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Project Summary

The number of internal combustion vehicle used in Australia has increased tremendously
and released enormous amount of pollutants and carbon dioxide into the atmosphere. This
raises concern for many gae about global warming and climate change. The Renewable
Energy Vehicle Project in UWA aims to provide solutions by promoting an alternative type
of fuel for transportation through the developmenp@fformance electric vehicle Lotus

Elise.

Theobjective of this thesis is to determine a suitable transmission for the electric car so that
it can achieve an excellent acceleration and top speed of 160 Km/h. The Lotus Elise can use
the original PG1 gearboxaftermarket gearboor just a single differatial known as direct

drive. Aperformance modelling was carried out to select the best option to drive the car

and to determine the best gear ratio combinations. The final decision is to retain the original
PG1 gearbox. The result showed that while usiegfirst and third gears combination from
original gearbox produces the highest acceleration and the desired top speed of 160 Km/h,
the second and fourth gear combination gives more practical driving.

The conversion of sport electric car requires a design of motor mount to fix the electric
motor securely in the engine compartment. The motor mount design involves the use of
Computer Aided Design and Finite Element Analysis program to model the parts and
perform stress analysis. All of the motor moumase been designed, constructed, and

assembled such that it complies with Australian Design Rule 2009.
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Nomenclature

05 Speed of car (Km/h)

O-y Tire circumference (m)

@ Final gear ratio

Q Transmission gear ratio
O Differential final drive ratio
Q Drag force (N)

0o Drag coefficient of car

0 Frontal area of car (f

” Air density (kg/nf)

O Rolling resistance force (N)
o} Rolling resistance coeffient
a Mass of car (KQ)

Q Acceleration of gravity (mf$
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jo) Force at the wheels (N)
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@ Final gear ratio
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jo) Force at the wheels (N)
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1. Introduction

1.1 ProjectBackground

The emission from motor vehicle exhaust is very harmful to human healtb ted
environment especially in | arge quantities
combustion chamber produces kinetic energy as well as small amount of incomplete
combustion products. The waste products that are released from the expesist@i

known to cause urban air pollution, climate change and global warming.

Motor vehicles that are powered by internal combustion engine release a lot of pollutants to
the environment. These include carbon monoxide, nitrogen oxide, particulate matter,
hydrocarbons and volatile organic compounds (Green Vehicle Guide, 2008). The air
pollutant has an adverse effect to human health and the health of other living things. It
causes breathing and heart problems as well as increasing the risk of cancerdglinnes
Pollution Control Agency, 2009).

Internal combustion vehicle emit greenhouse gas in the form of carbon dioxide. The
increase of greenhouse gas concentration in the atmosphere raises the global average
temperature of the earth, otherwise known agteenhouse effect. The greenhouse effect

is responsible for global warming and climate change that is happening around the world.

The Department of Climate Change in Australia found that the emission of carbon dioxide
from transport sectorisresponsibler 14 . 6 percent of Austral:]
emission in 2007. It is also one of the strongest sources of emission growth in Australia.

The total carbon dioxide emission from transport sector in 2007 has increased by 26.9
percent when compared i®90. In addition, the road transport was accounted for 87

percent of the total emission from transport sector in 2007. Moreover, the biggest transport
source from all the modes of road transportation is the passenger cars (Department of
Climate Change 2009It has contributed 43 milliotonsof carbon dioxide and equivalent

to 8% of the total emission in Australia (Green Vehicle Guide, 2008). Hence, a solution is
needed to reduce the carbon dioxide emission from motor vehicle mainly in the passenger

car dvision.
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TheRenewable Energy Vehicle (REW)ojectin University of Western Australia is+e
started in 2008 tbelpreducecarbon dioxideand air pollutantemission. The REV project
aims to promote alternative type of fuel fomdtransportation througthe development of
sustainable and environmentally friendly vehicle powered by elettrieelectric car will
emitzero pollution anaerocarbon dioxidewhichwill in turn,reduces the global warming
and air pollution in the atmosphere. Furthermtre project will significantly reduce the
operating cost dfutureroad transport becausige cost of electricity to power electric cars
is very little compared to the cost of gasoline to power internal combustion cars. This is
especially true when the oitipes around the world aceirrentlygetting more expensive

and unstable.

Recently, he REVteans havesuccessfully completed their first projeotbuild five-seated
commuting electric vehicle Hyundai Getz. The latest project is to build an electric
performance vehicle Lotus Elise to demonstrate the performansledific vehicle
technologiesand advance the state of art of electric.céne racingelectriccar will also

increase the awareness of the general public about teeofthe currentechnologybasic
principles behind REV system and sustainable living. In addition, it provides undergraduate
with an opportunity to develop multiisciplinary teamwork through therganizatiorand

activities conducted in REV.

1.2 Project Objectives

Themain objective of this thesis is to design the drive system mechanic of Lotus Elise car.
The main mechanical parts of the drive system that will be focused in the thesis are the
transmission and the motor mounts. The other component designs such asimgiiyiar

for the chassis, battery housings, suspension augmentation, and motor cooling are outside
the scope of the project and will be dealt with other mechanical REV members. The scopes

of the project are outlined below:

1 Carry out a performanaaodelng of the electric car when using original PG1
gearboxor a single differential known as direct drive.

1 Determine the best gearing methodtfugelectriccarto achieve fast acceleration
and top speed of 160 Km/h
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2.

2.1

Determine the gear combinations that \wmkhximizethe performance aritie range

of electric car.

Model the space of tHeotus Eliseengine compartmentithout the internal
combustion engine componentsing Computer Aided Design program called
SolidWorks2008

Design motor mounts to connect the electric motor with gearbox and to fix electric
motor secursf inside the engine compartment.

Choose the best material for the motor mount to ensure sufficient strength and
minimize weight

Perform stress analis on all the motor mount design using Finite Element
Analysis program called ANSYS Workbendhmakes sure there are strong
mechanical supports for the electric motor and improves the safety and reliability of
Lotus Elise electric car.

Assess the desiguoonstruction and final assembly of motor mounts so that it
complies withThird EditionAustralia Design Ruleand National Code of Practice

for Light Vehicle Construction and Modification.

Literature Review

Lotus Elise

The Lotus Elise is a weknown sports car with excellent handling ability and exceptional

performancéGroup Lotus 2008)lt is a twoseat, reawheel drive and mid engine car that

is made of extrudedluminumand bonded chassis. Due to #ieminumconstruction of

the chassis, thunladenweight of the car for internal combustion engine is atigkg
(Lotus Service Notes 2000)

Figure 2.1  Lotus Elise 2002 Model used in REV projé&tV Historics 2003)
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The REV team aims to match the performance of convetéadricLotus Elise with the
internal combustion engine Lotus Elise. Lots of efforts were madwrionizethe extra
added weight to preserve the excellent handling characteristics as well as acceleration.

2.2 Drive System Mechanics

The drive system mechanics of electric car is similar to internal combustion vehicle except
the source of energy come from batteries instead of gasoline. The transfer of power inside

the drive train of electric car is drawmFigure 22.

Front or rear wheels

Batteries .
Drive
l taxle
Electric ) )
Controller |» Motor —»| Gearbox _ > Qlfferentl
Drive shaft
yDrive
axle

N

Figure 22  Schematic diagram of power transfer in electric car

The drive trains must be able to convert torque and speed of the engine to maintain the
traction of the cafLeithman. S & Brant. B 2009}t is also required to change the
directions of carenabling forward and reverse motion. A brief detail of drive train

components that are relevant to the thesis is written below.

Electric Motor is a device to produce mechanical energy using electrical energy. The
efficiency of electric motor can reaalp to 90 to 95 percent and produce higher torque at
lower rpm compared to internal combustion endP@wverPhase 75 Traction System

2009) It also operates quieter than an internal combustion engine and produces no harmful
emission(The REV Project 2009)
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Gearbox provides a speetbrque conversion to accommodate vehicle needs such as
maximum torque for driving over hills and minimum rpm at cruising speed to increase fuel
efficiency. It also gives mechanical reversing control and therefore eliminateseithéon

use a twedirection motor and controller (Leithman. S & Brant. B 2009).

Differentiattransfers equal force to a pair of wheels, front or rear, and allegiciy

wheels to rotate at different speed when the ceonisering ( HowStuffWorks 20097 his
enables easy handling of the car and redticedamage. Most differentials also provide

final gear reduction to increase the torque from the electric motor to the wheels. For some
electric cars, the use of differential without a gearbox may be a@etgudtive the car
efficiently if it has a suitable final gear ratio.

