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Abstract

Anti-lock braking systems (ABS) Baevolutionised vehicle safetyy providing a mechanism
for braking effectively whilst maintaining stabilitgratrol.

ABSworks very wdlon smoothterrains, where there ardittle disturbances from theerrain
andthus has been wildly adqated oncommercialvehicles The ability of ABS to perform on
roughterrains is however deteriorated by the fact that routdrrains cause fluctuations in
the wheel speeds anth the loading conditions of the tyrayhich negativelhaffectsthe ABS
algorithm as well as the tyréerrain interaction.The adoption of ABS on offoad vehicles
have been very slow due to these challenges

This study investigates the performance of ABSon rough terrain through performing
experimental and simulated ABS tests using a testing tralddlSCADAMS modebf the

trailer was built and validatedThe ABS tests show good correlation between theetforces
measured and the forces simulated using an F{Rtexible Structure Tire Modefodel in

MSC ADAMS. TheABSalgorithmQa LISNF 2 NXIFyOS RSGSNRA2NI GSa
oscillation of wheel speeds. The work done in this stpdyes the wayowards future ABS
investigaton and development using both thexperimental and a simulated platform.
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1. Literature review

To understand AB@nti-lock Braking Systenthe interaction between the tyre and therrainneeds

to be understoodThe first section of this literature study focusses on the fundamentals of braking.
The force generation lieveen the tyre and theerrain is discusseand this follows through to the
basic working principles of ABS. ABS controtesgiassuch as the classic Bosalgorithm and as well

as modern ABS algorithnage explored and the performanag ABS on rough terraiis discussed
based orthe literature found.

1.1. Fundamental principles of braking

From a braking perspectivehe most importantforces acting on &ehicle is the interactiofiorces
betweenthe tyres and theerrain. This interaction governs th®aking anchandling ofavehicle and
is influenced by the properties of the tyres, properties of the terrain and environmental conslition

1.1.1. Contact forcegeneration

The tyre contact patch of a tyre is the area of the tyre that is in direct contact with the tefiage

are wo maincontact mechanismghat exist between theterrain and the tyre. The first is called
adhesion. This mechamisoperates through the intermolecular bonds between teerain and the
tyre. This is the largest componean dryterrain, however is lessffective with wetterrain, which
causeghe tyre to generate less frictiofGillespie, 1992)The second mechanism is hysteresis which
works on the energy loss component during the deformation of the tyre t(€itlespie, 1992)This
mechanism can aid in maintaining sufficient friction contact on teatin, providedi K I 4 (G K S
tread contains higthysteresis rubber

LT

RUBBER

Hysteresis Adhesion

Figurel: Tyre contact friction generation mechanism
(Gillespie, 1992)

1.1.2. Tyre Force generation

The operation of the tyre is governed by three forces and tmneenents Figure2). An applied wheel
torgue from either braking or accelerating the tyregsnerated

The forces of the tyre are generated as a result of the external factors acting on theugheas the
friction forces thatare generated with the tyréerrain interaction, as well as through the roughness
of the terrain. The forces arenfluenced byinternal factors such as thedeformation of the tyre
carcassas well adyre pressure.



The longitudinal force is generated pédlel to the direction of the rollingyre, lateral force is
generated normal to the direction of travel of the tyre and vertical force is generated vertically
upwards normal to the lateral and longitudinal forces. For each direction of generated foneeishe

an accompanying moment that is also gested along the same direction.

ﬂ;l\(e torque )

.. Overturning moment{{ )
@ L .
Longitudinal force Q)

Rolling resistance momenb ()
Lateral force ©O)
Vertical force O) w

Aligning noment @ )

a

Figure2: Force and moment generation on a tyre
1.1.3. Vertical force

The \ertical force is governethainly by the internal pressure carcass stiffnesand the dampingin

0KS (G8NB oKAOK @FINARSAE gAGK GKS RSTF2NX¥IGAZ2Y 27
of the vertical load on tyresdecreases th friction coefficient(Gillespie, 1992)The friction
coefficientsof a tyre (for a particularterrain surface)can decrease by 0.01 faa 10% increase in
vertical load(Gillespie, 1992)

1.1.4. Longitudinal force and longitudinal slip

The longitudinal force is generated along the direction of travel of the wheel. This force is generated
from the longitudinal frictional force that exists when thén@el is accelerated or braked. Thisce

is affected by the vertical force, the surface friction coefficigvtiich is dependent on environmental
factors) as well as the roughness of tterrain. The longitudinal and vertical deformation of the tyre
alsoplays a role as this affects the magnitude of friction that can be generated.

