thesis Designexperimental vehicle undercarriage with
VUT Brno, 2010 four wheel steering

Fig. 12: Wheel mount design inspired by baby-caadpension, with engine placed at the
mount leg.

3.2.2. Seekur

This variant arises from wheel mounts on SeekuBugerDroid robots and Spider
mower. Engine is well protected and full steeringla is still preserved. Turning axle can
be again led through the centre of the wheel. Qaniseeasier and therefore cheaper to
produce and not demanding on material.

Height of the mount, on the other hand, can't lstetl as a pro. Worse is the
absence of suspension. In case of placing it atgpef turning leg, the height would be
enormous. Other possibility is to spring whole mtoumit against the chassis, as is done on
Spider mower. This can be applied on heavy macHthesmower most certainly belongs
to this group) which have major part of their mataced in the body and the unsprung
weight at every mount is low, compared to the nudgbe rest of the vehicle. Our vehicle
shall be quite light and engines and wheel mourdsladvbe the main part of its mass,
therefore this kind of suspension would be ineffect

Despite of that is this concept very elegant anddcbe recommended for vehicles
operating indoors and not requiring springing, @gbr and heavier vehicles for outdoor
use.
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Fig. 13: Wheel mount design inspired by Seekurt.obo

3.2.3. Omnirota

Effective solution of suspension placement brings ©Omnirota’s universal leg.
Springs and absorbers are integrated in the leff.iSue to this, the engine and wheel
change their mutual position while springing. Th&sue can be compensated by
transferring the power by a length-changing sha# belt with continual tensioning (by an
extra pulley as shown in picture bellow).

This solution may be a bit too sturdy for smallehicles, but even so can be useful,
if the compensation of axels’ distance differemiatis well thought-out.

28



Filip VADLEJCH - bachelor thesis Designexfperimental vehicle undercarriage with
VUT Brno, 2010 four wheel steering

Fig. 14: Visualization of a wheel mount similar@onnirota’s universal leg.

Fig. 15: Detail of belt tensioning system inside t&g.
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3.2.4. Cone gear unit

At first glance more difficult variant is using a®rtransmission. The engine is
placed vertically in mount’s leg which is also emgjs protective case and sliding surface
for compressive spring. Axle of turning does ndeigsect the wheel but steering to every
angle is still possible.

Engine is connected to the wheel via cone gear. &ndper choice of this unit
would be essential for mount size. In additiondlears would be very sensitive to dirt and
would require a cover of some sort.

Placing engine into the turning leg could causéatilt servicing. Also adequate
ventilation should be covered in design. Contacfases between the leg and the frame
shall be lubricated and manufactured in highessipées precision to prevent them from
seizing and jamming. This is the main problem & toncept. Increasing manufacturing
precision would raise the price rapidly, lowerihgould cause fault liability.

Fig. 16: Wheel mount using the cone gear unit.

3.2.5. RC cars
Closest to desired model of real automobile isidlea to use parts from RC model
cars. Similar parts in proper size are used in mabk from the very beginning of
automobile industry, therefore is this concept fiexti and reliable. Driving force can be
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brought to the wheel in multiple ways, from mougtthe engine into the wheel to placing
it inside the chassis and distributing force renyot€ompared to other variants, this is the
only flexible in number of engines. Four, two oeawnly one engine could be used for all
wheels. The engine placement and driving forcailigion extremely depends on engine
choice and therefore a separate chapter is deditaie

Suspension on this concept is independent for edel, which makes it ideal for
rough terrain. The mount allows changing the posiof the springs with absorbers, so the
spring rate can be adjusted variously for diffetentain.

This concept is basically a copy of real cars wheeunt and thus could be
preferred. Using available parts from radio coméalmodels will reduce manufacturing
effort to minimum and enable variability during @mg selection. Wheel mount will not
affect the frame and whole layout can head for tionality and simplicity.

Fig. 17: Wheel mount design with RC model car parts

3.3. Overview
Some essential requirements on wheel mount weretioned during variant
listing. Remaining step is to sum them up and aelconcepts which do not meet some of
them.
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Priority is the flawless function. Design should fienple, but effective. Correct
uninterrupted power distribution is required. Profagctionality of steering needs to be
assured. The mount shall be sprung, preferably §yrimg with a shock absorber. Whole
mount should be easily producible, low on used radtand reasonably on price.

