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Dear Associate Professor Wittek,

| hereby declare that the design of the planetary differential input transmission
mechanism, the conception of the laminar helical approximation arrangement and the
research compiled within this report as submitted are sol ely my own work.

- Carl P- Conquilla, 31 October 2014

1 Abstract

Due to the failure of an in - wheel propulsion system in the 2013 UWA Formula REV
racecar a new design was called for with the primary focus of a higher electrical
efficiency, whilst being adjustable for packaging purposes and to be manu factured at

extremely low cost.

After evaluating possible solutions such as a centrifugal clutch, multi - ratio ge arbox,
continuously variable transmission, soft start sequence or torque converter, it was
decided that a differential mechanism would be used to allow two motors to rotate at
near their highest efficiency throughout their range of operation.

In order to minimise costs throughout the proof of this prototype, the manufacture of
traditional high tolerance components such as gears and bearings is also revisited.
Given the short operating life and high demands of the racecar, these items when
manuf actured following this revised method are considered nearly consumable and
replaced regularly.

The purpose of this project is to:

Discuss the concept of an in - wheel four wheel drive for Formula SAE
Analyse and assemble a prototype propulsion design

Test th e design for operational suitability and report findings

Propose a system that incorporates the propulsion design into the wheel
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assembly (recommendations for future work)



The novel and distinct feature of this in - wheel propulsion system is that it feature s hot
one, but two motors within each wheel. This holds a few advantages which will be
discussed with the context of the transmission that couples them.

2 Electric Propulsion Today

Electric propulsion has advantages of power density and packaging flexibility over
traditional internal combustion vehicles. This is clear with new technology such as the
Tesla Model X, which features impressive power and storage space due to the
advantages of electric vehicle architecture.

Other benefits of this technology include the capability to fit entire propulsion and
transmission systems in - wheel (within the wheel assembly of the vehicle). This is
becoming an increasingly common research subject for universities and military
technology developers around the world.

This is be cause not only does electric vehicle technology demonstrate steps towards
environmental sustainability, but it provides promise in areas demanding high
performance. For example, compact and distributable propulsion units mounted in -
wheel avoid complex and  bulky mechanical transmission, allow for a more flexible
vehicle mass distribution, and offer high speed digital control for tractive response
applications, just to name a few.

2.1 Existing and relevant solutions
The Formula SAE competition takes place interna  tionally, uniting over 500 university
teams to develop highly performing racecars in the name of engineering. Each year
since 2012, racecars in the in -wheel electric category have clearly outshone their
internal combustion counterparts in elements of tract ion, acceleration, endurance and
autocross circuit  racing . (FSAE Results)

In- wheel propulsion systems present many attractive opportunities for automotive
designers. In - wheel propulsion allows for flexibility with driven wheel configurations
such as front - wheel, rear - wheel and all - wheel drive vehicles. The compact size also
allows more packaging room within the rest of the vehicle that would traditionally be
occupied by transmission systems, or allow for overall smaller and lighter vehicles
without these sy stems. The response of in -wheel propulsion systems also favours
highly advanced vehicle control concepts such as traction control, torque distribution,

and active differential control. (  Mraz, 2013 )



In electric vehicles, the traditional differential mechani sm can be omitted by having two
motors each providing torque through an electronic differential controller. The

disadvantage of this is that the cost of a motor per kilowatt is considerably more for

smaller motors than for large ones. (Larminie and Lowry, 2003)

The major disadvantage to anin - wheel propulsion system is the increase in unsprung
mass due to the addition of components to the wheel. Increases in unsprung mass are
predicted to reduce handling characteristics of the car, as the increased mass is less
responsive in conforming to changes in the road surface. The mass of in - wheel
propulsion system regardless of its configuration is significantly impacted by the mass

of the magnets in the electric motor in the system. As the use of alloys or composite
components can be used to make transmission, suspension and structural components
lighter; magnets for this purpose are very difficult to produce any lighter than they

already are. ( Mraz, 2013 )

(Protean Paper) In general, there are two different possibili ties of realizing an electric
wheel - hub drive: low - speed direct drive or high - speed drive incorporating an
additional gear - box. In this paper, these two alternatives are compared concerning
weight, volume, and complexity for a typical mid - class passenger ¢ ar. For this
application, weight is one of the most important parameters, because the unsprung

mass is increased with (at least in principle) negative effects on the driving

performance of the car.