2.3 Electric Conversion Kits

Figure2.3 Examplesof Electric Conversion Kits (Electric Vehicle Solutions 2009 &
Electro Automotive 2009)

There are a few companies that offer conversion kits for people who are beginner as well as
expert in the conversion of electric car. These include KTA Services Inc, Electro
Automotive and Wilderness Electric Vehicles. The kits contain all the parts niseded
electricconversion. Therare many types of electric car conversion kits #natavailable

in the market today. They are direct current latgrnatingcurrent kits, universal kits,

custom kits, basic kits, and deluxe Kigsectriccarsarefor-girls.com 2009) The DC kits

are easier to install, simple, and is generally cheaper and readily available than AC kits
(Electric Car Conversion Kit 2009). Most of the electric car conversions use the DC kits

The price of the kits is dependent on the malteuality, shape complexitynanufacturing

time and design time. Each company offers different design components depending on

what vehicle iis specified for

Final Year Thesis Frans Ho Pageb



2.3.1 Front Support Motor Mounts

Electric Adaptor
motor plate Gearbox

Spacer Adapter Spacer Fly
Plate wheel
assembly

Figure2.4  Example of front support motor mounts and a complete assembly with
gearbox and electric motor (Simon Family 2008)

The purpose of having a front support motor mount is to attach and fix the front of electric
motor with the gearbds bell housing. The adapter plate prohibit electric motor from
moving in all directions including rotational, sideways, forward and .backadapter plate

is commonly used by many electric conversion enthusiasts as a front supmrimoonts.
However, the design and manufacturing of adapter plate is difficult because the mount
holes and shape of adapter plate must exawighand align with the gearbox shape and
holes patterfiBrown & Prange 1993)A spacer is often used in conjtion with adapter

plate to enclose the clearance between the motor and the adapter plate. Both the adapter

plate and spacer are usually made of aluminum to minimize weight.
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2.3.2 Coupling

The function of a coupling is to connect and transmit power fhadriving shaft tathe
driven shaft. In a converted electric car, the transmisshaft iscoupled with the electric
motor shafthrougha coupling. Usually theeansmissiorshattis differentto the motor
shaft in length, size and spline profileeite need a coupling to accommodate the
differences. Acoupling also accommodatésir types of misalignment between two
shafts; angular, offset, combination and axial misalignment (Emersornr Foavesmission,
2009).

Transmit rotational force and
torque from motor shaft to
transmission shaft

Prevent end movements for
both shafts

Keep the motor shaft aligned
and concentric to the
transmission shaft

B Shaft

| Coupling

Figure2.5  Schematiadrawing of coupling and shaft assembly

For the conversion of electric ¢aéinetwo shafts must be concentrically aligned at both
endsusing a couplingA coupling must be made from high mechanical strength material
and highfatigue ratednetals because it has to endure powerful torque and rotational force
(Tan 2008) Most people use mild or carbon stéwlthe coupling becausk t réatively

cheap and easy to fabricate.
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2.32.1 Set Screw Coupler and Tapered Lock Bushing

Coupler Bushing Coupling
Assembly

Figure 2.6 A coupling with 8 set screw coupler and tapered lock bushing
(Brownout.com 2008)

Thistype of coupling consists of a set screw coupler and tapered lock bushing. The bushing
has keyway cut to allow perfect fit with the motor shaft keyway profile. When the motor
shaft is inserted inside the bushing, the screw from the coupler draws thegbunghithe
coupler(Brownout.com 2008)There will be a tight fit because the diameter of bushing is
slightly bigger than the inner surface of the coupler. The other component, transmission
shaft or flywheel assembly, can then locked with the couplesimguhe 8 screws. The
final assembly provides a strong locking mechanism for both of the shafts and allows easy

removal for maintenance.

2.33 Rear Support Motor Mount

The main functiorof rear support motor mouitt to securely fix the electric motor the

engine compartment by supporting it from car chassis or mount rubber. It must support
both the weight of electric motor and the reaction force produced from the generated
torque. Furthermore, a good motor mount must isolate the car chassis froioratign

created from electric motor. A strong rear support motor mount is very critical for drive
system of electric car and special attention on the stress analysis should be focused when
designing it.
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Middle stylemotor mount Rear style motor mount

Figure2.7 Example of two different types of rear support motor mounts (Canadian
Electric Vehicles 2001 & Dyi Zen Tan 2008)

There are two kinds of rear support motor mount available in the market today. The first
type supports the electric nootfrom the middle length called middle style motor mounts.

It is more preferable for an-ime engine style vehicle. The middle style motor mount has a
collar bracket approximately the same diameter asléwtricmotor. It is mounted on the
middle of he electric motor and attached to the car chassis by bolts. The mount rubber is
usuallysandwichedetween the chassis and motor mount to damp vibration. The second
type is the rear style motor mount. It supports the loading of electric motor from the rear
side. Usually it has a flahounting plateo join with the rear sidef electric motomandit is

fixed by bolts. The mount rubber connects on the opposite end of motor mount and joins to

thecarchassis by bolts.

2.4  Australian Design Rul2009

The Ldus Elise electric car needs to comply vittle Third Edition Australia Design Rule

in order to be qualified for Australian road {3&ird Edition Australian Design Rule

2006) The most relevant requirement from ADR for this thesis is to ensure the noise level
from motor vehicle is not excessive (ADR 28). The maximum sound level for passenger car
is 84 dB andhesound levels tested according to the procedure given in the ADRs

can be achieved by stopping or dampening the vibration source inside engine compartment.
Using mount rubbers on vibrating components can be a very effective solution. The ADR

42 also requires that general design and construction must ensure safiejoé the

vehicle. Hence, for this thesis, all the motor mount designs and assemblies must be able to
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resist loading and torqueactionwithout failing. Also the electric motor must be properly

fixed so that no significant movement can be observechwperating.

Another rule that has to be abided is 2006National Code of Practice for Light Vehicle
Construction and Modification (NCOP). The technical and safety requirement, Clause 2.8,
enforces that all components under loading must acquire adesjtength and high fatigue
resistance. The strength of motor mount design can be assessed and checked by Finite
Element Analysis program. However, fatigue resistance analysis can only be conducted
once the Lotus Elise is fully completed and running beedlie amount of vibration is

unknown at this stage.

3. The Transmission Selection for Lotus Elise Electric Car

3.1 Selection Criteria for Lotus Elise Transmission

These are the selection criteria for choosing the transmission of Lotus Elise electric car
1 It has to naximizethe performance of electric car, including the acceleration and
top speed
It maximizesthe available space in engine compartment
It minimizes theweight ofthe car

71 It minimizesthe cost andme spendingn the conversion adlectriccar.

3.1.1 Maximizing the Rrformance

The ultimate goal of having a spe&tque conversion device in a car such as a gearbox is
to maximize the acceleration and the top sp#exdcar By having a gear reduction
mechanism in a car, the car is able tkeneffective use of the power created by electric
motor.Gear ratio is a number, usually expressed by decimals, representing how many turns
of the input shaft cause one revolution of the output sHalfting a gear reduction \&ry

useful for goinguphill or accelerating fast in a short peri&@h the other hanayerdriveis
favorable when the car is going at the cruising speed in order to maximize the fuel
efficiency.An ideal gearing alternativfer Lotus Elise would have one or two gear speed
gearbox The ' gearthathas the highest geeatiowill be used to accelerate the earfast

as possible. Thethergearthathas the lowest gear ratio will be used to reach the top speed
of 160 Km/h and provide good fuel efficiency when driving at cruisingdmé100Km/h.
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3.1.2 Maximizing the Available Space in Engine Compartment

The engine compartment of Lotus Elisesmall The removal of internal combustion

engine anariginal PGlgearbox helps to accommodé#te other drive train components
which arenecessary for electric conversidtfiowever, all the mechanical components must
be strategically placed so that it can fit nicely inside the engine compartments. One of the
approacheto achieve this is to selecgaaring methothat has a small dimensiamd a
different arrangemenHaving a small size gearb@anprovide extra clearan@nd space
between other componenithe different arrangement of gearbox in engine compartment

can also create more space for batteries.

3.1.3 Minimizing the Weight of tk Car

The weight of theelectriccar has a big impact on the performance espedialy
accelerationNe wt on6s Second (Fasequaltoanass gtimeshat f or c ¢
acceleration (a).
F =ma (3.1)
This can be applied to the electric edrerebyf is equal to the force required to move the
carin Newton M is the total mass of the carkg, anda is the acceleration of thearin
m/<". The force required to move the d&rjis reduced when the totaassof the carm, is
reducedReducing the total weight of the car can be achieved by using avebht

gearbox.

The weight of the electric car also affects the range or the distatresrel of the carThe
heavier the car the more power required to drive at the same Sjesalhere is only a
certainamount of power stored inkattery havingalighter gearboxn the car will increase

the range of the car.
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3.1.4 Minimizing the Cost and &bor time

Purchasing a new gearbox or differenta@l Lotus Elisecan bevery expensive and time
consuming i f itéds not readil yorshippngdnd bl e i n
handling can take weeks especially if it is shipped from overseas. Hence, in order to avoid
unnecessary spending, a thorough research of the price and benefits associated with

different gearing designs should be done. Another way to nrinost and labor time is to

have a matching shaft profile and holes patterns as the electric motonakttise

fabrication for motor mounts can be minimal and will ultimately reduce labor cost.

3.2 Constraints

The converted Lins Elise is aimetb produce the same or betggrformancehan the
2005 ICE Lotus Elise. The electric Lotus Elise should aim to achieve the following

performance:

Cruising speed: 100 Km/h

Top speed: 160 200 Km/h

Acceleration (2005 ICE Lotus Elise): 0 to 60 Km/h: 2.1 secwls
0 to 100 Km/h: 5.1seconds
0 to 160 Km/h: 13 seconds

The gearing method for Lotus Elise electric car must:

1 Be compatible with the independent suspension arrangement
1 Fitinto engine compartment without major modifications

1 Have atorqueapacity that exceeds the maximum torque of electric motor

33 GearingMethodSelection Procedsr Lotus Elise car

The gearing method for the Lotus Elise can be selected from four options:
The original PG1 gearbox from Lotus Elise
Aftermarket gearbox

Custom made gearbox

A

A single differential that has one fixed final gear ratio
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Eachof theoption has its own advantages and disadvantages in terms of the performance,
utilization of available space, weight distribution, and déathof thealternatives b
gearing method is describbdlowin relation to theaim and constraints of the project.