Some wheel mounts provide very high steering amlilnough this attribute can
be appreciated, it is not essential. Keeping indhtlme basic concept similar to car, the
steering angle about +20/-20 degrees is satisfactor

Variants which are not suitable for use in outdenvironment can be excluded.
Variants which lacks suspension, or which woulabersized with it, can be left as well.

The number of remaining variants is now reduced @ardthe final variant can be
chosen according to the engine’s choice.

Solution provided by using RC car’s parts seemietahe leading variant through
its universality. Mount inspired by the baby coaab,well as the one with cone gear unit,
can be used if a proper-sized engine is found.

32



Filip VADLEJCH — bachelor thesis Designexperimental vehicle undercarriage with
VUT Brno, 2010 four wheel steering

4. Choosing specific components
Before the final variant of wheel mount could b@sén and implemented into the
frame, all components of developed vehicle hadealéfined. In this chapter there are
listed all the parts used in undercarriage design.

4.1. Frame

The shape of the frame is to be profiled accordingll chosen components’ size,
placing and mass. Despite of that some of the fimnteracteristics are already defined:

The size and mass of the vehicle should not extezdiven limits. The mass of
the rest of components is a given value and cam’tlanged, because other parts are
chosen by different priorities. The only variableasa is the frame’s one. Therefore
aluminium was picked as the main material, bec#usdightweight but yet durable. The
frame made of aluminium would be sturdy enoughdadte all possible stress, but still
light and subtle to ease manipulation and storiiige material is ductile and can be easily
machined, which reduces the manufacturing effod prnice. Several aluminium alloys
with different characteristics are available atigrs. Also their price is acceptable.

Besides the frame itself, the vehicle should hawees bumpers to protect the
wheels and important parts of the frame in casgcoident or collision sensor failure.

4.2. Drive engines

Electric motors were chosen almost immediately tdutheirs characteristics. They
are very light compared to other engines of the esgpuwer. The output moment,
respective velocity can be easily controlled thiougput voltage and current.

Several motors were considered. The main critenas their output moment and
ability to reach it without overloading, or to hdmdhe overloading at least during the
acceleration. The needed moment can be also gaymeding a gear box, but it must be
considered if the velocity would remain sufficiefitiere needs to be mentioned that the
number of engines was not strictly determinedh# moment from one engine would be
big enough to ride all wheels, there is no nedubiee more than just one engine.

Some basic calculations were performed to statenéleeled moment. The vehicle
of approximate weight of 20 kilograms with wheefsl@0 millimetres in diameter should
be able to skid during acceleration. This meand tha engine’s output moment,
respectively the force it produces at the wheedl ttabe bigger than friction between
wheel and terrain. Considering equation for frietforce [equation 1] and input values, the
friction force is approximately 40 N per one wheélthe acceleration is performed on
clean concrete. For used diameter of the wheeteessary moment 3.4 Nm at each wheel
[equation 2]. To be able to skid the wheel duringederation, the engine’s output moment
has to be at least equal to this value, if onerengier wheel is used. If less than four
engines are used, their output moment would haveetequally bigger. For example, if
only one engine drives the vehicle, its moment Wdwdve to handle all four wheels and
hence it would have to be at least 13.6 Nm.

The demanded moment could be decreased by lowtrengoefficient of friction,
or in other words, testing the vehicle on tarmaet @r dusty concrete or even ice.
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FF=mXxgXxf
[equation 1]
F: ... friction force
m ... weight of vehicle
g ... gravitational acceleration
f ... coefficient of friction

M, =F Xr
[equation 2]
M ... friction moment
r ... the wheel’s diameter

Other important thing was the motor’s size. Chogghre smallest possible motors
Is essential to preserve the freedom of designauseclarge engine would have special
space and mount demands.

4.2.1. MX3035 motors
The MX3035 motors were the first choice, becauseytwere available in
Mechatronics Laboratory. If two motors were uséejrt moment would be slightly under
the demanded value to skid the vehicle on coneoetd. Using four motors would not be
easy due to their size. The motors, although noippgd with encoder, were still possible
to use in two-engine concept.

Fig. 18: The MX3035 motor visualization.
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4.2.2. PD52103 motors

Other motors available in laboratory were the Tnamiec PD52103 motors [12].
They were supposed to be used for Car4 projectrdicgpthe preliminary specifications.
Two different types were considered to use. Moamsipped with encoder (letters OE in
their marking) or with brake (letter B), both typesth 1:39 epicyclic (or planetary)
gearing. The brake is not intended for brakingmyinormal duty, but more for locking the
motor’s position when it stops. Besides that, elechotors can brake by reversed current
and don't really need an additional brake; therefontors with encoders were preferred.

