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Project Summary

The purpose of this project is to analyse and dapérthe suspension system of the 2009
REV race car. An effective suspension systemascts vibration filter, and protects the

vehicle from excitation caused by irregularitieghe road.

Suitable coil springs are to be selected for tbatfand rear of the car, to ensure that both
ends do not oscillate violently out of phase aff@ng over a bump. The Half Car Model,
which has four degrees of freedom, can be usedniaae the vehicle driving in a straight
line. By providing excitation to the wheels, thedel can be used to show the vertical
accelerations of the sprung mass and the front@ardunsprung masses at different
frequencies. The selected spring combination shgivke the least possible vertical
accelerations of the sprung and unsprung masseamon method of determining the

extent of driver discomfort is to measure the waitacceleration of the sprung mass.

It is also important that the suspension is ablgaimp the unsprung masses adequately to
prevent wheel hop. Wheel hop is the vertical wibgamotion of the wheel between the

sprung mass and the road, and has the capacityptede handling and performance.

The Half Car Model will also be used to determime ¢ffects of changing the amplitude of

the assumed road, and changing the damping rate efheel.
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1. Introduction

Project objectives

The original plan for the REV team was to recelhe 2001 Motorsport SAE car in ‘rolling
chassis’ form at the beginning of the year, antldnsform it into a battery-powered race
car with hub motors. The aim of this thesis waisigdo be to redesign the suspension
system of the vehicle, making it more suitableh® new weight distribution caused by
replacing the petrol motor with a battery cagetdsats and hub motors. Unfortunately,

due to significant time delays, the ‘rolling chassvas not received until the mid year
holidays. Therefore, in order to get a drivableaanstructed by the end of the year, as few
alterations as possible were made to the car,cam$equently, this thesis became
concerned with analysing and optimising the exgsinspension system of the car instead

of designing a new one.

About midway through second semester, it was dddiadiat trying to design and install a
hub motor setup complete with pulleys into eacthefexisting rear uprights of the car was
too difficult. Therefore, it was decided that igbd motors would be used as this approach

allowed for much more space and easier installation

Definitions

a

‘a’ is the distance between the front track anddetre of gravity (CG)

b

‘b’ is the distance between the rear track anccdrdre of gravity (CG)



CG

CG is an acronym for ‘centre of gravity'.

Jorung mass

The sprung mass is comprised of parts of the velinat are supported by the suspension,
such as the chassis, driver, battery cage, battané motors. The sprung mass moves
when the springs are deflected (Waldron & Kinzed4£20

Unsprung mass
The unsprung mass is comprised of parts of thecleethat are not supported by the

suspension, such as the wheels, tyres and up(Mfatlron & Kinzel 2004).

Wheelbase, |

The wheelbase (l) is the distance between the fraok and the rear track

Axes

Below is a diagram showing the pitch, roll and yaxes of a vehicle. The Half Car Model

later in this paper is concerned with the pitchsaxi
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Figure 1.1: Pitch, roll and yaw axes (Milliken & Milliken 1995

Camber

Below is a diagram showing the camber angle.

i ~_, Camber angle ()

Figure 1.2: Camber angle (Milliken & Milliken 1995)

Below is a diagram showing a negative camber apigh®th wheels.



Camberis - ~
Figure 1.3: Negative camber (Milliken & Milliken 1995)

Toe

Below is a diagram showing both toe in and toe dlease note the oval shape represents

the driver at the front of the car.

Toe in Toe outT

=i U=

wwu.desertrides.com

Figure 1.4: Toe in and toe out (Desert Rides 2007)

Importance of suspension

The key requirement of a suspension system isgorerthat all tyres, especially the two

attached to the driving wheels, maintain the gggiessible contact with the road. The

10



suspension should protect the vehicle from joltheroad, and provide stability and
roadholding throughout the entire power range efrttotors. While cornering, the wheels,
especially the outside wheels, should remain aglhipas possible. An effective
suspension system is very much a compromise betweeiholding and ride. The stability

of a racing car is influenced by many factors, udlahg:

Vehicle weight

* Vehicle weight distribution

e Sprung to unsprung weight ratio

» Location of the centre of gravity

* Roll centre heights on the front and rear suspe@ssio

*  Wheelbase and track

e Suspension layout

» Steering geometry

» Loading condition

» Characteristics of the tyres, including pressu taead depth

*  Wheel and tyre balance

A successful suspension system generally has neaflicamber change, which means that

camber is not directly dependent on vehicle robgtth & Phipps 1962).

Wishbone independent suspension

Wishbone independent suspension systems do notietec@as many problems as beam

axles.

1. The front end does not experience shimmy, whichnaéaat the steering requires no
damping. This allows the driver to have a betfeel” for the handling of the car,
which is important for race car driving. Also, bprsteer can be entirely eradicated at

any particular steering angle.

11



2. Unsprung mass is heavily reduced. Since theraighrtess mass moving up and down
with the wheels, it is easier to maintain contatiNeen the tyres and the road,
especially on uneven surfaces.

3. The rear wheels can be cambered, which can inctbasmrnering power of the tyres.
Also, any amount of toe-in or toe-out can be predid
(Aird 1997)

The advantage with wishbone suspension systerhatishtiey are normally built with a
steering linkage that is symmetrical about the redine of the vehicle. This means that any
“inaccuracies” in the linkage will not cause thdwde to veer off unnecessarily (Milliken

& Milliken 2002).

Equal length and parallel wishbones

The main disadvantage of having equal length anallphwishbones is that the wheels
become cambered the wrong way when the chassssimatbrnering. To ensure that the
treads of the tyres remain flat on the road whimering, a substantial amount of negative
camber can be incorporated into the wheels. Hawever, means that when the vehicle is
traveling forward, the tyres will be running onithedges. This causes the tyre edges to
wear and overheat, and does not allow for muchitragvhen accelerating or braking

(Aird 1997).

g -

b

Figure 1.5: Equal length and parallel wishbones in roll (Alr@97)
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Using equal length and parallel wishbones also sidaat as the suspension moves
vertically in bump and rebound, the wheels wilerend fall without cambering. This
completely eliminates the problem of gyroscopiakki which occurs when a rotating
wheel is tilted, although it introduces a new pesbl The vertical motion of the wheel is
accompanied by some sideways motion, referred serah, and this generates “kickback”
in the steering. This is due to the line of thesdlke wheel steers around crossing the

ground ahead of the tyre contact patch’s centred(A997).