3.3.1 Retaining the Original PG1darbox

The easiest way to gear the electric motor would be to use the original gearbox from Lotus
Elise. The parts are alreadyptace and guaranteed to fit with all the other components of
cards drive system. Retaining the original
money because there is no need to purchase another gearing device. The money saved
could be used to ftlier improve the performance of the electric car. The original gearbox
also has multiple gears that can offer the driver the ability to suit different driving
conditions for exampleracing or daily commuting. This solution was previously used for

the Hyurdai Getz so the technique to mount the electric motor can be reapplied to Lotus
Elise electric car. This makes the fabrication and design of motor mounts much easier.
Moreover, the gearbox castings are full aluminum constructions which make it very light
weight. The major disadvantage of using original gearbox is the space it takes up in the
engine compartment. It would take half of the engine compartment space anshhadive

space for batteries and controllers.

However, he clutch in the gearbox must begraded or removed so that the gearbox will

be compatible with electric motor. This is because the torque of electric motor is too high at
low rpm and would wear out the clutch very fast. The cost of high performance clutch and
flywheel is very expensivé-urthermore, the use of clutch in gearbox would recpire
customized housing to mount withe electric motorHence further increases the cost of

the project and delays the progress of the car.

3.3.2 Purchasing a Bw Gearbox

Purchasingn aftermarket gearbox accustommade gearbox would provide bigger space
for the batteries while retaining the flexibility of multiple gears. The size of gearbox may be
smaller and may be positioned differently in the engine compartment to maximine engi

compartment space. Buying another gearbox also helps to increase the performance of
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electric car because the gear ratios can be chosen such that it optimizes the acceleration and
top speed. However, the availability of a new gearbox that could sustgnowerful

torque of electric motor is very low. Most of them are not designed for high torque output.
Buying a new gearbox would also require a new differential and other important

components such as a matching spline-bladfft. Hence, further increase spending of

the projectThe price for aised5-speed gearbox varies greatly depending on the quidlity.

is expensive and costs approxima®lp00 to £000for a nonperformance gearbox (eBay

2009) The weight of new gearbox may not be much difiéte the original gearbox

because the Lotus gearbox castinglieady lightweight

3.3.3 Using a Single Differential

A differential has a single final drive ratio and it is permanent. It usually has a high torque
capacity that can easily withstatite maximum torque of electric mot@40Nm) It is

(@}
—

|l ighter than a gear box becausislessmechdnca s n

(@)}
—

|l osses in differential because it doesn
usually bigger thaa gearbox and has a different attachment configuration compared to
original gearbox with the electric motor. The original gearbox attaches to electric motor
horizontally where as the differential attaches to the electric motor vertically. Hence the
electric motor is pushed far backward to the rear of the car and may come in contact with
the rear bumper of the car. Mounting the electric motor will also be more difficult because
it will be pushed too far backwards and limit the location of mounting. Furthiermas

difficult to find a differential with the desired final drive ratio unless it is common to all
cars. If the Lotus Elise electric car requires a final drive ratio that is not found in most
common cars, then a custamade differential is necessaifhis can be a very expensive
approach and takes a long time to find the right ring and pinion gears to make up the

desired final gear ratio

3.4 Modelingthe Performanc®f Lotus Elise Electric Car

The car performance when using different gearing ntethast be modeletd help
determine the best gearing method for Lotus Eliseld¢se.information about tires and
gearbox can be found Appendix A.There areananyassumptions and constraints that

mustbe considered beforeadelinga performance curve of electric vehicle.
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1 Mechanical friction including brake pads contact and drive train loss is not taken
into account

1 Motor is performing at 95% efficiency

1 The vehicle is on flat ground

1 Vehicle is always moving at nexero speed

)

Gearchangdakes 2 seconds

Drag Coefficiat: 0.36 Rolling Resistance Coefficient: 0.01
Frontal Area: 1.65 f Massof car(driver & luggage): 1000 Kg
Tire Circumference: 1.992 m Air Density: 1.2 kg/m

In order to model the performance of the electric vehicle, there are a number of steps that
has to be followed. Acceleration curve for each gear is generated at 10 Km/h increment.
The sequence of calculations is showfrigure3.1

Torque
Delivered —
from Motor

Net Torque at Force at the Acceleration Draw

the Wheels Afterl»| Wheel »| at the Wheel (»| Acceleration

Net Torque Loss Curve

A
Drag Force Rolling Motor
Resistance Efficiency
95%

Figure3.1 = Computational method to model acceleration curve for electric vehicle

3.41 Computational Method for Performance Modeling

To find out the torque delivered from motor, the rpm of motor shaft when travelling at a
particular speed must be known.

YL~)U — U QQZ 1000 &

8y 60 6@

(3.2)

=t R (3.3)
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The torque output from motor can then be found from the motor torque curve graph given
in the AppendixB. For the same speed of the car, the amount of power needed to overcome
theaerodynamidrag force and rolling resistanoétiresmust be found. Thisiconsidered

as apowerlossbecause it reduces the available power from mttoan be seen in the
Appendix D Theequation to calculate the drag force and rolling resistance are as follow.

02

"Q@= 0202”2 - (34 P=6242Q (3.9
The two forces are added up and converted into power using the equation below.
0="Q (3.6
The power loss is converted again to become a torque loss.

t= 0 ,60a®

YO0 24 iR (3.7)

The torque output from motor is subtracted by the torque loss resulted from the drag force
and rolling resistance. This is thet torque at the wheel after netque loss. The net
torque at the wheel is then converted into force at the wheel.

7'

© = (3.8)
Lastly, the acceleration of the car can be calculated by usiriglitving equation.
G= 2 (3.9)

a

This calculation process iBenrepeated for variougpseds in incremental of 10 Km/hhe
acceleration curve can be drawn for any gear combinations thea be used to calculate

the top speed and benchmark acceleration times of 0 to 60 Km/h and 0 to 100 Km/h.

Furthermore, in order to maximize the power of the electric motor, a number of possible
gear combinations and gear ratios must be assessedgedheombination that produces

the best acceleration and desired top speed will be chosen to power the electric vehicle.
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The variouggear combinations are listbeélow.

Option Gear Combinations

First and Third

Second and Fourth

Third

Differential: Gear Ratio of 5.5:1

Differential: Gear Ratio of 6:1

o O | Wl N| -

Differential: Gear Ratio of 6.5:1

Table 3.1 Possible gear combinations

3.5 Results and Discussidar Lotus Elise Transmission Selection

Acceleration Curve for Each Gear

40

35

30

25

——1st Gear

20 ~&—2nd Gearl

3rd Gear

Acceleration {(Km/s"2)

15 == 4th Gear

=== 5th Gear

10

0 50 100 150 200

Speed {Km/h)

Figure 3.2  The acceleration versus spagdph for each gear of PG1 gearbox

TheFigure 3.2shows how much acceleration the electric motor can providiéetent
speed of the caFor example, whetihe speed of the car is 20Kmthe maximum power of
the electric motor at first geaan giveanacceleration ofip to 33 km/& If the driver is

using the second gear instead, the maximum accelethtibthe electric motor can provide

will be 20 Km/€. The car has reached the top speed when the accelésaiaero.
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As expected, the gear thaill provide the highest acceleration is the first gear, followed by
the second gear and so forth. The maximum acceleration that ceniéeed by the PG1
gearbox is 3Xm/s”. Furthermore, tere is a big difference of acceleration when usthg 1
gear conpared to using™ gear. It is also interesting to see that the acceleration curves are
quite similar for all gears and follow the same downward trend. This indicates that multiple
gears are not necessary for electric eac it is best to use only twears. The reason is

that the torque generated from electric motor is sufficient to power the car until top speed
by using only two geard.hepurpose of having a-g§ear combinatiois that the first gear is

for fast acceleration and the second gear isdaching the desired top speed.

Referring toFigure3.3 the £'and 3 gear combination provides the fastest acceleration

with top speed foapproximately 1@ Km/h. The 3¢ and 4" gear combination provides a

slightly lower acceleration but with highant speed of 20Bm/h. It is interesting to see

how the car will perform if using only a single differential instead géarbox A

differential has one final drive ratio and it is not adjustable. In the result, it is represented by
its final gear ratio.