The output moment, even with 1:39 gear box, wadlsati small for our vehicle and
PD52103 motors were put aside.

Fig. 19: The PD52103 motor with gearing. [12]

4.2.3. Transmotec motors

After checking all motors already available in ledtory it was considered to buy
new motors. Good characteristic of PD52103 motard eomprehensive and complete
datasheets led to choosing other Transmotec Swédg&ncompany product. After
comparing the moment/velocity ratio of many typastors PD4266 were chosen. It was
decided to use the 24 V variant instead of 12 \Gabhee the motor’'s current demands
during eventual overloading would be smaller anttiei@s would last longer.

The gear box ratio was chosen from output breagumestimation [equation 3].

Ts
TB =T—R>< TSG

[equation 3]
Tg ... break torque
Ts ... stall torque of the motor
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Tr ... rated torque of the motor
Tsc... stall torque with the gearbox

Required break torque of 3.4 Nm is satisfied byllgéarbox’s estimated torque of
approximately 3.7 Nm. According to the datashe&rmation [13], the vehicle’s speed
would reach 10 kilometres per hour, which is evementhan required.

The variant with encoder was again preferred so RD4266-24V-14gearOE

motors were chosen.

Fig. 20: The PD4266 motor with encoder and gear{ig]

4.3. Steering motors
Choosing the motors used to turn the wheels wassi@asy as it may seem. The

motors need to handle quite a big turning momedtkanable to keep requested angle no
matter of the force which occurs at the wheel. Tais be done in two ways. The first is in
using motor with included brake, which will lockettangle after changing. The downside
of this method is absence of any monitor contrgllihe correct angle. The second way is
obviously in using motor with an encoder, which mans deviation from desired angle.
The problem of this solution can be a need to cowtis electric power supply, because
the encoder is always correcting the wheel angléevduter force is present. Due to these
issues using of ordinary motor would be troubli@yiginally it was intended to use
Transmotec WLD4383 motors [14] equipped with encedéor proper deflection
measurement and 1:31 worm gear unit to gain nestixting moment. However their
output rotational speed is too low compared to iptesgravelling velocity. Therefore it
was decided to use servomotors for steering theelwh&ervos are specially developed
motors with inbuilt gearbox and accurate encodée gearbox gives them a great output
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moment and makes them stiff, and the encoder carigely detect the smallest change of
the angle.

The steering could be performed by four servoslliiwheel need to be steered
independently. Two servos would be enough if pr@mgle of both at once steered wheels
would match the Ackermann geometry condition (ob twheels needing to trace out
circles of different radii). Therefore should be finame prepared for mounting two or four
servos according to the chosen variant.

Proper size of chosen servos is also essentiay. Jin@uldn’t be too big and occupy
large space in the undercarriage. Smaller servoghe other hand, couldn’t handle the
moment present at wheels during steering at bigdgeProbably best choice would be
large scale servos, which are designed for ste®i@gcars of similar size as our vehicle
would be.

The final choice was two or four Scanner SSV 99608&B/0s [15], due to their
characteristics and convenient price. These semav® durable metal gears, dual ball
bearings and strong engine, which allows them leadbrque of 24 kg-cm at speed 0.13
seconds per 60°.

an

Fig. 21: Scanner SSV 9960MG servomotor with moaris@nd horns. [15]
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4.4. Batteries

The electric motors, servomotors and controllingcebnics require an electric
power supply. During the first tests it is supposedsupply electricity to the vehicle
through a cable from laboratory power supply. Afiasic tests are done, the vehicle shall
have its own power supply to be autonomous andtalide tested outdoors.

The time of one test, enabled by batteries’ endiashould be at least 20 minutes.
The discharge load on batteries is 24 volts at hpeses to each PD4266 engine, plus
power needed by electronics. Considering momentaxierloading of the engines during
acceleration, it was decided to use battery sufply24 volts and at least 100 amperes.
Usual batteries are not capable of giving such esgluherefore special batteries were
needed. Demanded power can be provided by accwmilased commonly by modellers.
After data about number of types were compared Ath23 cells [16] were chosen. One
battery can give 3.3 volts at 70 amperes with ohafg2.3 ampere-hours. Positive is also
the weight of 70 grams. These batteries are sthemreseparately or soldered in packs.