© 1992 FORBES AIRD

Figure 1.6: Equal length and parallel wishbones in bump (Ai887)

Unequal length wishbones

The REV car has independent suspension with unéejpgth wishbones. By using
unequal length wishbones, that is, by making tipentshbone shorter than the bottom one,
it is possible to combine small amounts of caminer scrub. Having small amounts of
camber and scrub prevents the detrimental effddtavong large quantities of either by
itself (Aird 1997).

13



~ROLL CENTER

CHASSIS

Figure 1.7: Independent suspension with unequal length wisebg@8mith 1978)

Unsprung mass oscillations

The oscillations of the unsprung mass can causnpak problems. These oscillations
include:

1. Shimmy

2. Wheelfight

3. Wheel hop
Wheels that are mounted to independent susperiskagks have an advantage over
wheels that are attached to beam axles, becauseary, they have only one degree of
freedom, as opposed to six. However, in racing,adais essential to avoid too rigid a
limitation of the wheel motion, which therefore @sishes additional degrees of freedom.
Vibrations in the various modes can sometimes sugpérgy to each other, if they are
coupled in a particular way. Of the listed vamstof oscillation, only shimmy is
indefinitely self-sustaining on a smooth road (M#n & Milliken 2002).

14



Shimmy

Shimmy is considered the most hazardous type girung mass oscillation, and is
prevalent in cars where the front wheels are caededa a beam axle. The shimmy cycle
begins by one of the front wheels hitting a chamaep in the road, or by an imbalance in
one of the front wheels. This causes one frontaelvteebe flattened into the road, while the
other wheel is in the air. The positions of theeels are then reversed. This cycle is

infinitely self-sustaining on a smooth road, andeagally occurs at higher speeds.

Shimmy can cause many problems, such as the héthis driver being shaken off the
steering wheels, a tyre blowing or coming off ita,rand damage of steering and
suspension linkages. If the driver applies thetftrakes during the shimmy cycle, the
frequency of the shimmy decreases while its amgidituncreases. This can cause the car to

become out of control.

15
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Figure 1.8: A severe shimmy cycle (Milliken & Milliken 2002)

The most effective approach in preventing shimmtyp isse independent front suspension,
as well as having a torsionally stiff car framey fBacing the sprung mass of the car
between the front wheel mountings, the gyroscamigite of the shimmy cycle is unable to
generate the high frequency required for shimmylén & Milliken 2002).

It is highly unlikely that a shimmy cycle will delog on the REV car, as it has independent
suspension at both ends of the car. The chaslishwus a part of the sprung mass, is

torsionally stiff, and is manufactured from mildiogd steel 4140. It is fair to state that the
chassis is “over-engineered”.

16



Wheslfight

SAE Vehicle Dynamics Terminology defines wheelfight“a rotary disturbance of the
steering wheel produced by forces acting on therabde wheels” (Milliken & Milliken
2002). Wheelfight is unlike shimmy as it is nolfseistaining. Instead, it relies on

constant excitation supplied by irregularitieshe toad.

Any complex analysis of wheelfight requires a dethinvestigation of the steering gear's
elastic resonance. Pictured below is a steeringpiiest rig.

Angle Indicator

Flywheel Driven
by V-belt -

Strain Gages for —/
Load Measurement

Figure 1.9: Steering gear test rig (Milliken & Milliken 2002)

Wheelfight generally takes place when the frequeridie steering gear is close to the
frequency at which wheel hop occurs.

17



This means that preventative measures against figtegedan be implemented in either of

two locations: at the steering gear or at the atderwheels (front wheels).

To assist in preventing wheelfight at the steegagr:
i. increase the steering wheel’'s moment of inertia

ii.  reduce the steering wheel shaft diameter

To assist in preventing wheelfight at the steeralfieels,
i.  attach rubber mountings to the lower control arms
ii.  have suspension linkages designed so that asaiewheels rise they toe out
iii.  make the wheel centres move backwards as the wikeglby sloping the wheel
arm pivots

iv. induce a negative swing arm effect (please refépjoendix A)

It is unlikely that wheelfight will pose a threat the performance of the REV car, as the
steering gear will probably not reach high enouglydiencies (wheel hop frequency). To
verify this, the natural frequency of the steeryggr would have to be determined,

however, this is beyond the scope of this project.

Wheel hop

Vehicle ride has two modes: they are primary raféeq simply referred to as ride) and
secondary ride. Primary ride is the lower frequyeoscillation of the sprung mass, while
secondary ride is the higher frequency oscillatioithe unsprung masses. Secondary ride
Is sometimes referred to as wheel hop, which isddfas “the vertical oscillatory motion

of a wheel between the road surface and the spnasg” (Milliken & Milliken 2002).

Too much wheel hop has adverse effects on the imgnathd stability of the car. Therefore

it is important to appropriately damp the unsprumasses, and also the sprung mass, so
that the driver is comfortable.

18



Wheel transmissibility is defined as the ratioltd vertical wheel motion to road input
amplitude. Generally transmissibility under 2.5l wot permit enough wheel hop to hinder
handling (Milliken & Milliken 1995).

19



2. Model Formulation

Car information

The total mass of the car when it loaded with ag7@ver is 274 kg. There are two
inboard motors that are mounted to the chassiseath@/rear track that have a combined
mass of 25kg, while the battery cage and battanesocated just behind the driver’s seat
and have a combined mass of 55kg. The car hagmoxamate mass distribution of 48%
at the front and 52% at the rear.

Below is a screen shot from a computer model ot#rehat was created using a software
package called Solid Works.

Driver (75kg)

2 inboard
motors a_nd
housing (25kg)

Figure 2.1: Solid Works model of the car (Ivanescu & Tomlir02)

The Solid Works software was used to calculatertbes moment of inertia of the sprung

mass about its pitch axis through its centre o¥igya This value was found to be 616.363

kg nt.

20



The important information about the car is exprdseghe table below.

Information Symbol

Wheelbase I 1.85m
Distance from CG to front track a 0.959m
Distance from CG to rear track b 0.891m
Sprung mass M 202kg
Front sprung mass M 97.29kg
Rear sprung mass M 104.71kg
Unsprung mass (same at front and rear m 18kg
Mass moment of inertia (about pitch axis

through CG) | 616.363kg

Table 2.1: Important information about the car

Please refer to Appendix B to see the method usechiculating a and b.

Coil springs

Coil springs are the most commonly used type ahgprin racing cars with independent
suspensions. They can be used in both compreasobextension (tension). The helix is
the most widespread shape of coil spring, in wiihehmean diameter of the coil remains
constant (Milliken & Milliken 1995).