First and Third Gear Second and Fourth Gear
40 40

35 35

\ 30
25

25

20

=4 1st Gear

Acceleration (Km/s"2)
Acceleration (Km/s"2)

20 ey
\ =t=2nd Gear

3rd Gear 4th Gear
15

10 10 \

N

0 50 100 150 200 0 50 100 150 200
Speed{Km/h) Speed(Km/h)

Figure 3.3  The acceleration curve when using two gear combinations
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Time (S)

ICE PG1 Gearbox Differential
2005 | 1stand | ng 3
Performance | | .o | T3 jh éggr Gear | 551 6:1 6.5:1
Elise Gear Only
0-60 Km/h | 2.1 | 2.2963 | 3.4882 | 4.1407 | 4.140719 3.784809 3.5048957
0-100 Km/h| 51 | 7.0001 | 7.0817 | 8.2676 | 7.767697| 7.124848 7.13713524
0-160 Km/h | 13 | 19.9295| 21.0790| 20.297 | 19.79708 17.56408 18.198489
Top Speed | 5, | 170 200 170 170 160 145
(Km/h)
Sh'f“?f) time | 45 2 2 2 N/A N/A N/A
Table 3.2  Performance analysis for all gear combinations

It can be seen from thable3.2that the best performancan be achieved hysing the

original PG1 gearboXA more detailed result can be seen inAlppendix E The

differential will give a performance that is worse than using PG1 geafbexgear

combination that has the fastest acceleration with a top speed within the aim of the project

is the 1% and 3 gearcombination It will alsoproduce the fastest time @60 km/h time

attack. However, the"2and 4" gear will be the faste§tom 0 to 100 Km/tbecause it
n e drdm seawnd gda till after §36 Kn/binlike the £ and 3 gear
combinationthere isa shift gearat 78 Km/h Therefore, iis best to use the'2and 4" gear

doesnot

combination for daily se because it is more practicBhe 2'“ and 4" gear combination

also has a higher top speed thiradd 3" gear combinationa top speed of 200 km/h.

Cruising speed = 100 Km/h

Motor RPM

1%tand 3¢ Gear

4602 (at 3 Gear)

2" and 4" Gear

3618 (at 4 Gear)

Table 33

Motor rpm at cruising speed

As shown inTable 33, the motor shaft is rotating slower when using tHead 4" gear

combination compared to usinff and 3° gearcombinationat cruising speed herefore,

the motor will use less power when usifg@nd 4" gear combination and will give a

longer range for the car.
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Thus, the bestolution to drive the Lotus Elise electric car is by retaining the original PG1
geartmx and using the"@and 4" gear combination to achieve maximum range and good
overall performance-dowever, he electric car will balightly slowerin acceleratiorthan

the ICELotus Elisemodel. This is because the electric motor has a smaller potivey ra

(75 kW) than the ICE model (88 kW). However, the difference of performance does not
differ by much. For example, the electric car can accelerate ffd@® &Km/h in 7 seconds
compared to 5.1 seconds for the ICE Lotus Elise car.

Furthermore,ite maxinum torque capacity d?Glgearbox is rated the same as the
mot or 6 s maxi mu mThe gearloox reay faikif4h@ makimym torque of
electric motor is applied for a long timdowever,according to the motor torque curtiee
likelihood of constantlyising240 Nmmaximum torque is low becauagcruising speeof
100 Km/h themaximum torque output of mota about 19(Nm. Thus itwill be safe to

retain the original PG1 gearbox.
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4. Motor Mount Design Procesdor Lotus Elise Electric Car

4.1 Constraints

The constraints associated with the design of motor mounts are as follow:
1 Design must fully comply with the Third Edition Australian Design Rule and
National Code of Practice for Light Vehicle Construction and Modification.
1 Design must be as simple as possible to achieve low fabrication cost and minimal
weights

1 Design must be reliable

The motor mount design must meet the followdogditionsin order to be considered for

fabrication.
1 The ability to support the proposed loadings without failure
1 Strong and stable mounting to the car chassis with the addition of rubber mounts

1 Suitable mounting location without disrupting other components

4.2 Computer Aided Design Program

The most important factor when designing the motor mounts is whether it will fit into an
allocated space. The program used to model the space of Lotus Elise engine compartment
and motor mounts is SolidWorR908 The SolidWorks is a 3D mechanical Computer

Aided Design program that allows user to model their design virtually. This program is also

able to produce a detailed final drawing so that it can be manufactured without difficulty.

4.3 Finite Element Analysis Program

When the design has finished, thetor mount will then undergo a stress analysis using
Finite Element Analysis software called ANSY%®%orkbenchFirstly, the motor mount

model from SolidWorkss directly imported to ANSYS Workbench for stress analysie
material for the motor mount teen selected from the available material data sheet. Next,
themotor mount model is given a meshigigher automatically frormeshing toobr by
setting it manuallyThe loadings anloundary conditionare then added to the geometry
model. Each motor mau hasdifferent constraints and loadings depending on the location

and condion presentLastly, the safety factor and equivalent stress analysis is performed.
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Having an acceptable mesh density is very imporfidm. meshing size of a model can
affectthe accuracy of the analysis result. Therefore it is important to carry out a mesh
convergence to ensutiee results of analysis are not affected by changing the size of the
mesh.There are many ways to perform a convergenceThastformal method of

estdlishing mesh convergenceto perform an initial analysighat has a particular size of
meshing and compare the result with a more refiner meshing of the model. The meshing is
said to be converged if one or more refined meshing has a similar analykisorése

initial analysis resultThe mesh is converged if the difference is witHif.5

4.4 Flow Chart for Motor Mount Design

FAILED
v |
Model engine Material Stress analysis Fabricate the
compartment Selection using ANSYS | PASSED | motor mounts
using | Workbench g
SolidWorks

A 4

Assemble the
motor mounts

\ 4

Design motor
mounts

Figure 4.1  Flow chart for design and construction of motor mounts

Each component in the engine compartments are daaeuratelyincludingthe electric

motor andhegearbox. The available space for motor mount can then be determined and
motor mount can be designed based on that selected space. When the design has finished,
the motor mount will then undergo a stress analysis using FinitecBtelmalysis software

called ANSYSWorkbench After passing the stress analysis on the design, the next step is

to fabricate and assemble the motor moumthie engine compartment
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4.5 Spatial Modeling

It is necessary to produca accurate spatiahodelng of the engine compartmeiithelps

other group membsin REV teamto visualize how much space is available for their

individual design. This is very critical for the battery cage design where most of the space
will be occupied by batteries. Catgiently, it will helpthem to oversee the compatibility

of their design, whether it is suitable for a chosen loca@uiy the basic and important
components are included in the modeling such as the rear section of the chassis, the mount
rubbers, reinfazing bar, fire walls and drive axles. The final modeling of the Lotus Elise
engine compartment can be seefigure4.2

2002 Lotus Elise Engine Compartme
Photograph

Spatial Modelling in SolidWorks 2008

Figure4.2  Spatial modeling of Lotus Elise engine compartment

4.6 Design and Construction of Motor Mounts

The conversion of an electric vehicle requires a new design of motor mounts. The complete

motor mounts consist of four components.

Frontal support
Motor-Transmission shaft coupling

Primary rear support

= =4 4 -

Secondary rear support
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Each component contribgreatly to the succeesthe projecand therefore not one
component can be excluddturthermore, there are various constraints imposed on the
design of each component. This is mainly due to the limited space in the engine
compartmentThe design andanstruction for each component of motor mount will be

discussed sequentially.

4.6.1 Design and Construction of Frontal Support

The purpose of using frontal support is to support and fix the front of electric motor in the
engine compartmenthe frontal support consists of two parts; the adapter plate and spacer.
The adapter plate is wusually mounted to th
combustion engine wawiginally mounted. Hence, it generally has an outer profile similar

to gearboxo6s bell housing so that 1t can f
enclose the clearance between the adapter plate and electric motor.

These are the necessary steps to design the frontal support of Lotus Elise car:
Measure theritical distance between the motor shaft and transmission shatft.

Record the transmission bell housing profile.

Record the location of bolt holes for transmission and electric motor.

0N

Determine the centre point of adapter plate to indicate the centresdbaxi

alignment between motor shaft and transmission shatft.

4611 Critical Distance

When the electric motor shaft is placed head to head with the gearboxhshafttical
distance is the distance from the front face of gearboxetéréimt face of electric motor.

The measurement for the critical distance is shiowkigure 4.3
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Critical
Distance
————

Gearbox

(I

Electric Motor

\5mm

gap

Figure4.3  The critical distance between gearbox and electric motor

There is a 5 mm gap between the shafts to prevent physical cont&am thetwo
moving parts The critical distance for Lotus Elise 7® mm; hence the frontal support will

have a thickness of 70 mm.

4.61.2 Shape of Adapter Plate and Holes Locations

Thesize of adapter plate has to be sufficiently large in order to cover the front face of
gearbox and electric motor. The adapter plate shape has to closely follow the shape of the
face that is the largest out of the two components. For the Lotus Elise,dbsifG1

original gearbox has a larger front face titize electric motor. Eince the adapter platell

foll ow the sihdpoesingf gear boxo6s

The easy method t@cord the frontal shape of gearbox is to titheeshap®n to a paper
with a pencil The shape aheadapter platavill have the necessary area for mounting. The

area around the drive axle from differential is cut out to provide clearance.

Reference
Points

Figure 4.4  Tracing the shape of gearbox bell housing
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OneREV group member proposed to slice the top of gearbprodide morespace fothe
batteries andto reducea bit ofweight A line wasdrawn at the top of the traced paper to
indicate where the slice occufi@e bolt holes for electric motand gearbox are
determined from 2 critical point$he critical pointsare circledn Figure 4.4 The rest of

the holes are calculated in referet@¢hose critical points.

4.61.3 Adapter Plate Centre Point

The gearbox shaft can be used as a reference location for thepmentad adapter plate.

The determination of centre point is very critical in the design because it ensures that the
geabox shaft and electric motor shafie aligned perfectly. The centre point is then used as
a reference for drawing the hollow centre of adapter plate. The hollow cesdites a

space for coupling. The spacer will also have the same hollow sd@mete as the

adapter plate.