Below: Mass of the electric motors as function of the driving torgue
(obtained with the simulations program developed at the institute of
Automotive Engineering at Graz University of Technology)

Figure 1 - The relationship between motor mass and torque via simulations (Automotive Engineering, Feb
2011 pg.31)

Lastly, for this project all in - wheel assemblies will be designed with the same package
albeit symmetrically, for the left and right hand side assembli es. Whilst different
packaging applied to front and rear wheel sets may be beneficial in lowering the

assembly mass and overall vehicle mass, the additional design complexity and cost
associated with this, and the increase in the number of unique component s required
brings forth concerns over budget, additional manufacturing requirements and the

cost of spares.

2.2 Comparison of existing design with existing/relevant designs
From Figure 1 it can be seenthat m  otors become more efficientas  their mass (and
conse quently size) increases. (Larminie and Lowry, 2003) also states that efficiency

generally increases for motors designed for high - speed operation than for low - speed
operation .
Also f rom the two styles of electric motor designs, there are h igher lossesina low-

speed/high torque motor,  than the converse configuration  for a given power.



Larminie and Lowry state that small efficiency gains (in the order of 1%) can be made
by liquid cooling the motor windings reducing their internal resistance.

Another factor i n electric motor selection is that | arger motors take more time to heat
up, smaller motors heat up very quickly comparatively . This means that larger motors
usually are capable of peak or near - peak output for much longer than smaller motors.

According to Larminie and Lowrie 8 s ¢ | a iotos],can dd safely driven well in
excess of their rated powe r for short periods...t  his must not be overdone, otherwise
local heating could cause damage

0 kHyher powers are often only required are often only required for short time intervals,
such as when aThis suggeststhati majority of the capacity of electric
motors for electric vehicles are largely over - specified, and this is a major contribution

to the mass of the motor and consequently to the whole vehic le.
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Figure 2- The efficiency map for a 30kW BLDC motor. This is take
note that in fact at zero speed the efficiency must be 0%. (Larminie and Lowry, 2003)

Efficien t motors are appealing because  they result in less waste heat to dispose of,
resulting in an overall smaller and lighter motor. For example, a small and efficient
motor could be comparable to a larger less efficient motor, where the large motor

must be larger to dispose of more heat as well as make up for the output losses.



Power, kW Minimum efficiency, %

1.1 B3.B
22 B6.4
4 B8.3
1.5 0.1
15 91.8
30 93.2
35 96.2
90 95.0

Figure 3 - The minimum efficiency of four - pole three - phase induction motors to be classified as Class 1
efficiency under EU regulations. Efficiency measured according to IEC 36.2. (Larminie and Lowry, 2003)

It can be seen from Figures 3 and 4 that higher powered motors are innately more

efficient. Motors designed for higher speeds have higher power density , and the size of
the motor varies more for torque output than power. The example used by Larminie
and Lowrie, i sthatha higher speed, lower torque motor will be smaller. So if a low

speed rotation is needed, a high speed motor with a gearbox will be lighter and

smaller than a low speed motor. 0

0A good example is an  electric vehicle, where it would be possible to use a  motor
directly coupled to the axle. However, this is not often done, and a higher speed motor
is connected by (typically) a  10:1 gearbox. &6 (Larminie and Lowry, 2003)
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Figure 4 - Chart to show the sp ecific power of different types of electric motor at different powers. The
power here is the continuous power. Peak specific power is will be 50% higher. Note the logarithmic scales
(this chart was made using data from several motor manufacturers).



Speed (rpm) Mass (kg)
3000 270
1500 310
1000 415

750 570

Figure 5 - The mass of some 37kW induction motors, from the same manufacturer, for different speeds.
The speed is for a 50Hz AC supply.

3 Acceptance of alternatives: Weighted evaluation matrix
In order to evaluate multiple alternativ
solution were discussed. A score

es quickly, certain criteria common to each
out of five was then given to each solution and then

each criterion was weighted by its significance on the overall design objectives.

The score is calculated by multiplying each

criteria weight by the score, and the sum of

these scores results in a score total for each alternative. It is then clear which solution

best meets the objectives of the design.

Criteria

Function
Does it solve
the problem?

Cost

How much cost
to build?
Reliability
What kinds of
failures?

Mass

Complexity
Difficult to
design, service,
manage
spares?