For required voltage 8 batteries would be needeith Wiven characteristics they
would be able to keep vehicle driving for deman@8dminutes. Charging of batteries
would be possible by one of chargers availablalotatory.

Fig. 22: Pack of A123 batteries. [16]
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5. Driving power distribution
During choosing the engines, their size and propastwere already considered.
Engines which are more compact were preferredeasvtieel mount concept was still not
clear. This turned out well during solving the dmty power distribution, because smaller
engines offered bigger variability.

5.1. Engine in the wheel
Placing engine directly into the wheel is very cement, because not other shafts,
gears or connections have to be used. On the loéimet the length of chosen engine would
cause problems as the engines’ body would collidh ather parts of the mount while
springing or turning.
This variant is mentioned here to make list of gmesengine placing complete and
can be used if proper mount concept would be chosen

Fig. 23: Engine placed in the wheel.

5.2. Using elastic shaft
Elastic shaft would solve problems with insuffidiespace for engine at the wheel.
In this case engine is placed in the frame and ected to the wheel by a shaft capable of
flexion, therefore the turning and springing wobkpossible.
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After searching devices with elastic shaft and labée shafts, it was found that for
given length of the shaft and transmitted momentld/de the shaft’s flexion angle too
small and more important, the price would be enarsniMoreover the elastic shaft is more
suitable as an alternative to gear transmissiowdmt two fixed intersecting shafts than
for moment transmission between axels changing thetual position.

Fig. 24: Motor connected by elastic shaft.

5.3. Using double cardan shaft

The elastic shaft had to be replaced in other mtgiay more reliable part, which
would still be able to continuously transmit thevohg moment. Following concept is
based on a shaft with two cardan joints (also dalieiversal joints). These allow the rigid
shaft to bend and transmit rotary motion betweea pesition-changing axels, so the
engine could be placed inside the frame, coverddoamiected from the environment.

Engines would be placed in frame next to or upacheaather, because the track
would be enormous when with engines placed behauh @ther in a row. By slightly
offsetting the engines’ axels the cardan joint ddag placed symmetrically at both sides of
vehicle. On the other hand, high angle of offsetudonegatively affect the joint’'s
function. In other words, the joint can handle oallymited angle between the axels (about
30 degrees). If the offset was too small and jopiecing not symmetrical, the shaft
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between the two joints would not be collinear wmibt-turned wheel's axel, causing the
maximal turning angle to be smaller in one dirattioan in the other.

The basic idea of using cardan shatft in this vaismnsed in all the following ones,
with a demand on placing the joint in one line, syetrically on both sides.

Fig. 25: Shaft with two cardan joints.

5.4. Using cone gear unit
After difficulties caused by placing the enginessswise in the body, possibility to
mount them lengthwise was checked. The engine woealdonnected to the cardan shaft
by a cone gear unit, so the engine’s axel and hiaé svould be perpendicular. Vehicle’s
width would be comparable to variant with engingsd next to each other.
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Fig. 26: Moment transmitting using cone gear unit.

5.5. Using differential unit

This mount is designed for two engines for the whear (one engine per axel). It is
very similar to front axle of front wheel drive \iele. Hyperbolically speaking, two front
axels with separate power supply would be placedoneid behind each other.

Although the concept seemed to be very plain arsy ¢& build, it raised more
problems than any other one. While driving two whedth one engine, there is no simple
way to measure the movement of the wheels sepatatebhuse the encoder, placed at the
engine, is shared by both wheels. This measurermmaemdcessary to test the anti-blocking
systems or to avoid the wheel from skidding. Plgcihe encoder at wheel would be
problematic as would be calculating the wheel maminfrom a mathematic equation of
some sort. Also brakes would need to be placeddt eheel.
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Fig. 27: Two wheels driven by one motor througifiedéntial.

5.6. Using belt

After discussion about advantages and disadvantadegrevious variants,
following requirements were states: there shafiole driving engines, each for one wheel;
the moment will be transmitted from the frame te thheel by cardan shaft; the engines
would be placed outside the axel itself to redisérack’s width (possibly in the centre of
car to assure right weight displacement); engireedrto be connected to wheels in way
that will prevent different rotary speeds on whaedl engine to occur, so the engine can be
used as a brake and its encoder will measure tleelwhotion as well.