Adapter plate

k"/ Due= Haollow Centre Diameter

Gearbiox

------- 1 _|___ ElectricMotor | | Centreline

%

Spacer

Figure 4.5 The schematic diagram of adapter plate and spacer assembly
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4.6.14 Results and Discussiai Frontal Supporbesign

Adapter plate with pillar spacer| Adapter plate with collar space

Figure 4.6  Initial design of frontal support modeled in SolidWorks 2008

There are two initial designs for the frontal support. The first one is by using a pillar spacer
and closed around by a thin plate of aluminum. This dasigicking the strength around

the pillar section. When the electric motor is bolted to the enakedbitlar, the area of

contact between pillar and electric moiwsmall. Hence it is more likely to experience

high localizedstress on the pillar and méil. One way teolvethis problemis to replace

the pillar spacer with a collar spacer. Th&ps to distribute the loaty evenly because

there ismore contacsurfacearea between electric motor and spacer. Hewthis design

can be further modifietb achieve a lighter weight.

Spacer Top Cover|| Electric Motor
Gearbox

Adapter Plate Frontal Support

Figure4.7  Final desigrof frontal support with gearbox and eec motor
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The final design of frontal support is lighter because the spacer is trimmed in such a way
that it does not compromise the strength of the deSigmspacer is trimmed to become a
square shape instead of a circular sh@pefinal design is enple and alignghe electric

motor with gearbox perfectly top coveris also fabricated to enclose the sliced section of
gearboxand it is bolted at the top of adapter pldtiee detailed drawing of frontal support
can be seem Appendix G

The frontof electric motor is secured the adapter platey using four M8 nutsThe
adapter plate is then bolted teetgearbox using nuts and boliberepresentation of how

the adapter plate is mounted is dravatow.

M10 Bolt with
Nuts

Transmission

M8 Nuts

Figure4.8  Themounting configuration of adapter plate

46.1.5 Material Selection and Fabrication for Frontal Support

The material used for the frontal support does not have to be very strong because it does not
have toresist the weight of electric motdfabricating it from aluminum instead of mild

steel will make the frontal support lightddence, the adapter plate is made out of 400mm

X 400mm x 20mm thick aluminu®061 alloy and the spacer is made 50 mm thick

aluminum 6061 alloy.

There were two optins to machine the shape of adapter plates. The first method was to use
a Computer Numerical Control milling machine and the second metastb use a
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manual milling machine available in workshdge method thavaschosen for fabricating

the frontal suport is by using the King Rich vertical milling machine and operated
manually by workshop staff. The CNC milling machine is very accurate for cutting shapes
but very costly and time consumiifgabricating onlyfor one item. In addition, the shape

of adgter plate is notritical and notoo difficult for the manual milling machirte cut

out

4.6.2 Design and Construction of Motdransmission Shaft Coupling

The motor shaft and the gearbox shaft need a coupling as a tool to connect and align the
two shafts together. The coupling also transmits the rotational fmagucedrom the

electric motor shaft to the gearbox shaft.

Since thdwo shafts hae a different splinalimensionto each other, the coupling have to

be split into two components:

1 Transmissiorside Coupling

1 Motor-side Coupling

Eachcomponentust have a matching splidemension with its assigneshaftin order to
fully transmit the rotational forc& hus,a goodunderstanding of spliisés necessarin

order toproducethe exacspline profile on to the couplingurthermore, the coupling must
be restricted from moving side by side along the shélffss,the coupling design requires

a method to fix the couplingn a shatft.

4.6.2.1 Transmissiorside Coupling

The splinedimenson for PG1gearboxshaft is not publicizednywheran the Lotus Elise

Car Manual or the PGdearboxspecification data. Measuring the spline profile requires a
special tool and a good background understanding of splines. Hence, one way to avoid the
mismathing of spline dimension is to use the hub of the original flywheel as the
transmissiorside coupling. The hub of flywheel has a matching spline profile to the

transmission shatft.
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4.6.2.2 Motor-side Coupling

Theshaftfor the electric motohasa uniqle spline dimension and can be obtained from the
electricmotor data measurements. The spimeasuremerdata for the electric motor shaft

can be seen below and it is measured in inches.

EXTERNAL INVOLUTE SPLINE DATA

FILLET ROOT SIDE FIT TOLERANCE CLASS 5
NUMBER OF TEETH 21
SPLINE_PITCH 16/32
PRESSURE_ANGLE 30
BASE DIAMETER 1.136658
PITCH DIAMETER 1.312500 REF
MAJOR DIAMETER 1.375/1.370
FORM DIAMETER 1.246
MINOR DIAMETER 1.172 MIN

CIRCULAR TOOTH THICKNESS

MAX EFFECTIVE .0982

MIN ACTUAL .0954
MAX_ACTUAL .0966
MEASUREMENT OVER PINS 1.4899/1.4917
PIN_ DIAMETER .1200
FILLET RADIUS . 016

T

Figure4.9  PowerPhase 75rdction System Electric Motor

The motor side coupling must be as long as the electric motor shaft to ensure proper grip.

Hence the moteside coupling must be more or equal to 50mm long.

4.62.3 Result and Discussianf Coupling Design

+.9. vy

Figure 4.10 The first coupling asign

The set screw coupling was timtial coupling design for Lotus Elise his desigrusessix
set screws téix the two couplings together. However, according to the Brown and Prange
(1993), using a set screw coupling carvbey dangerous because it can fail

catastrophicallyThis desigris also very difficult to carry out becaug® transmissioside
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couplingrequires a matching splimeofile asthetransmission shaft. However, the spline
data for transmission shaft is not publicized anywhere and has to be measured ¢arefully
ensure perfect fittingThus, this design is not cost efficient arad safe for Lots Elise.

Transmissiorside Coupling Motor-side Coupling

Figure 4.11 The final coupling asign

For the final coupling design, the original flywheel hub from Lotus Elise is cut out to be
used as the transmissiside couplingThis avoids having to cuivolutessplines on
transmissiorside couplingoecause the flywheel hdits perfectly to the transmissiahatt.
The detailed drawing is included Appendix G The motorside coupling is intentionally
designed bigger than trangsionside couplingor joining purposeMoreover, there is a
circular extrusion cut at the front of motside coupling so that the transmissgde
coupling can be inserted and secured togefier.two couplingsvill thenbejoined

together bywelding. The welding location on the coupling can be sedfignre 4.12

Welding Grub Screw

Motor-side

o coupling
Transmissiorsid

coupling

Figure4.12 Joining method for transmissieide coupling and moteside coupling

A grub screw is also used to fix the coupling in place on a shaft and prevents it from
moving sideways. For this design, the grub scesituated on the motaide coupling

because the transmissisite coupling has limited space.
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4.6.2.4 Material Selection and Fabrication for Coupling

A couplingmust be made from high mechanical strength material anddtighe rated

metals becauseéis constantly exposed totational forceand shear stres€arbonsteel

1040was the best material for thwo coupling because it has a good machinability, high

strength and weldable by all of the welding methods.

Property Carbon Steel 1040

Y o u niModuwsus (E) 200GPa (eFunda 2009)

TensileYield Strength 353.4MPaeFunda 2009)

Ultimate Strength 520 MPa Bernard, Steven & Bo 2004
Poisson Ratio 0.3

Density 7850 kg/ni (Bernard, Steven & Bo 2004

Table 4.1 Carbon Steel 1040 Properties

The motorside coupling was fabricated usingvaie cutting machine in the physics
workshop. Thavire cutting machine was able tabricatethe matchingplinedimension

on the couplingising the splinéool program. The grub screw holes and welding wasedo
in the electrical building workshofphe welding procedur@as made sure to be completed
properlywith high qualityweldingto prevent cracking and premature failure.

4.6.2.5 Finite Element AnalysiResultof Coupling Design

The loadingcondition forthe coupling is 240 Nm torqueactionproduced fronthe

electric motor. In order to make sure there is no calculation error associated with a
particular size of meshing, three di#et refinements of meshing wpsrformed. If the

stress ol#tined from ANSYS Workbench does not differ greatly, it shows that the stress
value is accurate and not affected by any eifbe grub screw loading and hole is not
taken into account in the stress analysis. The grub screw is considered as one body part

with the motosside coupling. The loading nditions of coupling are shown kigure 4.13
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Transmissiorside Coupling Motor-side Coupling

Fixed Support | 240 Nm Torque Fixed Support 240 Nm Torque

Figure 4.13 Loading condition for coupling in ANSYS Workbench

The spline curves for each coupling are drawn @sechs possible to the real one. It thas

samenumber of teettbasediameterand major diameter.
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Figure4.14 Equivalent stressfor transmissiorside couplingandmotorside coupling

According to the stress analysisetmaximum stress occurs at tiese diameter of the
splines particularly the area where the teeth connect to the base didimeteeaat the

base of the teethias sharp corners and hence likely to induce high local stresses.
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Transmissiorside Coupling

No.of Elements | Max. Equivalent Stress (MPa Difference (%)| Max. Yield Strength (MPa
9928 (coarse) 64.99(Initial mesh)

19385 (medium) 682 4.9 353.4

45867 (fine) 67 3.1

Motor-side Coupling

No.of Elements | Max. Equivalent Stress (MPg Difference (%)| Max. Yield Strength (MPa
12304 (coarse) 34.66(Initial mesh)

21654 (medium) 362 4.4 353.4

50937 (fine) 34.54 0.3

Table 4.2 Stress analysis result for coupling

The initial mesh of the two couplis@s considered to be appropriate for the stress analysis
because the meisly has converged. When the initial mesh is refined twice, the maximum

equivalent stress does naffelr by more than 5% from the initial result.