Below is a diagram of a helix-shaped coil spring.

Inside diameter
/ Outside diameter
2

Pitch Space between coils

p—— L=Free Length ————|

' -

|

N = No. of active coils

Figure 2.2: Helix-shaped coil spring (Milliken & Milliken 1995
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Fox Vanilla RC Shox

The shock absorbers used in the REV car suspeastoof the Fox Vanilla RC Shox

variety, which are commonly used on mountain bikes.

The Fox Vanilla RC is a telescopic type monotubmpler, which means that its damping

force is due to oil being forced through an orifatenigh pressures. It has an external tank

of pressurised nitrogen gas, which is increasicginpressed as the piston rod moves

further up the cylinder (Guzzomi 2004). Below idiagram of the Fox Vanilla RC

damper.

Mifrogen

—
|

Figure 2.3:Fox Vanilla RC damper (Finlayson 2003)

The Fox Vanilla RC damper has a casing that is fa@twred out of hard, anodised

reservoir
throttling

aluminium, which increases wear resistance. ItzhaSmm bore and has a mass of just

over 315 g.

22



The damper is adjustable in both bump and rebodiedmodify the bump settings, the
spring preload on the relief valve can be altesse (Figure 2.3). A high spring preload
will result in higher damping rates in bump. Todifp the rebound settings, there is an
adjustable needle valve that controls piston bypabsth bump and rebound, although it

has only a small effect on bump damping (Guzzordi420

Adjustments in bump and rebound are done in incnésnaf ¥4 turns, or “clicks”.

The graphs below show force (N) vs. velocity (nfiss)the Fox Vanilla RC damper in both
bump and rebound. The numbers in the legend tefdye number of “clicks” open.

Bump
2500
2000
—0
—1
2 1500 3
() 5
2 7
5 S
L 1000 9
—11
500
0 T T T T T T T
0 0.2 0.4 0.6 0.8 1 1.2 14 1.6
Velocity (m/s)

Graph 2.1: Fox Vanilla RC damper in bump
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Rebound
5000
4500 .
—5
4000 - 6
3500 7
: —8
Z 3000 =
2500
g —10
L 2000 =
1500 :
1000 : 2
200 /
O ‘ — T ‘ | |
0 005 01 015 02 025 03
Velocity (m/s)

Graph 2.2: Fox Vanilla RC damper in rebound

It is noticeable in the “bump” graph that theraidistinct kink in each of the curves, which
occurs at around the same velocity, regardlesseohtimber of “clicks”. This is due to the
presence of a “blow-off” valve, which causes thpdss of a proportion of the oil at high
pressures. The reason for this is to avoid vegi kiamping forces at high velocities
(Milliken & Milliken 1995). From the graph, it came seen that “blow-off” occurs at
approximately 0.2 m/s.

Quarter Car Model

The Quarter Car Model is used to simulate one ecahthe car. It has two degrees of
freedom: the vertical movement of the unsprung reass the vertical movement of the

sprung mass.

Below is a diagram of the Quarter Car Model.

24



X3

I —

Kr

gl

Figure 2.4: Quarter Car Model

Where

m=unsprung mass

Mi=sprung mass at one wheel

Xq=vertical displacement of the unsprung mass
Xs=vertical displacement of the sprung mass
Kw=wheel rate

Kr=tyre rate

c=wheel damping rate

The Quarter Car Model assumes that the road iseavgve with amplitude A Therefore,

the excitation caused by the road is

F=Age™ (2.1)

25



Assumptions of the Quarter Car Model
Listed below are the assumptions incorporatedtimaquarter car model
« The CG of the sprung mass is located directly ablogeCG of the unsprung mass
» The quarter of the vehicle being analysed actspeddently to the rest of the
vehicle
* There is no tyre damping
* The damping of the wheel is theoretical lineardldamping

» The excitation from the road is sinusoidal examatvith amplitude A
The Quarter Car Model will be used to determineviéxgical accelerations of the sprung

and unsprung masses. Please refer to Appendix tGdduarter Car Model vertical

acceleration calculations.

Half Car Model

The Half Car Model, sometimes called the bicyclagipis used to simulate one half of
the car. It is more realistic than the quarterronadel, because the front and rear are
coupled so that their motions affect one anotlienas four degrees of freedom: the
vertical movement of the front unsprung mass, #gmtical movement of the rear unsprung
mass, the vertical movement of the centre of gyaMithe sprung mass, and the pitching of

the sprung mass about its CG.

Below is a diagram of the Half Car Model.

26
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Figure 2.5: Half Car Model

Where

my=front unsprung mass

my=rear unsprung mass

M=sprung mass of half of the car

X=vertical displacement of the front unsprung mass

Xo=vertical displacement of the rear unsprung mass

Xs=vertical displacement of the CG of the sprung mass

Kws=front wheel rate
Kwr=rear wheel rate

Kr=tyre rate

27



ci=front wheel damping rate
c=rear wheel damping rate
|=wheelbase

a=distance from CG to front track

b=distance from CG to rear track

The Half Car Model assumes that the road is awawe with amplitude A and with a
length of one cycle of road profile of s. Belowaisliagram of the assumed road.

S

/_’_X//IAI

Figure 2.6: Assumed road

Therefore, the excitations caused by the road are:

L =Ae“ (2.2a)
i , 2.2b
F,=Aj EXF(—HJe““ ( )
S
Please refer to Appendix D to see how the aboveatians were calculated.
Below is a diagram of the sprung mass when it & @tch angle of. Not that the
situation in the diagram occurs when the force fthenfront unsprung mass is greater than
the force from the rear unsprung mass.

i.e.

Ky (X, -1)+¢ v -1) > Ky (X, -1,)+ e,(X,-1,) (2.3)

28



Ko ( X~ Yo ) £ G2~ Y0 ) Ko [ — ¥ 30 X — ¥ )

Figure 2.7: Sprung mass from the Half Car Model pitched atragie.

Where, for small angles 6f

Y, =X;+ab (2.4a)

Y, = X, -b@ (2.4b)

Assumptions of the Half Car Model
Listed below are the assumptions incorporatedtimechalf car model

The car is travelling in a straight line

The half of the vehicle that is being analysed aastependently to the rest of the
vehicle

There is no tyre damping

The damping of the wheels is theoretical lineaidfidamping

The road is a sine wave with amplitudeakd with a length of one cycle of road
profile of s

The pitch angled, is small

The mass moment of inertia, |, is constant. Thisloe assumed as the mass

moment of inertia will vary very little for smalitgh angles.