The driving moment would need to be transmittec &ng distance because of
placing the engines out of the axel. A belt wasédfmge used to link engine with cardan
shaft. To prevent the belt to slip during high momgansmitting the synchronous belt
would be used, thus the encoder would give propkrev

Also the efficiency of this moment transmissionsigfficient (about 95%) and
would not worse the engine’s characteristics.

The only problems raised by this solution werectfridemands on design. The
width of pulleys needed to fit in narrow spacelw engine’s shaft. The belt itself has to be
constantly tensed to prevent its slipping. Thesetofa were considered during
implementing the drive mechanism into the frame.
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Fig. 28: Motor connected to the wheel by synchranoeit.
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6. Undercarriage design
All what remained after choosing proper componeiots the vehicle was to
compose them and mount them into the frame of #tecle to be. According to many
possible parts, there were again several concepts.
This chapter presents these variants and summaaiizeéeeir pros and cons. In the
end there is the final variant, its development alsd the manufacturing mentioned.

6.1. Requirements

Some of the requirements which are concerned withelvmount or component
choosing are already listed upwards. Let’'s menth@m again and add some new requests,
concerning the framework itself. After that the whooncept shall get specific contours.

The size of the vehicle is highly affected by ugdtel mount, engines and power
distribution system. The dimensions are conforneethé vehicle’'s weight. Enough room
for placing circuit boards shall be left at a sgf®t inside the main body, as well as room
for placing necessary sensors (collision, therrggfpscope, etc). Evident is a need to
place batteries into covered, but accessible gtaease manipulation during charging.

Material of frame is already chosen, the shapetherother hand, is to be defined
according to the used parts and power distributmmcept. If the belt is used, it would be
necessary to resolve its tensioning already dutéggning.

6.2. Variants
6.2.1. Two engines and differential

This concept uses two MX3035 engines connected heeWwby a differential.
Frame itself is an aluminium plate reinforced & bottom to prevent its flexion. RC car’s
parts are used in wheel mount in this and all feithgy concepts.

Disadvantages of using only one engine per axelaadidferential unit are already
mentioned in the mount variants’ list. Becausehaf tequired concept of model vehicle,
capable of testing different control systems, #aigant was not used.
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Fig. 29: Variant with two MX3035 motors and diffeti@l units.

6.2.2. Four offset engines
The variants with four drive engines fulfil requinents of universal testing vehicle.
Variant with offset engines was modelled to chetlcardan joints would be placed
correctly in one row to assure correct functione Trame is therefore similar to previous
one.
Placing engines into the axel makes the vehiclehwenormous. In addition, the
weight is concentrated at the ends of frame andphee in middle section is wasted.
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Fig. 30: Variant with four PD4266 offset motors

6.2.3. Four engines and belt
Using a belt to transmit the driving force enalile engines to be placed in free
space near the centre of gravity of the vehiclausTtine characteristics of the vehicle are
similar to real car ones. Belt is tensioned alreddying assemblage by an adjustable
engine mount and doesn’t require extra pulley &pkiés tension.
This variant, although with major structural chasgevas used in further
development.
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Fig. 31: Variant with four PD4266 motors, momerarismitted to wheels by belts.

6.3. Development of chosen variant

First changes were applied on the frame. A sectate pras added to make it more
rigid and flexion and torsion-resistant. Its wheleape became more compact, elegant and
proportionally similar to a real car.

The limited space inside the frame and especiakyléngth of the engine’s shaft
required special pulleys to be used. The shaftahi@thgth of approximately 20 millimetres.
Engine is assumed to mount upon its front sidecarato high transmitted moment also a
bearing at the end of the shaft is required. THeseal demands left a space with width
about 16 millimetres for mounting the pulley. THere the pulleys were narrowed by
removing redundant material using a lathe. Theyevegtached to the shaft by a grub screw
led vertically thought pulley’s body.