According to the eFunda.com, the yield strength of carbon steel 1040 is 353.4 MPa at
normal air temperature of 25 °The maximunequivalentstress experienced at both
coupling is below the yield strength of carbon steel 18#hce, the transmissieside
coupling and moteside coupling will not experience plastic deformation during operation
and will be sufficiently strongr'he safety factoffor transmissiofside coupling and moter

side coupling i$.44and 102 respectively.

4.6.3 Design and Construction of Primary Rear Support

The main function of primary rear support isstestainthe entire weight of electric motor
andto resist some of the torqueactiongenerated from electric motor. It can be seen as a
cantilever systemlTheprimaryrearsupport not only transfethe torquaeactionbut also
transfers theibrations of electric motor. Hence, a solution to dantpemlectric motor

vibration must be incorporated into the design.
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4.6.3.1 Methodology ofPrimary Rear Support Design

Themounting location for therimary rear supporieeds to be determinethe Lotus Elise
carhas a ery compact engine compartment dhereareonly a few suitable manting

locations The mounting location must be close to the electric motor and secured to the car
chassislt was found that the best location to mount the primary rear support is at the
original mounting location for inteah combustion engindt is close to electric motor,
connects to the car chassis, anddagy rubber mount which can be used to dampen

vibration.

On the opposite end dfii¢ primary rear suppotit is to be mounted to on the rear side of

the electric motor. It has to be mounted on the strong part of the electric motor to prevent
any damage. Thelectric motomanufacturer recommends utilizing thed@ews thatre
embeddedh circular patterrat the rar of electric motarThe original screws can be

changed to a longer high tensile screw to accommodate the primary rear support bar. The

mounting location for electric motor is highlightedAppendixl.

The distance between the rear of electric motorth@dubber mount need to be measured
to design the primary rear support bene distance is measured in three dimensional
directions. It is very important that the measurements are done very accswatedy the
electric motor shaft iperfectlyaligned with the gearbox shafthe measurements can be
seerbelow.

Electric oto Rubber

Top View Front View

Figure4.15 Measurement for primary rear support bar
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4.6.3.2 Result andDiscussion of Primary Rear Supp®sign

First Design | Second Design

Figure4.16 Initial design of primary rear support bar

The first design of primary rear support was very simple and does not cxtoi@f space.

It has a 20 mm circular plate with 5 holes to mount on to the rear of electric motor. The
other end of the bar will be mounted to the rubber mddmivever this desigrcould not
support higHoadingbecause there is hardly any reinforcing elements ohahdtis also
veryheavy because it is going to be made out of solidTer.second design was more
rigid than the first design. It uses the same circular mounting plate method as the first
design.Even though the second design fit very nicely in thgirencompartment, it

requiresextra reinforcement bam order to support the electric motor

L

Figure4.17 The fnal design of primary rear support

The final design uses a thin circular plate with 5 holes to mount on the rear side of electric
motor. The mounting plate for rubber mount is made biggenaximize the area of contact
between rubber mount and primary rear supgdris helps to distribute the induced stress

Final Year Thesis Frans Ho Page36



evenly on the mounting platéhe desigralsouses multiple bars to reinforce cera that
are prone to high localized stress. A square hollow sectior2trben x 25mm x 4mm
thick is usednstead of solid baio make the rear suppdrér lighter.The final dimension

can be seen in thsppendix G

4.6.3.3 Material Selectiorior PrimaryRear Supporbesign

The primary rear support must be made out of material that has a high yield strength and
high ultimate yield strength because it has to suppbdavyloadfrom theelectric motor

(40 kg) and resist the torqueaction(240 Nm) The most suited material for the design is
carbon steel 1040 because it has a good weldability, machinability and high yield strength.
Furthermore, carbon steel 1040 is widely available in the market and relatively cheap

compared to other material withrae strength.

4.6.4 Design and Construction of Secondary Rear Support

The main purpose afsingasecondary rear support is to resist the torgaetionproduced
from electric motorlt can be referred to as the torque arm bar of thees@n thoughtte
primary rear support can resist the torgegctionfully, an additional bar designed mainly
for resisting torqueeactionwill be helpful. It will significantly lessen the induced stress in
the primary rear support bdn addition,it will helpto danpen the vibratiorf electric
motor. Thusthevibration damping methofibr secondary rear supparust also be

incorporated in the design.

4.6.4.1 Methodologyof Secondary Rear Suppdesign

The method applieoh the primary rear suppodesignis also used in the secondary rear

support design. The first step is tod the best mounting location the engine

compartment such that it is close to the electric motor and secures on to the car chassis. The
mounting location must also have a danmpedtampen the transmitted vibration.

Furthermore,lte secondary rear support mhate sufficient clearance from drive axle of

the car.
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The Lotus Elise car has a torque aodthat was previously used to resist the torque

reaction resultefom interral combustion engindt is attached to the rear car chassis and

has a rubber mount to the dampen vibration from engiimee the torque arm rasl close

to the electric motor, hasrubber dampeand attached to the car chassigs guitable to be
usedas the secondary rear support for electric motor. However the torque arm rod needs to
be extended so it can reach the rear of electric mbies.extension bar is the part that will

be designed as the secondary rear support.

The method to mount the sextary rear support on to electric motor must also be
determined. There is a primary rear support bar mounted alreadybaich electric
motor.Hence, one way to attach the secondary rear support is to mount it on to the circular
mounting plate of primry rear support. It will be fixed on to the electric motothm®/same

high tensile screws.

The distance between the rear of electric motor and the torque arm rod need to be measured
in orderto design the secondary rear support. The measurements seerbia théigure
4.18

196 mm

Torque
<*+—arm rod

Side View Front View

Figure4.18 The neasurements for secondary rear support design
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4.6.4.2 Results and Discussion for Secondary Rear SuiEsign

Primary
rear
support

Electric?
motor \

Figure4.19 TheFinal desigrof secondary rear support

The final design of secondary rear suppaontsists of 3 parts that are welded togetheo
platesare welded together to make a 90 degrees angle Bkradlesign has a 90 degrees

bend because it must avoid making contact with the drive axle of thEheadrive axle

goes through between the torque arm rod and electric mdatone end of the plate ¢ne

are two bolt holes to mount on to the torque arm rod. The other end of the plate is welded to
a circular mounting plate. This circular mounting plate is to be bolted to the rear of primary
rear support mounting plate. It uses the stmeehigh tensié steel bolts to secure on to

the electric motorThe final dimension of secondary rear support can be sefgrpendix

G.

4.6.4.3 Material Selection for Secondary Rear Support Design

The materiafor secondary rear support desigust have a goodeld ability property and
high yield strength to resist the powerful torque reaction from electric mbismnot
necessary to have a light weight material because it is snsdle The best material that
satisfies the requirement is the carbon steel 1040the same material used tbe
primary rear supportt also has a good machinability, which is an important fdotathe

fabrication process.
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4.6.4.4 Stress Analysis for Primary and Secondary Rear Support

The primary and secondary rear sogtfbars are drawn as one body in the ANSYS

Workbench program because the loadings and torque reaction force are shared between the
two rear support bars. It also avoids the complexity of having to calculate the distribution of
stresses between the primaryd secondary rear support. It is assumed that the 5 bolts

shared between the two rear suppartssufficiently strong antilghtly screwedMoreover,

all the mountings are secured properly and no other parts are supporting the electric motor.

Theloading condition of the rear supports are:

1 240Nm torque reaction force

1 392N load of electric motor (40 kg weight)

Fixed Support 392N Loads 240 Nm Torque

Figure4.20 The bading conditions for rear support

In order to make sure the calculated stress satecorrect and without any calculation
error, the meshing for rear support in ANSYS Workbench is refined three. fithe size
of mesh can automatically be set in the program with three available options: coarse,

medium and fine meshrhe three meshing for the rear support is showkpipendix H
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Figure4.21 The euivalent stresses for the rear suppath 392 N load and 240 Nm
torque reaction force

The stress analysis result showed that the maximum stress occurs at the secondary rear

support particularly at the 90 degrees bend. There is also moderate amount of stress along

the plates of secondargar support. A safety factor analysis is shanRigure4.22to
clearlyshow the section thareexperiencingtresses close to the maximyiald strength
of material (353.MPa).

0 ana PR

Figure 4.22 Thesafety factor analysis for rear support
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Number of Eements | Max. Equivalent Stress (MPa| Difference (%) Max. Y(Il\jlgaS)trength
5493(coarse) 21016 (Initial mesh)

7809(medium) 211.78 0.2 353.4
10524(fine) 209.66 0.7

Table 4.3 Stress analysis result for rear support

The maximum equivalent strefes the initial mesh does naiffer by muchfrom the other
two refined meshing. It is less than 5% differenteerefore, the equivalent stress vdiue
the initial mesh iproven to beunaffected by the change of mesh skitence the mesh is
convergedThe yield strength of the rear support is 353.4 MPe& maximumequivalent
stress for the rear support2$0.16MPa and it has a safety factorhh68 Hence, he rear
support desigis more than sufficient to handle thatbng conditionsand will perform

reasonably well.