Score Total

Weight

Clutch

The clutch allows the

motors to spin up under

no- load, but are fixed
to one speed ratio (2 )
Readily avail able for
similar applications

adaptation necessary (5)

Reputable (4 )

Light (4)

Low number of parts,

mostly readily available

(4)

52

Multi - Ratio
Transmission

A selectable gearbox
has advantages of a
very wide range of
ratios (5)

Custom d esign or
adaptation
necessary (2)

Well understood
concept (3)

Heavy (1)
High number of

parts, mostly readily
available (3)

51

Continuously
Variable
Transmission

A CVT allows a
smooth delivery
over a large ratio
range (5)
Completely custom
design necessary
2)

Well understood
concept (3)

Reasonably light
3)

Moderate humber
of parts, mostly
complex machined

)
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Criteria
Function
Does it solve
the problem?

Cost

How much cost
to build?
Reliability
What kinds of
failures?

Mass

Complexity
Difficult to
design, service,
manage
spares?

Score Total

From this evaluation it is clear that a
suitable solution, closely followed by the clutch unit

Weight

Soft Start Control

Soft start reduces the
launch capability of the
motor, but does re duce
stall loads considerably
(2)

Software control, little -
to- no cost (5)

Only prolongs
overheating, does not
preventit (2)
Massless (5)

Software, easily
implemented (5)

48

Torque Converter
Allows for smooth
delivery of torque (5)

Completely custom
design necessary (2)

Well understood
concept (3)

Depends largely on
execution (2 )
Moderate number of
parts, mostly
complex machined

(2)

49

Differential Input
Provides a smooth
delivery over a
limited ratio range

(4)

Custom design or
adaptation
necessary (3)
Well understood
concept (3)

Reasonably light
3)

Moderate number
of parts, mostly
readily available (4)

53

differential input mechanism would be the most

. The clutch was also an appealing

option and may be considered more in depth in future iterations of the concept.

The inherent problem with gear components in this application is the cost of the fine

machining process.
guadruple and become unfeasible even for small cost increases.
team addresses this problem

Especially in the case of four in

- wheel transmissions, the costs

The UWA Formula REV
by employing a new method for manufacturing gears.

The method was developed by the author as an attempt to find a compromise between
the smooth meshing of

helical gears and the manufacturability
reducing highe r amplitude impulses

the effects of fracture propagation.

of spur gears , whilst
from tooth bending and backlash,

and minimising

The method consists of a series of stacked laser cut gear laminations that are arranged

such that the teeth of each gear are angularly offset from th

e gears either side of it.

This arrangement represents a helical gear when the number of laminations is infinite,
each lamination is infinitely thin, and the angular offset is constant throughout the

stack.

To

t he

aut hor 0s

10

k nowl et bas not beem propased ange men't



before, and thus it will be referred to as the approximation of a helical gear through
laminar gears .

The limitations of the process  are that the laser cutting produces a very poor surface
finish and inaccurate geometry when compa red to high - performance machined gears.
This limitation is accepted by the team and the author since the gears produced in this

way are not expected to perform to as long service lives as those described in most

gear machining literature; A Formula SAE eve  nt consists of four days worth of racing as
opposed to (for example) 5000 hours of continuous operation that may be expected of
perhaps a wind turbine.

Additionally, when the costs of manufacturing the gears themselves are considered,;
Approximately $200 pe r transmission leads the design to be considered a regular
service replacement item, which could be reasonably be expected to be replaced once
every six months of intermittent use.
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4 Analyse and assemble a propulsion design:

In order to evaluate the suitability of the proposed manufacturing method, a prototype
propulsion mechanism was produced. The design of this was intentionally rushed in
order to demonstrate the feasibility within the time allocated for the project.

This me ans that the prototype first assembled had purposely omitted many important
features of the transmission  such as o - ring seals and mounting points.

There will be a design proposed at the end of this report that incorporates these
considerations. The propuls ion design as assembled consists of the motor rig, the
transmission mechanism and the transmission case.

-

Figure 6 d The case and transmission design as developed in SolidWorks

Figure 7 d The m otors mounted to a testing rig. Figure 8 8 The transmission unit manufactured
Shaft couplers were made to fit the 12mm shaft as per the design, in a case (half of the case has
and three 3mm dowel pins. been removed). It weighs only 2.33kg .