29



The Half Car Model will be used to determine thetieal accelerations of the front
unsprung, rear unsprung and sprung masses. RPéfaséo Appendix E for the Half Car
Model vertical acceleration calculations.

30



3. Results

Available springs

The springs available to the REV team are an assoittof Fox coil springs, varying in
spring rate (K) and travel distance. The spring rate and trdishnce are written on the
side of the spring. For example, 600 x 2.00 ingisa spring rate of 600 Ibs/in and a travel

distance of 2.00 in.

The table below lists the available Fox coil spsings well as the accompanying spring

rates in Sl units.

Spring Spring Rate (N/m)

600 x 2.00 105076
550 x 2.00 96320
500 x 2.30 87563
450 x 2.39 78807
300 x 2.57 52538

Table 3.1: Spring rates of the available Fox coil springs.

Motion ratio

If springs were mounted directly above the tyrespiatured below, then the wheel rate

would be equal to the spring rate.

31



Figure 3.1: Spring mounted directly above wheel (Smith 1978)

However, due to limitations of space, it is neces$far the springs to be mounted inboard
of the tyre centerline. This means that the whaetel will not be equal spring travel. The
motion ratio is defined as

Motion Ration‘rra\/eI (3.1)

SpringTravel

For example, in the diagram below, the motion rei®.2 (Smith 1978).

WHEEL z
TRAVEL 22X

(

Figure 3.2: Spring mounted inboard of the tyre centerline (8rh@78)

Using experimental data from the 2001 Motorspafitethe motion ratio for the front and

rear wheels was calculated to be 1.764.

Wheel rates

The wheel rate (k) is defined as

Ky = (3.2)
" (Motion Ratio)’ '

The table below shows the available springs and¢ohesponding wheel rates.
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Spring Wheel Rate (N/m)

600 x 2.00 33768
550 x 2.00 30954
500 x 2.30 28140
450 x 2.39 25326
300 x 2.57 16884

Table 3.2: Available springs and the corresponding wheektate

Tyre rate

A standard Goodyear racing tyre suitable for thaiagtion of the REV car with an
inflation pressure of 83kPa has a tyre ratg) @€ 180190N/m (Winzer 2002). This value

was used for further calculations involving botk flront and rear tyre rates.

Ride rates

The ride rate (K) is the combined rate of the wheel rate and thertgte. The deflections
of the wheel and the tyre are additive, so theesfbe formula for two springs in series is
used (Milliken & Milliken 2002). The formula foide rate is

= +
K. K. K, (3.3a)
or
K K,
R TR 4Ky, (3.3b)

The table below shows the available springs andohesponding ride rates.

Spring Ride Rate (N/m)

600 x 2.00 28439
550 x 2.00 26416
500 x 2.30 24339
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450 x 2.39 2220%
300 x 2.57 1543]

O

~

Table 3.3:Available springs and the corresponding ride rates

Undamped natural frequencies of the front and $pprng masses

The natural frequency of the front sprung mass is

fo = 2 3.4
NO2m\ M, (3.42)
The natural frequency of the rear sprung mass is
1 2K
fae == R 3.4b
e iy (3.4b)

At each end of the car there are two wheels, megahiat at each end there are two “ride
rate” springs. These springs share a load, andaadeto be in parallel. Therefore to find
their composite rate, they are added. This expldia “2K;” term in both of the equations
above (Milliken & Milliken 1995).

The front and rear sprung masses were calculated 87.29kg and 104.71kg respectively.

The table below shows the available springs anddhesponding undamped natural
frequencies of the front and rear sprung masses.

Natural Frequency of Natural Frequency of
Spring Front Sprung Mass (Hz) | Rear Sprung Mass (Hz)
600 x 2.00 3.848 3.709
550 x 2.00 3.709 3.575
500 x 2.30 3.560 3.432
450 x 2.39 3.400 3.278
300 x 2.57 2.835 2.733

34



Table 3.4: Available springs and the corresponding natueddiencies of the front and rear

sprung masses

Spring selection

To select which combination of springs to use atftbnt and the rear of the car, two
different criteria had to be satisfied. Any condiinn that satisfied both criteria was then

considered a possible candidate for use in the B&\suspension.

Criterial

Staniforth recommends that, as a general guideatmefrequency of the front sprung mass
should be about 10% lower than the frequency ofehe sprung mass, in order to avoid the
front and rear of the vehicle oscillating violentlyt of phase after going over a bump
(Staniforth 1999).

This means that

‘—h
z
H
o
©
o

(3.5)

—h
Z

However, he states that his race experience hagnstiat this guideline is more of a “rule
of thumb”, and is not always valid. Therefore, thehor has been rather lenient and

considered any spring combination which produceguency ratios in the range of
Far
0.75< T < 095 (3.6)

Nr

to have satisfied Criteria 1.
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Below is a table showing the values @f f fy, for each spring combination. The

combinations satisfying Criteria 1 are highlightedold.

Rear Springs | & (Hz2) Front Springs fne (HZ) fae /e
600 x 2.00 3.709 600 x 2.00 3.848 1.037
600 x 2.00 3.709 550 x 2.00 3.709 1
600 x 2.00 3.709 500 x 2.30 3.56 0.960
600 x 2.00 3.709 450 x 2.39 3.4 0.917
600 x 2.00 3.709 300 x 2.57 2.835 0.764
550 x 2.00 3.575 550 x 2.00 3.709 1.037
550 x 2.00 3.575 500 x 2.30 3.56 0.996
550 x 2.00 3.575 450 x 2.39 3.4 0.951
550 x 2.00 3.575 300 x 2.57 2.835 0.793
500 x 2.30 3.432 500 x 2.30 3.56 1.037
500 x 2.30 3.432 450 x 2.39 3.4 0.991
500 x 2.30 3.432 300 x 2.57 2.835 0.826
450 x 2.39 3.278 450 x 2.39 34 1.037
450 x 2.39 3.278 300 x 2.57 2.835 0.865
300 x 2.57 2.733 300 x 2.57 2.835 1.037

Table 3.5: Criteria 1

Criteria 2

In his notes, Maurice Olley suggests that the @hfoequencies of the front and rear
sprung masses should be close, however, the natemakency of the rear sprung mass
should be no greater than 1.2 times the naturquéecy of the front sprung mass (Milliken
& Milliken 2002).

This means that

f, <12f, (3.7)

As in Criteria 1, this is to avoid the situationevh the front and rear of the vehicle
oscillate violently out of phase after going oveyamp.
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Below is a table showing the values of {;2br each spring combination. The

combinations satisfying Criteria 2 are highlightedold.