The loading that has the most effect on the maximum stress of rear support is the torque
reaction. Asmalladditional weight on electric motor will not cause the rear support to fail.
However, the rear support will likely to fail if the torque reaction is increased. When the car
is going over road bumps andrnering at high speethe rear support will likelyo

experience twice thieading of motor weight,e. 80kg.According to ANSYS Workbench
stress analysim Appendix H the maximum stress experienced by rear support witi9e

MPa The maximum stress is located at 90 degrees bend of secondary rest. supp
Furthermore, theear support wilbnly fail if the loadingof rear supporis 340 kg and

240Nm Torque reactioforce In other words, the rear support is able to handle an

additional weight of 300 kg before it faildence, the rear support is stragmgpugh and will

perform very well without failing.

The rear support will also have to resist torque reaction from an opposite directiothevhen
car isreversingor switching gears. The torque reaction for reversing is assumed to be the
maximum torque duced from electric motor, 240m. The loading conditiofor the rear
support i240 Nm torque reaction force (oppodiieection) and 392 N down forc&he
maximum equivalent stressfsund to bel73.68 MPa and has a safety factor ¢f2own

in Appendk H). Therefore, the rear support design is safe to be used for the Lotus Elise car

and satisfy the Australian Design Rdl2regarding abousafe operation of the vehicle.
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4.6.4.5 Motor MountsAssembly

Gear Box
Fire
wall
Adapter
plate Motor
mount
Electric rubber
motor
Chassis
Torque arm wall
rod
(attached to .
the chassis) Secondary Primaryrear
support
rear support

Figure4.23 The final design of motor mounts inside Lotus Elise engine compartment

Assemblingthe motor mounts was easy and simple because atlithensioningvas done
in advancen SolidWorksprogramand was made sutefit insidethe engine compartment.
All the motor mountsverepaintedto preventcorrosionexcept the frontal suppdrecause

it is made from aluminumThe motor mounts weresembled one by one and followed an
order that ensures perfect alignment and excellent fitiingddition, & the bolts for
mounting the motor mountgeremade sure that wastensioned correctlyl he final

assembly of motor mounts inside the engine compartment is shoppendix|.

5. Safety

Students and workshop staffs in universities are required to follow the safety and health
policy, introduced at the safety induction session, when working in laboratories
workshops. It is also very crucial that everyone who uses the workshop area must fully

abide to the Occupational Safety and Health program to foster a safe work environment.

All the people who are involved in the process of the project are somelposeeixto
hazards. Hence, safety considerations and issues for all the procedures throughout this

Final Year Thesis Frans Ho Page43



project should be considered in advance to avoid injuries. For this thesis, there are safety
issues associated with the design, construction and assembhesoofmounts. As well as

the implementation and operation of motor mounts.

51 Safety Issues in Workshop Area

Most of the time, the fabrication of motor mourggsonducted in electrical workshop by
theworkshop staffs. It is important to list all the safety issues associated with using
workshop area to ensuaesafe environment fatudents and workshop staffs. It includes
wearing personal protection such as fully enclosed footwear, safety glassesy heari
protection, and protective masks. The staffs and studenddsarequired tcfamiliarize

with the workshop rules, safety procedures and safety hazards mounted at the entrance.
This helps students to be prepared when fire emergencies, dangerous lobvgmsares,

and body injuries happened in the workshop area.

Hazards
ASaf?rt‘y this Area

66
o

Precautionary measures required

L

Figure5.1  Some of the safety signs posted in the workshop area

The electrical wiring and connections in the workshop area should be left alone and only be
used when it is safe tip so. Usually all the electrical works are carried by person with

el ectr i c alnseWwis aldo betpfldo khow wheere the first aid kit box is located in
case of any injuries occurred. The emergency procedures for the workshop should also be
familiarized including the emergency telephone contact number. Furthermore, all the
equipments and machineries in the workshop should only be used by qualified staffs and
people who havéhe expertisgo use it
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5.2  Safety Issues in G50 REV Laboratory

The Lotus Elisearis stationed in G50 REVaboratory n the electrical buildingThere are

also safety rules that have to be strictly followed by students who use the area. Some of the
signs posted on the walls include no smoking, emergency procedures, and electrical shock
hazards. Examples of &y signs can be seen below.

No Smoking sign and Electrical Hazard Emergency
Safety Policypaper sign Procedures

Safe Work Practices Safety reminder for all Electrical
label electrical components Warning label

Figure5.2  Warning and Safety labels in G50 REV Laboratory

The emergency procedures contain a list of appropriate action for various emergency events
such as evacuation, fire, bomb threat and earthquake. Students are alsagatcto know
theuniversityemergency number (2222), and the location of the nearest exit and fire
extinguisher. If the fire alarm went off, the students are required to direct all persons to

leave laboratory via the nearest exit, secure premises aogag®duildng, move to the

assembly area (MathGrtyard) and waitforre nt ry when i tds safe t
of fire and only if it is safe to do so; students can use the fire extinguisher to put out the fire.
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However, it is best to evacuate #rea and exit using the emergency door release if the fire
became too big.

Figure5.3  Fire extinguisher and emergency door release button mounted in G50
Laboratory

5.3 SafetyPrecaution®VhenTaking Measurements ttie Engine Compartments

Taking measurements of the engine compartment rexpareful actions. Sharp materials

and edges of the car chassis can easily inflict injuries and therefore should be kept clear
from it. It is also dangerous to be underneath the car when it is lifteg agar jack

because the car may not be jacked up properly. Only do so when all the car jacks are put in
place correctly and have been checked by qualified staffs. Furthermore, avoid leaning on
other parts of the car while doing measurements becausssemalaly of the part may be

loose. Lastly, avoid removing or disconnecting any electrical components in the engine

compartment because it may still have a live connection from the power socket.

5.4 Safety Considerations for Motor Mounts Fabrication Preces

During the fabrication process of motor mounts, proper welding should be done so that the
strength of motor mounts will not be adversely affected. It is also important for the safety

of the workshop personnel to use the correct tools or machineriedatineating motor

mounts. This ensures that all the machineries are working in optimal condition and prevents
from inflicting physical injuries in the case of machine failure. In addition, the workshop

staffs are required to handle the equipments propedywithin the area of their expertise
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Any sharp edges resulted from fabrication should also be chamfered and grinded to avoid
cuts. Lastly, the motor mounts must also be painted so that there is no corrosion and does

not result in premature failure.

55 Safety Considerations for Motor MouissemblyProcess

Assembling the motor mounts into the Lotus Elise engine compartmemeglsce

extreme care. The electric motor is too hefmryone person toft with his/her own

strength. herefore ask for lelp from other staffs ouse ahydraulic system to assemble

motor mountsnto the engine compartment. Furthermore, the workshop staffs should avoid
being directly under the electric motor whessemblindecause the motor mount may be
loose or not strongn@ugh. All the nuts and bolts must be screwed and tightened properly
using a torque wrench to avoid loose assembly. All the motor mounts must also be
assembled according to the proposed design. Avoid leaning on fragile parts of the car such
as bumpers, g&ses and panels. All the electrical components and wiring of the car in the
vicinity of the engine compartment should be well insulated to avoid body contact from

students and workshop staffs.

5.6 Safety Evaluatiomf Motor Mounts

A safety evaluation shuld be conducted once the motor mounts are assembled and the
engine is working properly. Each motor mounts should be checked thoroughly for any
signs of yielding or failing. The motor mount may be excessively bent or deformed due to
overloading and can ipose danger on the driver. If the motor mount produces excessive
noi se when the engine is running, it may
mount rubber to dampen the vibration. However, the motor mount shouledbsigmed if

the noisestill exists. The motor mounts should also have enough clearance between other
components to allow for small bending and displacemexdtly, the motor mounts need to

be regularly checked from time to time for any wear or deformation.

5.7 Safety Considationsfor theOperation of Motor Mounts

Thereis also safety issuessociated with the operation of motor mount. Since there is a

loading limit in the design of motor mounts, putting extra weights or other components on
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the motor mounts should be agtled. Moreover, the position of each motor mounts in the
engine compartment should not be changed in any way and should be assembled according
to the proposed design. The car should also be driven carefully to avoid rear colligibn wh
may damage the motarounts Even though the worst possible driving condition is

accounted for in the design, suchcasnering at high speed and going over speed huanps

safe driving will ensure that the motoommt will not fail unexpectedly.

6. Conclusion

This projectassessed the suitability of using several gearing alternative for Lotus Elise car
andcarried out a performaneeodelingwhen usingwo different gearing methods. The
performancenodelinghelps to determine the best gearing method the best gear

combindion for Lotus Elise electa. The final decision is to retaihé original PG1
gearboxbecause itnaximizes the available space in the engine compartment, minimizes

the fabrication cost angrovide a fast acceleration and top speed of 160 Km/h. The gear
combination that provides the fastest acceleration for Lotus Elise electric car is by using the
first and third gear combination. Howevtre second and fourth gear combinatieiti be

used instead because it can provieeosie practical driving and longeainge of the cait

is also the fastest gear combination for accelerating from 0 to 100 Km/h.

The engine compartment of Lotus Elise has been drawn accurately in SolidWWaeks.
design, construction and assembly of motor mowet®done to achieva sak operation

of theelectric car. All the motor mountsd plentyof safety factor included in the design
procesgo provide leeway for unanticipated events such as going over road laumnahipsrd
cornering.Moreovet for each design of motonounts a method to dampen the vibration
of electric motor was determined. This was achievedtitiging the rubber mounts that
were used for mounting the internal combustion engine. Ldbtgproject improvedhe
safety and reliability of the electric cdarough thedesign ofstrong mechanical supports for
the electric motar
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7. Recommendationfor Future Work

The performance model lacks the effect of reality factor such agwordlition road

elevation, and mechanical losses. Thus, the next developnenhc®rporate all the

factors into the performance model so that a more accurate simulation can be produced.
One must also compare the performance model with the actual time test of the car in order

to improve the accuracy of the simulation.