The number of steering engines or servomotors watahle, depending on
decision if each wheel would be steered indepehdent

6.4. Final version
The final design was adapted according to the whemint after its parts were
bought. Parts from two front axels of RC car “BBjaggy” by company FG Modellsport
were used, thanks to help and advices from therselMr. DuSan Bayer and his son
Martin. This buggy is a four wheel drive outdoohigte in scale of 1:6, hence the parts
were ideal for intended concept and size.
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The frame shape and dimensions were corrected tohntlae real mount’s parts.
Proper belts and pulleys were chosen with patiefp lof technicians from companies
Mateza Itd and UZIMEX PRAHA ltd. All pulleys aredtsame size, because there was no
need to add other gearing. Chosen pulleys 40-3MRi8Signed for the used belt, are one
of the narrowest available, but still not narrovoegh to fit in the space given by engine’s
shaft length and therefore were adjusted as ligfedlards (section 6.3). Used belt is a
Gates PowerGrip synchronous belt with HTD 3M peofdnd 9 millimetre width. In
conditions occurring at our vehicle (given engineigput moment, rotational speed and
pulley’s diameter) is capable to transmit permalyesnimaximal moment of 3.06 Nm for a
lifetime of 10,000 hours. Exceeding continuouslg thaximal moment will shorten the
lifetime approximately ten times, but commonly usedment is assumed to be under this
value. The pulleys’ mount and belt placement aegied to ease eventual change of the
belt. The belt is tensioned by adjustable enginemhoEach engine can be slid forwards
and backwards and locked independently to assaredinect tension for every belt.

During designing it was intended to make parts enrsa and easy to assemble.
Almost all screws and nuts are the same size taceedumber of needed tools.

Ball bearings were used at the end of the engisiesdt (1 per engine) and at the
driven pulley shaft mount (2 per shaft). The 608d&l bearings were chosen because of
their resistance and endurance. They are overlargxtend their life cycle and prevent
failures.

Different thicknesses of aluminium plates were udeldtes with thickness of 8
millimetres were used for vertical parts to enabkaring mounting. Plates thick 3
millimetres were used for the main upper and botpams connecting all the vertical ones,
and for the bumpers, because they're light and lmaneasily manufactured. Also 5
millimetres thick plate is used for the suspensiaunt. All vertical parts are connected to
main frame plates by hardened metric thread scneitls hexagonal socket and M3
diameter.

The upper main plate is also supposed for eleasawi be placed, for it's the safest
spot of whole vehicle.

Four Scanner servos were used for bigger variglalid accurate steering, but the
concept is also ready for two-servo steering. Swiig servos can be easily done by
unscrewing the present servos, changing the stearm for a longer one and placing the
two servos into the prepared gap. Proper implenientaof Ackermann condition is
assured by multiple possible variants of connectivg servo to the arm of the steering
hub.

The frame is prepared for a future installatioragflastic chassis which will cover
the engines and the belt from below and the eletrat the top.
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Fig. 32: Final variant.

6.5. Manufacture and assemblage

All manufactured parts (all aluminium plates of thiicknesses) were cut according
to our drawings by professional metal processingmamies with laser (3 and 5 mm thick
parts) or water (8 mm parts) and then finishednstitute of Machine and Industrial
Design’s workshop, where threads were drilled anléswith high geometrical accuracy
for bearings were made. After these preparatiolegning and manual adjustments, the
undercarriage was prepared to be assembled.

Except minor upgrades and alternations the assgellial not cause any problem
and was easily done by one person. This provedtktigadesign was well prepared for
manual assemblage and generally well thought.

The minor problems were caused by insufficient @lacound pulleys at engine’s
shaft. Additional space was gained by using cosnotét screws in affected area and
pulleys proper position was locked by washers.
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Fig. 33: Undercarriage during assembly.

Fig. 34: Completed mechanical part of vehicle (withelectronics).
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7. Conclusion

The material outcome of this thesis is an undeiager of a model car ready for
controlling electronics to be implemented. The ekhils in its way unique four wheel
drive, four wheel steering model of real car incals of approximately 1:5, and can be
used as a teaching aid or a base for other theskprajects. Theses about electronic
development, state estimation and mathematical hufdéhe vehicle were parts of Car4d
project development.

The goal of project was fulfilled and final manuiaed version meets all
requirements stated at the beginning of the projddie vehicle has powerful
independently controlled motor with accurate enc@lesach wheel and many supporting
sensors (a gyroscope for example) therefore caratgskind of intelligent and innovative
vehicle driving or safety system. All motors candasily mechanically disconnected from
the wheel so the vehicle can be front-, rear- bwhkel-driven as demanded by current
testing procedure. Also steering servomotors cahldeked, for example for testing with
conventional front wheel steering.

However, the more important outcome is the expegeof team work and
development of an ambitious project.
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