Rear Springs | & (Hz) Front Springs | fxf (HZ2) 1.2 i
600 x 2.00 3.709 600 x 2.00 3.848 4.6176
600 x 2.00 3.709 550 x 2.00 3.709 4.4508
600 x 2.00 3.709 500 x 2.30 3.56 4,272
600 x 2.00 3.709 450 x 2.39 3.4 4.08
600 x 2.00 3.709 300 x 2.57 2.835 3.402
550 x 2.00 3.575 550 x 2.00 3.709 4.4508
550 x 2.00 3.575 500 x 2.30 3.56 4,272
550 x 2.00 3.575 450 x 2.39 3.4 4.08
550 x 2.00 3.575 300 x 2.57 2.835 3.402
500 x 2.30 3.432 500 x 2.30 3.56 4,272
500 x 2.30 3.432 450 x 2.39 3.4 4.08
500 x 2.30 3.432 300 x 2.57 2.835 3.402
450 x 2.39 3.278 450 x 2.39 3.4 4.08
450 x 2.39 3.278 300 x 2.57 2.835 3.402
300 x 2.57 2.733 300 x 2.57 2.835 3.402

Soring combination candidates

Table 3.6:Criteria 2

Therefore, the combinations of springs satisfyinthlxriteria are

Combination | Front Springs | Rear Springs
1|450x 2.39 600 x 2.00
2 ]300 x 2.57 450 x 2.39

Table 3.7:Candidates for the spring combination of the car
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Wheel hop: rate and mass ratios

Assuming that the oscillation centres of the framdl rear sprung masses are directly above

the front and rear tracks respectively,

Critical damping of the sprung mass is

K. K
C._. =2 |M,—T—W__ _
crit,M 1 KT + KW (3 8)
Critical damping of the unsprung mass is
Cairm = 2/M(K; +Kyy ) (3.9)
Where,
Mi=sprung mass at one wheel
m=unsprung mass
For wheel hop and ride to be equally damped,
Ccrit,M - Ccrit,m (3.10a)
This can be rearranged to give
Kw
m — T
- 2 (3.10b)
Ml 1+ Kiw
KT

(Milliken & Milliken 2002)

Below is a graph of /Kt vs. m/M,
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Wheel Hop: Rate and Mass Ratios

1

sl =
0.9 - ! Wheel hop damping < Ride damping
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N
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Graph 3.1: Wheel Hop: Rate and Mass Ratios

Both spring combination candidates have been gatteo the graph. For both spring

combinations, the mass ratios are the same.

For the front wheels,
m
Ml

For the rear wheels,

The rate ratios differ between the spring combarei

Combination 1
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The rate ratio for the front wheels is

K—W =0.14
KT
The rate ratio for the rear wheels is
K—W =0.19
KT
Combination 2
The rate ratio for the front wheels is
K—W =0.09
KT
The rate ratio for the rear wheels is
KW

Anywhere to the right of the “equal damping” lineams that wheel hop damping is less
than ride damping. This means that in order tolaot wheel hop, the ride will be
overdamped. As can been seen from the graphjdttegpoints (especially the front
wheel from Combination 2) are closer to “50% dargmn unsprung” than to “equal

damping”.

To get closer the “equal damping” line, and therefoot to have to overdampen ride to

prevent wheel hop, there are a variety of changgscan be made.

I. The unsprung mass could be reduced. This coulkepdidficult, but even
manufacturing the wishbones out of carbon fibréead of mild steel would help

improve the situation.

Il. The sprung mass could be increased. An accepiatyl®f doing this would be to
modify the battery cage to house a larger numbéthadim-ion batteries. Although
this would be expensive, it would not only increttse sprung mass, but it would
also allow the car to travel a greater distancereghaving to recharge the batteries.

Another way would be to put some panels and a ldadyn the car, as the chassis is
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currently just a “skeleton” frame, as can be saethe screen shot of the Solid

Works model of the car in Figure 2.1.

lll. Stiffer springs could be used. This would be gpdénthange to make, however, if
the springs are too stiff, the ride will be too andortable for the driver. For
further information, please refer to “The probless@ciated with using springs that
are too stiff”.

Vertical accelerations produced by the spring coration candidates

Both candidates for the spring combination wererea into the Half Car Model.

The “road” parameters were arbitrarily chosen #s\ics.

A;=0.1m
s=10m

The wheel damping rates were arbitrarily chosemetd5% of the critical damping of the
unsprung masses (damping ratfe0.15). Please refer to Appendix F for the calbolraof
the damping rates.

Below are the MATLAB generated graphs of magnitatieertical acceleration vs.
frequency of the two unsprung masses and the spnaisg from the Half Car Model using
both combinations of springs. Please refer Appefdfor the MATLAB code for the Half
Car Model vertical accelerations.
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Graph 3.2: Vertical accelerations of the three masses atérges between 0-35Hz.
Below is a MATLAB generated graph showing the magie of vertical acceleration vs.

frequency of the front unsprung mass from the @alf Model using both combinations of

springs.
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Graph 3.3: Vertical acceleration of the front unsprung maiskequencies between 0-

35Hz

Below is a MATLAB generated graph showing the magie of vertical acceleration vs.
frequency of the rear unsprung mass from the HaitfModel using both combinations of

springs.
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Rear Unsprung Mass

(mmss?)

Magnitude of Acceleration

Frequency (Hz)

Graph 3.4: Vertical acceleration of the rear unsprung mageeguencies between 0-35Hz

As can be seen from the acceleration-frequencyhgrapthe front and rear unsprung
masses, Combination 2 produces slightly largeiicadracceleration of the unsprung
masses compared to Combination 1, although thiisrdiice is so small that it can be

considered negligible.

Vehicle suspension is used to minimise discomfause by irregularities in the road. A
common method of determining the extent of thisalisfort is to measure the vertical
acceleration experienced by the driver, i.e. théicad acceleration of the sprung mass
(Milliken & Milliken 1995).

Below is a MATLAB generated graph showing a “clog8 of the magnitude of vertical
acceleration vs. frequency of the sprung mass trenHalf Car Model using both
combinations of springs.
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Graph 3.5: Vertical acceleration of the sprung mass at fraqigs between 0-25Hz

On closer inspection of the acceleration-frequegreph of the sprung mass, it can be seen

that Combination 2 produces lower vertical accéiena compared to Combination 1. This

means that Combination 2 would provide a more caotalide ride for the driver, and,

therefore would be the most appropriate combinatfcgprings to be used on the REV car.