The desigrand construction has been a success but a further performance evaluation is
needed. Future work may involve testing the strength of motor mounts while driving under
various conditions, checking the severity of motor vibration, and assessing the fé&igue li
of motor mountslf the strength of material is not sufficient to support the loading
conditions, a greater strength material with lighter weight should be used ifdtead.
vibrationof electric motorcan be further dampened by using a rubber mouhhtsaa

stronger damping effect or by applyingrevibration damper materials around the motor

mounts.

The attachment betwedine two shaftscouplings can be further strengthened by using
vacuum brazing. Also, the transmissiside couplingshouldbe repiaced with a longer size
coupling that covers the@holelength ofthetransmission shaff his helps to increase the
gripson the shafand reduce the localized stressundthesplines teeth
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9. Appendix

Appendix A: Tires and Gearbox Information

Tyres:

Type: Yokohama Advan
Size: 225/45/R17
Diameter: 634.3 mm
Circumference1992.71 mm

Gearbox

Type: Rover PG1 B4BP manufactured by Powertrain Limited, 5 Speed constant mesh
gearbox with helical gear

Capacity: 2.2 Litres

Dry Weight: 36 Kg

Max Torque Capacity: 240Nm@1900Kg

Final Drive Ratio: 4.2:1

Maximum Speed: 8000 rpm

Gear 1 2 3 4 5 Reverse

Ratios 2.92 1.75 131 1.03 0.85 3

Gear ratio for PG1 gearbox

Gear Km/h per 1000 RPM Km/h @8000 RPM
1 9.75 78

2 16.27 130

3 21.73 174

4 27.64 221

5 33.49 268

Theoretical speed without drag force and frictions
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PowerPhase 75 Traction System

Appendix B: Electric Motor Information
240 Nm Peak Torque

Performance:

Type:

45kW Continuous Motor Power

Regenerative braking

Full power

75kW peak

| | I I |
~d- -

(wp) anbio]

Speed (rpm/10)

Torque Curve

(o)) 1am0d

Speed (rpm/100)

Power Curve
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Appendix C: Motor Shaft RPM for Various Speeds

Speed Rev of Motor (rpm)
(Km/h)
1% Gear 2" Gear | 3rd Gear | 4th Gear | 5" Gear

10 1026 615 460 362 299
20 2051 1229 920 724 597
30 3077 1844 1381 1085 896
40 4103 2459 1841 1447 1194
50 5129 3074 2301 1809 1493
60 6154 3688 2761 2171 1792
70 7180 4303 3221 2533 2090
80 4918 3681 2895 2389
90 5533 4142 3256 2687
100 6147 4602 3618 2986
110 6762 5062 3980 3284
120 7377 5522 4342 3583
130 7992 5982 4704 3882
140 6442 5065 4180
150 6903 5427 4479
160 7363 5789 4777
170 7823 6151 5076
180 6513 5375
190 6875 5673
200 7236 5972
210 7598 6270
220 7960 6569
230 6868
240 7166
250 7465
260 7763
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Appendix D: Drag Force andRolling Resistance Calculation Result

\% Drag Drag power | Rolling Roll power | Mech. Net Power
(Km/h) | Force (kW) Resistance| (kW) Power (kW) | (kW)
10 2.75| 0.00763888¢ 98.1 0.2725| 0.280138889 0.294883041
20 11| 0.061111111 98.1 0.545| 0.606111111 0.638011696
30 24.75 0.20625 98.1 0.8175 1.02375| 1.07763157¢
40 44 | 0.488888889 98.1 1.09| 1.578888889 1.661988304
50 68.75| 0.954861111 98.1 1.3625| 2.317361111 2.439327485
60 99 1.65 98.1 1.635 3.285| 3.457894737
70 134.75| 2.62013888¢ 98.1 1.9075| 4.527638889 4.765935673
80 176 3.911111111 98.1 2.18| 6.091111111 6.411695906
90 222.75 5.56875 98.1 2.4525 8.02125| 8.443421053
100 275| 7.63888888¢9 98.1 2.725| 10.36388889 10.90935673
110| 332.75| 10.16736111 98.1 2.9975| 13.16486111 13.85774854
120 396 13.2 98.1 3.27 16.47| 17.33684211
130| 464.75| 16.78263889 98.1 3.5425| 20.32513889 21.39488304
140 539| 20.96111111 98.1 3.815| 24.77611111 26.08011696
150 618.75 25.78125 98.1 4.0875 29.86875| 31.44078947
160 704 | 31.28888889 98.1 4.36| 35.64888889 37.5251462
170 794.75| 37.52986111 98.1 4.6325| 42.16236111 44.38143275
180 891 44.55 98.1 4.905 49.455| 52.05789474
190 992.75| 52.3951388¢ 98.1 5.1775| 57.57263889 60.60277778
200 1100| 61.11111111 98.1 5.45| 66.56111111 70.0643274¢
210| 1212.75 70.74375 98.1 5.7225 76.46625| 80.49078947
220 1331| 81.3388888¢ 98.1 5.995| 87.33388889 91.93040936€
230| 1454.75| 92.94236111 98.1 6.2675| 99.20986111 104.4314327
240 1584 105.6 98.1 6.54 112.14| 118.0421053
250| 1718.75| 119.3576389 98.1 6.8125| 126.1701389 132.8106725
260 1859| 134.2611111 98.1 7.085| 141.3461111 148.7853801
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Appendix E: Performance Modeling ResultWhen Using PG1 Gearbox

1stand 3rd | 2"%and 4" |3%and |39 Gear
Gear Gear 4" Gear | Only All Gear
Speed (Km/h) | Time (s) Time () Time (s) | Time (s) | Time (s)
0---10 0.302628  0.876533 0.684548 0.684548  0.302628
10---20 0.302772] 0.509299 0.685282] 0.685282] 0.302772
20--- 30 0.306389  0.510386| 0.687238 0.687238  0.306389
30---40 0.35388] 0.512019 0.690198 0.690198 0.35388
40---50 0.456467] 0.514213 0.694196] 0.694196/ 0.456467
50---60 0.574187 0.56582| 0.699258 0.699258  0.574187
60---70 2.70(Shift) 0.697607| 0.729538 1.229538 0.70 (Shift)
70---80 0.82903] 0.826306/ 0.82903] 0.82903| 2.826306
80---90 0.967668  0.947145 0.967668 0.967668  0.947145
90---100 1.100742] 1.122385| 1.100742] 1.100742] 1.122385
100--110 1.295208| 1.298806| 1.295208| 1.295208 1.298806
110--120 1.511264) 1.507075| 1.511264) 1.511264, 1.507075
120--130 1.722761 3.711549 1.722761] 1.722761 1.711549
130--140 2.037081| 2.062 (shift)] 2.037081| 2.037081| 4.06ZShift)
140--150 2.466006] 2.505119 2.505119] 2.466006/ 2.505119
150---160 2.997059| 2.912487| 2.912487| 2.997059  2.912487
Performance | Time (s) Time (s) Time (s) | Time (s) | Time (s)
0-60 Km/h 2.296323 3.48827| 4.140719 4.140719  2.296323
0-100 Km/h 7.900123] 7.081714| 7.767697| 8.267697 7.89852
0-160 Km/h 19.9295| 21.07908| 19.75162] 20.29708  21.89589
Top Speed
(Km/h) 170 200 200 170 170
Shifting time
(s) 2 2 2 2 2
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Appendix F: Performance Modeling Result When Using a Differential

5.5:1 6:1 6.5:1
Speed (Km/h) | Time (s) | Time (s) | Time (S)
0---10 0.684548| 0.626138| 0.5769066
10---20 0.685282| 0.626752| 0.5774275
20---30 0.687238 0.628395 0.578821
30---40 0.690198| 0.630875 0.580924
40---50 0.694196| 0.634213 0.5837518
50---60 0.699258| 0.638435| 0.6070648
60---70 0.729538| 0.665463| 0.694856
70---80 0.82903| 0.758859| 0.8311841]
80---90 0.967668| 0.897907| 0.969547
90---100 1.100742 1.017809 1.1366524
100--110 1.295208| 1.163549 1.3170436
110--120 1.511264] 1.355568] 1.5010096
120--130 1.722761) 1.55151] 1.717776
130--140 2.037081| 1.776481| 2.0312722
140--150 2.466006| 2.072068| 4.4942523
150--160 2.997059| 2.520059
Performance | Time (s) | Time (s) | Time (S)
0-60 Km/h 4.140719 3.784809 3.5048957
0- 100 Km/h 7.767697| 7.124848| 7.1371352
0-160 Km/h 19.79708 17.56408 18.198489
Top Speed
(Km/h) 170 160 145
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Appendix G: Detailed Drawings for Final Motor Mount Designs
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Appendix G: Detailed Drawings for Final Motor Mount Designs
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Appendix H: Stress Analysis Result for Motor Mounts

Second design of primary rear support bar
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80 kg weight of motor
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Appendix H: Stress Analysis Result for Motor Mounts
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