12



4.1 Operation of the p ropulsion mechanism
The differential input mechanism is a rare mechanism, however it is not new. (Symes,
H. 1958) reported a system that coupled two DC motors on a mechanically symmetrical
epicyclic differential - gear unit, where the third element of the differential drives the
wheels of a locomotive.

" ]

*'ouwu:
Figure 9 & Diagrammatic representation of a differential drive (Symes, H. 1958)

In Figure 9, M 1 and M represent the two motors ~ connected to th e drive by a spider
gear differential. According to Symes, any other type of differential could be used in
place of the spider gear differential.

Symes describes step - by- step the operation of the mechanism:

00nce started, the two motor s run continuously fo  r the duration of operation of
the locomotive, in a direction such that the drive output is stationary when their
speeds are equal. If no torque is developed for this condition the motors may be

regarded as idling. Movement of the locomotive is then caused by a change in speed of
either motor, the direction of travel depending on which pair runs the faster. The
motors themselves are not stopped of reversed at any time. o

The decision to implement this system in the racecar occurred in February 2014, and it

was thought to be an original and novel concept conjured by the team. It was only in

September 2014 that the author discovered the report by Symes in 1958 which had

summari sed and confirmed the specul ations the tea
knowledge t here are no other instances of  a differential mechanism being used in this

way.
Symes goes on to discuss the benefits of such a system:

O . The.starting condition is noteworthy. The shunt fields may be set for full
tractive effort at the wheels without moving the load. The armature speeds are then
equal, the locomotive output is zero, and the current taken from the system is that

13



required for the losses only. The lo  ad is started from rest by a very small line current.
The condiitions of the well - known back - to - back test are thus reproduced at the
commencement of acceleration. Once the load has been set in motion the motor -
generator condition continues, but the rotor th en runs faster than the generator.

0 .An important feature of the stalled condition is that the machines are left
running and their self - ventilation continues.

0 .Except where specially mentioned, the effect of internal losses is disregarded,
since the inclusion would not only complicate the analysis unnecessarily but would
tend to obscure some of the more important basic features it is desired to emphasize.

0 .Itis.impossible to overload the machines, since stalling occurs before this
can happen, t he load at the stalling point being suitably correlated with the rating.

Symes is essentially confirming the findings of the UWA Formula REV team in 2013 o}
The 2013 racecar experienced a major motor failure due to the high current cond itions
at stall. The method(s) proposed for solving this problem involved allowing the motors

to escape from any stalled condition through idling or otherwise spinning the motor

while the vehicle is stationary

There are a number of other useful behaviours of this mechanism th at Symes
observed . A notable application for one of these in electric vehicles is that th e
mechanism can hold a torque at higher efficiencies than conventional methods in

situations for example, a stationary locomotive on an incline,

14



4.1.1 Gear tooth calculati ons
The gear profiles used were generated by (Rush Gears.com, 2014 ), an online resource.
The configuration parameters of the involute profile used were:

Diametr al Pitch : 20 teeth per inch of pitch diameter
Pressure Angle : 1450

Backlash: 0.003 - 0.005in

Face Width : 3mm

=A =4 =4 =4

4.1.2 Bending stress of teeth

To ensure the bending stress is at an allowable level, some realistic load cases are
considered. Firstly, the maximum torque output of the two TP100 motor s at the
restriction of 21kW is 41 .6 Nm, and the expected torque at  the output of the
transmission will be 164Nm. This is in the case that the two motors are contributing in
the same direction.

Additionally, the peak torque during launch may spike to much higher than the motor
output momentarily  and frequently. T herefore a safety factor of 2 is used.

Using the loose approximation that face_width = n * thickness_laminate, the load
experienced by each gear is approximated to be 1/n the overall load transmitted
between gears. Therefore the total load applied in the simulation is T @z¢ X

p @y a.

Ve ; ™
i \
s

7 : B
'\\\i\ L/?RL/ f’:

N / ’

\--.\‘::* " A{4:1)

Figure 10 & Drawing indicating the backing material of the gear teeth in several places

As can be seen, the region with the least backing material is where a tooth root is
present along the gear arc  at 1.60mm.

In order to see the effects of the motor on driving a gear, the simulation was run using
Finite Element Analysis in SolidWorks with a torque applied at the dowel pin holes and

15



holding a tooth face fixed. For the sake of brevity, the directions were chosen to
demonstrate the worst case deformations for a given application.