Most appropriate springs to be used on the REV car

So the most appropriate springs to be used on B\édar are:

Rear Springs

Front Springs

Combination 2

450 x 2.39

300 x 2.57

Table 3.8:Most appropriate springs to be used on the REV car
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The problem associated with using springs thataoestiff

Referring to the “Wheel Hop: Rate and Mass Ratgsgph, one of the suggestions to get
closer to the “equal damping” line was to use stiffprings. The problem associated with
using springs that are too stiff is that the rida become too uncomfortable for the driver.

This can be shown by the following extreme example.

On the “Wheel Hop: Rate and Mass Ratios” graphptbted points have an miMatio of
either 0.25 or close to 0.25. On the “equal dagipiime, an m/M ratio of 0.25

corresponds to a\lKr ratio of 1.

This means that in order to be on the “equal dagidine, the wheel rate must be the same
as the tyre rate, which is 180 190 N/m. Taking imtcount the motion ratio, this

corresponds to a spring rate of just over 32001bs/i

Both the new “stiff spring” (where the wheel raseequal to the tyre rate) and the springs

from Combination 2 were entered into the Quarter dadel.

Arbitrarily, the “road” amplitude Awas chosen to be 0.1m, and the wheel damping rates
were chosen to be 15% of the critical damping efuhsprung masses (damping ratio,

(=0.15). Please refer to Appendix H for the calttataof the damping rates.

Below are the MATLAB generated graphs of magnitatieertical acceleration vs.
frequency of the unsprung and the sprung masse dfont wheel from the Quarter Car
Model using both the “stiff spring” and the fromring from Combination 2. Please refer

Appendix | for the MATLAB code for the Quarter Cdiodel vertical accelerations.
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Graph 3.6: Vertical accelerations of the sprung and unspruagses of the front wheel at

frequencies between 0-35Hz

Below are the MATLAB generated graphs of magnitatieertical acceleration vs.

frequency of the unsprung and the sprung massiae eéar wheel from the Quarter Car

Model using both the “stiff spring” and the rearisg from Combination 2.

a7



Unsprung Mass

VN Stiff Spring
—— — Combination 2

Magnitude of Acceleration (mrnss?)

Fraguency (Hz)

Sprung Mass

Magnitude of Acceleration (mrm/s?)

Frequency (Hz)

Graph 3.7: Vertical accelerations of the sprung and unspruagses of the rear wheel at

frequencies between 0-35Hz

As can be observed from the two previous graples;stiff spring” produces very large
“spikes” in the vertical accelerations of the sgyunasses of the front and rear wheels.
This is a clear indication that using springs #tiff would cause the driver to be very

uncomfortable.

Changing amplitude, A

Below are the MATLAB generated graphs of magnitatieertical acceleration vs.
frequency of the two unsprung masses and the spnaisg from the Half Car Model using

the Combination 2 springs. These graphs showfteet®f changing the “road” amplitude
Ai.
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Graph 3.8: Changing the amplitude

The MATLAB graphs shows curves for£0.03m, A=0.1m and A=0.17m.

It is clear from observing the graphs that incregshe amplitude of the “road” causes the
vertical accelerations of each of the masses tease.

Changing damping ratid,

Below are the MATLAB generated graphs of magnitatieertical acceleration vs.
frequency of the two unsprung masses and the spnaisg from the Half Car Model using

the Combination 2 springs. These graphs showfteetef changing the damping ratio
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Graph 3.9: Changing the damping ratio

The MATLAB graphs shows curves fgr0.05,( =0.15 and; =0.25.

In the case of the front and rear unsprung massaeasing the damping ratio reduces the

vertical accelerations at all frequencies.

However, in the case of the sprung mass, increasagamping ratio reduces the
acceleration peaks at around 3Hz and 17Hz, butsahg acceleration level over the

remainder of the frequency range to be increased.

Using a damping ratio of 0.15 provides a reasonedaepromise of reducing the unsprung
mass acceleration peak, while reducing both spnuasgs acceleration peaks, and producing
sprung mass acceleration levels that are not @lo flor the remainder of the frequency

range.
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4. Safety

It was vitally important that high levels of safetere adhered to during this project, to
ensure the wellbeing of the author and other mesntiethe University, including other
students, lecturers, tutors and lab techniciahs responsibility of everybody associated
with the REV project to assist in creating and rtaiiming a culture of safety, encouraging

all participants to remain vigilant against possibéalth and safety hazards.

Emergency phone numbers

In the case of any emergency, call 2222 (from atgrnal university phone) or 6488 2222
(from a mobile phone), and give the following infation:

» type of emergency

* location

* name

* mobile phone number or the telephone extensioheofdom

Below is a list of some other important phone nurabe

Hospital (QE 2 ‘G Block’ Emergency) (0) 9346 3380
Doctor (UWA Medical Centre) Extension 2118
Poisons Information Centre (All hours) 0131126

Fire procedure

In the event of a fire, smoke detectors should damalarm. If the fire is too large to
extinguish, or the person or persons are not cdatite with fighting the fire, they should
immediately evacuate the area, and assemble dethgnated evacuation area. If the fire
is small and the person or persons are comfortaitihefighting the fire, they should select

an appropriate fire extinguisher and extinguishfiteefrom a safe distance. Most fire
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extinguishers are the carbon dioxide or dry chehtyqgee, and they are suitable for most
fire. Beware that foam and water extinguishersnateo be used on electrical fires, and

water extinguishers are not to be used on flammiahle fires.

Smoking

To protect people from tobacco smoke, smokingristbt forbidden within buildings or
within 5 metres from the entrance to a buildingsdd smoking is not permitted in the

vicinity of gas storage bottles.

Electrical safety

It is important that all electrical equipment i®perly used and well maintained. All
equipment should be regularly inspected, and anipatent believed to be unsafe or faulty
should be clearly tagged, and not used until itdesen fixed and approved by a qualified

electrician.

Working in labs

When working in the labs, personal protective equapt (PPE), such as fully enclosed
footwear and approved safety glasses, must be atathtimes. When working alone

outside of the normal operating hours of 9am to Speople are not permitted to use tools.

Driving the REV car

When driving the REV car, fully enclosed footweada helmet must be worn. The driver

must also be strapped in the seat with a five-pgaféty harness.

If when the car is in motion, one or more of theeels starts to oscillate violently due to

wheel hop or some other form of unsprung masslasoi, it is important not to

52



immediately brake. This will cause the frequentyibration to decrease, while the
amplitude will increase significantly, which camtketo loss of control of the car. Instead, it
is recommended that the driver simply takes troot bff the accelerator and allows the car
to slow down until the violent oscillation of theheel(s) stops. The car suspension should
then be immediately serviced, meaning that the @asnghould be either re-tuned or
replaced (if damaged) so that they are able to dauhpny violent oscillations of the

wheels.
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5. Conclusion and Future Work

After considering both spring selection criterialabserving the acceleration-frequency
graphs generated by MATLAB, the most suitable gpdombination to use on the REV

car is the 300 x 2.57 springs at the front andi@ x 2.39 springs at the rear (Combination
2). As in Combination 1, these springs satisfiethlzriteria and produced very similar
vertical accelerations for both the front and ne&@sprung masses, however, they produced
much smaller vertical accelerations of the sprumgsrcompared to Combination 1,

meaning that they would provide a much more corafde ride for the driver.

After observing the “Wheel Hop: Rate and Mass R&tgraph, it became apparent that
there are three methods in order get closer toettpeal damping” line, and to avoid
overdamping the ride to control wheel hop. Thstfinethod is to reduce the unsprung
mass. This could be achieved by replacing theeatimild steel wishbones with ones that
are manufactured out of carbon fibre. Another ¥eageduce unsprung mass would be to
redesign the uprights so that they are lightehgaigh doing this would possibly be a final
year project by itself. The second method is twéase the sprung mass. As can be seen
by the screen shot Solid Works model in Figure thé car chassis consists only of a
frame, and is in “skeleton” form. By adding panatsl a body it, the sprung mass would
be increased, and the car would be more aesthgfdabsing and may even perform better
aerodynamically. The third and last method wass® stiffer springs. This, however,
should be done with caution, as using springsdhatoo stiff can have a detrimental effect

on ride.

There is plenty of future research that can be donine REV car. This project has only
simulated situations where the car is pitchingwduld be desirable if future REV students
could model transient situations where the caunsing, and the associated rolling, yawing

and pitching of the car.

Another interesting study would be to design anglément a spring-damper arrangement
that could be attached to the base of the seatjmdauld damp out any violent oscillations
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of the sprung mass. This would allow stiffer sgario be used, in order to control wheel

hop, and would ensure that the ride was comfortilthe driver.

If the REV car is going to compete in future conipats, it would be advantageous for a
Kinetic suspension system to be investigated. UW& Motorsport team has been using
this technology since 2004, and it seems as thasgly a kinetic suspension system will
be the way of the future
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7. Appendices

Appendix A: Negative swing arm effect

The negative swing arm effect causes camber tonbedacreasingly positive as the wheel

rises, as shown below.

e s
%

\ | J _ ,
PITTTTITFIFITCTFITIITFTF YT I 777 PP PHFFF AT TLTTT L, T T LEF7
1 \
3

i Roll Center?l
e SWiNG AT ———————

e Swing Arm ——————-s»E ’ l l

Figure A: Negative swing arm effect (Milliken & Milliken 2@)
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Appendix B: Determining a and b

A set of scales was placed underneath each whélet @fr, which was “loaded” with a 75

kg driver.

The average scale readings of the front and reaelstwas 66kg and 71kg respectively.

This information can be represented in the diagoatow.

71 kg
06 kg
! CG
®
< l >
Figure B: Mass representation diagram

| =a+b=185m
D> Mg =0
71 =66a
71( - a) = 66a
[Ja=0.959n
b =0.89Im
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Appendix C: Quarter Car Model Vertical Accelerati@alculations

[MassMatrix] = {rg I\ﬂ

[DampingMatrix]:{C _C}
-C C

K; +K, -K
[aoringMatrix]:{ o W}

I<W I<W

[MassMatrix]X + [DamperMatrix]X + [SoringMatrix]A = pele

—wz[MassMatrix]ﬁ + ja{DampingMatrix]& + [aoringl\/latrix]ﬁ =A
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(— af[MassMatrix] + jw{Dampi ngMatrix] + [SpringMatrix])X0 =A

B= —a)Z[MassMatrix] + ja{Dampi ngMatrix] + [Springl\/latrix]

X, =B™A
X =X,e*

X = jwX e
X =-aw’ X, e
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Appendix D: Road Excitation Calculations

Assuming that road is a sine wave with amplitudexAd a length of one cycle of road
profile of s, pictured below:

S

/”N/IAI

Figure D: Assumed road

Period of oscillation, T:

S
T=="

V
Where, s= length of one cycle of road profile

v= velocity
Frequency:
_2n_2n _ 2w
T S S
Vv

Excitation at front wheel:

A sinat

Converting to complex form:
jak
Ae'

Rear wheel will be excited some time after the ffroheel, depending on the velocity of
the vehicle.

Therefore, excitation at rear wheel:
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A sina(t + At)
=Asing t+ l)

\Y

. 27
=ASnut+—
A sing a)sj

B . 27t
= Aisu'(wt +?j

Converting to complex form:

Al eXF{——J Zsﬂjej“‘

| = wheelbase

63



Appendix E: Half Car Model Vertical Acceleration [@aations

m O O O
: O m O O
MassMatrix =
O 0 M O
0 0 0 I}
[ c 0 -c, 0 |
_ 0 C. -C, 0
DamperMatrix =
-c; —C C;+cC 0
—-ac, bc ac, —-bc a’c, +b’c
_KTf +Ky, 0 — Ky,
: : 0 KTr + KWr B KWr
SpringMatrix={ K, Ky Ky, + Koy
—aK,, bK,, aKy, —bK,
Xl
x =| %2
XS
7
X,
X
Xo=| %
x3




A

iexd — 127

oo Ao 12
0
0

[MassMatrix|X + [DamperMatrix|X +[SpringMatrix|X = Ae'®
- af[Massl\/Iatrix]& + jw{DampingMatrix]& + [aoringMatrix]& =A
(— af[MassMatrix] + ja{Dampi ngMatrix] + [SoringMatrix])X0 =A

B= —wz[MassMatrix] + jcu{Dampi ngMatrix] + [SoringMatrix]

X,=B7A

X =X, e'“

X = jwXqe
X = -’ X,e“
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Appendix F: Damping calculations for the Half Caodiél

c={ xC

crit

Ccrit = 2\/m(KT + KW)

¢ =015

Damping of front unsprung mass:

Combination 1
Curit = 3846.7 Ns/m
c=0.15x3846.7 =577.0 Ns/m

Combination 2
Curit = 3766.9 Ns/m
¢ =0.15 x 3766.9 = 565.0 Ns/m

Damping of rear unsprung mass:

Combination 1
Carit = 3924.9 Ns/m
¢ =0.15x3924.9 = 588.7 Ns/m

Combination 2
Carit = 3846.7 Ns/m
c=0.15x3846.7 =577.0 Ns/m
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Appendix G: MATLAB Code for Half Car Model Vertic#lccelerations

Below is the MATLAB code for determining the vegl@ccelerations of the front

unsprung, rear unsprung and sprung masses in th€&taModel.