Di scl ai mer : The authords familiarity with FEA si
yet completed that unit of study at UWA. Therefore, careful consideration of these
results s hould be made before making use of the results in future work.

_
won Mises [Mfmm~2 (MPa])] URES {mm)
L asses0n § _ 327864000
003 8.367e-001
— B Vield strength: 2.827e+ 002
Figure 11 - Torque applied at dowel pins with tooth fixed . The highest displacement is 4.0e+0 mm

URES ()
von Mises [N/mmA2 (MPa]) 4.473e-002
103604003 41002002
L 86324002 _ 3355002
. 176964002
- 23626002
. 630604002 _ 26092002
L 6.04204002 8
“ 22372002
517964002 & .
1864e-002
431664002 :
ki | 1491002

L 34s3e4002
| 11180002

7.4550-003
37266003
10002030

P 25300002

172604002
863264001
2152¢.00

— Yield strength: 2.827e+002

Figure 12 & Torque applied at tooth with  dowel pins fixed

4.1.3 Separation force
From (Standards1403, 2011) the tangential force can be calculated:

0 01 NOQ
n "QOQRQ0 & PO Qi
P @ X
p@rpm
C

p& Q0
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The radial separation force of the gear

is given by:

, OAl 0QRDBI & oA Q

AT O Q0 AQI i0E It Q

Since the gears are straight cut, the axial pressure angle is 0.

4.1.4 Dowel pins in shear
3mm d owel pins are used to locate the
evenly among a stack of gears. 8mm dowel pins are used to locate planet gears within

the bearings on the y

'O pg ¢ OAp®

m® Q0

- piece. The shear load capacity of a dowel pin
steel) can be determined from the information provided in

gear laminations, as  well as distribute the load

(hardened alloy
the Viewmold Technical

Data below.
DIMENSIONS APPLICATION DATA
A B ¢ R calculated single recommended
nominal pin diameter point diameter . haight [ radits shear strength hole size
size max. min. max. min. max. min. kN pounds max. min.
3 3.008 3.003 29 2.6 08 0.3 7.4 1.670 3.000 2987
4 4.009 4.004 39 36 09 0.4 132 2,965 4.000 3.987
3 5.009 5.004 4.9 4.6 1.0 0.4 20.6 4,635 5.000 4.987
& 6.010 6.004 58 5.4 14 0.4 28.7 6,650 6.000 5.987
B B8.012 B.006 78 7.4 1.3 05 52.5 11,850 8.000 7.987
10 10.012 10.008 98 9.4 1.4 0.6 B2.5 18,650 10.000 9.987
12 12013 12.007 1.8 11.4 1.6 0.6 118.0 26,700 12.000 11.985
16 16.013 16.007 158 15.3 1.8 0.8 211.0 47,450 16.000 15.985
20 20,014 20.008 198 19.3 2.0 08 3300 74,000 20.000 19.983
5 25.014 25.008 248 24.3 23 1.0 515.0 116,000 25,000 24,983
All dimensions in millimeters.

For the 8mm dowel

, single shear ; 52.5kN

Figure 13 - Technical Data provided by Viewmold

For the 3mm dowel, single shear; 7.4kN

It is observed that the shear capacity of these components is
the loads experienced in the system. The availability and reliability of dowel pins allows
them to be the most convenient solution for this purpose.

4.1.5 Annulus stiffness

The assumption that the fac

e_width=n*

magnitudes greater than

thickness _laminate is on ly valid seeing that

the dowel pins are able to transmit the stress effectively to the

This is a function of the stiffness of the system

17

interfacing the dowel pins.

surrounding laminates.




Of all the components in the transmission, the annulus gear was the largest and
therefore most suitable for weight - saving measures. This however causes significant
stiffness issues when compared smaller gears where weight - saving is not so beneficial
or easy to perform.  To investigate this, a number of simulations were perf ormed
according to varying load applications.

Figure 14 & Major dimensions of the annulus and weight - saving measures for refernece

4.1.5.1 Elongation externally
The elongation of the annulus due to external radial gear force was simulate d. Load

was applied on the topmost tooth and the fixture was placed at the lowermost dowel

hole.

Figure 15 & The annulus under 0.38 kN vertical load, the highest deformation experienced is 2. 745 e+0
mm . The displacement of the  point of load applicationis 1. = 83e+0 mm.

Next we look at the deformation of the gear segment at the arc over a dowel pin.
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