%Half Car Model - Acceleration
%Peter Corke 20139918

clear;

%Changeable variables

kwf=; % front wheel spring rate [N/m]
kwr=; % rear wheel spring rate [N/m]

cf=; % front wheel damping rate [Ns/m]
cr=; % rear wheel damping rate [Ns/m]

%Constant variables

mf=; % front unsprung mass [kg]
mr=; % rear unsprung mass [kg]
M=; % sprung mass of half of the car[kg]

=; % mass moment of inertia of sprung mass [kg

m;\Z]

a=; % distance from front wheel to CG [m]
b=; % distance from rear wheel to CG [m]
|=a+b; % wheelbase [m]

ktf=; % front tyre spring rate [N/m]

ktr=; % rear tyre spring rate [N/m}

Al=; % Amplitude [m]

s=; %length of one cycle of road profile [m]
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hzmin=; % Frequency range [Hz]
hzmax=;

n=1000;

hzamount=(hzmax-hzmin)/(n-1);

Mass_Matrix=[mf,0,0,0;0,mr,0,0;0,0,M,0;0,0,0,1];

Damper_Matrix=[cf,0,-cf,0;0,cr,-cr,0;-cf,-cr,cf+cr,
a*cf,b*cr,a*cf-b*cr,a”2*cf+b"2*cr];

Spring_Matrix=[ktf+kwf,0,-kwf,0;0,ktr+kwr,-kwr,0;-k
kwr, kwf+kwr,0;-a*kwf, b*kwr,a*kwf-b*kwr,a”2*kwf+b"2*

A=[ALAL*"exp((-j*2*pi*l)/s);0;0];

wmin=hzmin*2*pi;
wmax=hzmax*2*pi;
wamount=hzamount*2*pi;
k=1;

for w=wmin:wamount:wmax;
B=-w"2*Mass_Matrix+j*w*Damper_Matrix+Spring_Mat
X0(:,:,k)=B\A;
Acc(:,:,K)=-w"2*X0(:,:,k);
freq(k)=w;
k=k+1;

end;

[X,y,z]=size (Acc);

for u=1:1:z;
X1 (u)=Acc(1,1,u);
X2 (u)=Acc(2,1,u);
X3 (u)=Acc(3,1,u);
end;

freq_hz=freq/(2*pi);

magnitudeX1=abs(X1);

wf,-
kwr];

rix;
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magnitudeX2=abs(X2);

magnitudeX3=abs(X3);

figure (2);

subplot (3,1,1);

plot (freq_hz,magnitudeX1, b );
xlabel ( 'Frequency (Hz)' );

ylabel ( 'Magnitude of Acceleration (m/s"2)'
title ( 'Front Unsprung Mass' );

subplot (3,1,2);

plot (freq_hz,magnitudeX2, b );
xlabel ( 'Frequency (Hz)' );

ylabel ( 'Magnitude of Acceleration (m/s"2)'
title ( 'Rear Unsprung Mass' );

subplot (3,1,3);
plot (freq_hz,magnitudeX3, b );
xlabel ( 'Frequency (Hz)' );

ylabel ( 'Magnitude of Accerleration (m/s"2)'

title ( 'Sprung Mass'  );
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Appendix H: Damping calculations for the Quarter Gtdel

c={ xcC,

rit

Ccrit = 2\/m(KT + KW)

{ =015
Damping of front unsprung mass:

Siff spring
Cerit = 5093.9 Ns/m
c =0.15x 5093.9 = 764.1 Ns/m

Combination 2
Curit = 3766.9 Ns/m
¢ =0.15 x 3766.9 = 565.0 Ns/m

Damping of rear unsprung mass:

Sff spring
Carit = 5093.9 Ns/m
¢ =0.15x 5093.9 = 764.1 Ns/m

Combination 2
Carit = 3846.7 Ns/m
c=0.15x3846.7 =577.0 Ns/m
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Appendix I: MATLAB Code for Quarter Car Model Verdl Accelerations

Below is the MATLAB code for determining the vedlaccelerations of the unsprung and

sprung masses in the Quarter Car Model.

%Quarter Car Model - Acceleration
%Peter Corke 20139918

clear,
m=; % unsprung mass [kg]

=; % sprung mass at one wheel[kg]
c=; % wheel damping rate [Ns/m]
kt=; % Tyre spring rate [N/m]
kw=; % Wheel spring rate [N/m]
Al=; % Amplitude [m]
hzmin=; % Frequency range [Hz]
hzmax=;
n=1000;

hzamount=(hzmax-hzmin)/(n-1);

Mass_Matrix=[m,0;0,M];
Damper_Matrix=[c,-c;-c,c];
Spring_Matrix=[kt+kw,-kw;-kw,kw];
A=[A1;0];

wmin=hzmin*2*pi;
wmax=hzmax*2*pi;
wamount=hzamount*2*pi;
k=1;

for w=wmin:wamount:wmax;
B=-w"2*Mass_Matrix+j*w*Damper_Matrix+Spring_Mat rx;
X0(:,:,k)=B\A;;
Acc(:,:,k)=-w"2*X0 (:,:,k);
freq (k)=w;
k=k+1,;

end;

[X,y,z]=size (Acc);
for u=1:1:z;
X1 (u)=Acc (1,1,u);

X3 (u)=Acc (2,1,u);
end;
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freq_hz=freq/(2*pi);
magnitudeX1=1000*abs (X1);
magnitudeX3=1000*abs (X3);
figure (1);

subplot (2,1,1);

plot (freq_hz,magnitudeX1, b );
xlabel ( 'Frequency (Hz)' );

ylabel ( 'Magnitude of Acceleration (mm/s"2)'

title ( ‘Unsprung Mass'  );

subplot (2,1,2);
plot (freq_hz,magnitudeX3, b ),
xlabel ( 'Frequency (Hz)' );

ylabel ( 'Magnitude of Acceleration (mm/s"2)’

title ( 'Sprung Mass' ),
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