Longitudinal force is dependent dn2 y 3 A { dzR ALgnigifudinal SlifisLd camparisbn between
the velocity that the vehicle is traveling (and the peripheral velocitthat the tyre is rolling at. The
wheelperipheralvelocity is calculated using an effective rolling radids ( of the tyre and through
measuring the angular speed of the wheel (

o 1 oY @)
= 0
With a rolling tyre, athe leading edge of theg/re contact areathe radiusof the tyre reduces from

the undeformed to the deformed radius. There is a change in the velocity of the tyre as it comes into
contact with theterrain, due to the reduction inthed NS Q& NJ RA dza @

At the trailing edge of the contact patch, the t@2@dius has to increase back to the-daformed
radiusas it looses contact with theerrain.



The relative slip therefore changes through the contact patch but usually reaches a peagligditly
behind the centre of the tyre. This varying slip, combined with variations in vertical load and frictional
force, governs the longitudinal force generated between the tyre andtdreain.

| Contact Lengh | Travel Direction

Vertical
Load

Friction
Force

Relative
slip

Figure3: Longitudinal forcgeneration(Gillespie, 1992)

When the tyres are brakedignificantlongitudinalslip of the tyrescanexist The friction cefficients
relative toa specifiderrain surface areshown inFigure4. Wheel lockup occurs as a result of the
wheel slip exceeding thmaximum peakriction co-efficient, as the ability of the tyre to generate
longitudinal force detdorates. The wheels lockip completely atp 1t 1t §lip, as the wheels are
essentiallynot rotatingwhile the vehicle is still moving

w— Dry tarmac
— et tarmac
Snow
—|CE

0.8} ]
0.6

0.4}

Friction Coefficient

0.2}

0 02 0.4 0.6 0.8 1.0
Slip Ratio

Figure4: Different friction coefficients for differerterrain conditions(Park et al., 2015)
1.1.5. Lateral force and lateral slip

When a vehicle isteered whilecornering lateral force is generated normal to the direart of travel

of the wheel. The contact patch of the tyre is manipulated by the direction of travel of the vehicle
relative to the direction of heading of the wheel. The difference in the angle is called the slip angle
describedwith the symbol| .

Theg NBQa O2y Gl Ol LI GOK NBYFAya Ay fAyS gA0GK (K
between the tyre and théerrain. The maximum lateral force is generated at an offset from the centre
of the tyre. This offset is called the pneumatic t(&ilgureb).



\ Direction of Heading

T
Slip Angle, o

1| 1T
o)
!
Slip Ftelaaln I—Cmtﬂd Patch

oot
foﬂ of T@Vef

Figureb: Pneumatic trail of a tyré€Gillespie, 1992)
1.1.6. Combined lateral and longiturdhl force generation

Longitudinal and lateral forces are usually generated simultaneously as the vehicle is commonly
steered and braked or accelerated at the same tirhengitudinal force generation usually has
preference over lateral force generatiokRigure6 showsthat, as the longitudinal slipf the tyre
increases, the longitudinal forc€O) alsoincreases to thaletriment of the lateral forcg"O), for a

given slip angle.

Slip Angle (deg)

Longitudinal and Lateral Force

0 25 50 75 100
Longitudinal Slip (percent)

Figure6: Lateraland Longitudinal force generation verslip $Gillespie, 1992)

Figure7 shows a friction circlevhich is a diagram that is used to illustrate the friction limit of a tyre
for a combination of lateral and longitudinal forces.

The generdion of amaximumlongitudinalforceduringeither brakingor acceleratingdoes not allow
for any lateral force tde generatedand visa versagtherwise the friction limit of the tyre will be
exceeded (fall out of the region of the circle).
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Figure7: Friction circle

When the maximum friction of the tyreoad contact is exceted during severe brakingvheeHock

is causeasthe brake torque supplied to the wheels is greater than the maximum longitudinal force
for a given olling radiusWhen wheel lockup occurghe lateral force iddiminished It is due to this
reason that a vehicle is unable to steer when the wheels-lgrk

1.1.7. Hydraulic brake system

A hydraulicorake system is used to control theressure that is supplieth the brakes of a vehicle.
The hydraulic brake lines for a Land Rover Defender is shawgure8 (Rover Gup Limited, 1996)
Thisbrake systenwas designed before thatroduction of ABS control

110/130 Models
Hydraulic system . LH rear brake caliper

. T connector

. RH rear brake caliper

. Brake servo

. Master cylinder and reservoir
. LH front brake caliper

- RH front brake caliper

A- Primary circuit
B- Secondary circuit
C- Pressure reducing valve (PRV)

NOo AW

Figure8: Land Rover Defender hydraulic brake [[Rever Group Limited, 1996)



The master cylinderonvertsthe force appliedto the brake pedalto the pressure in théorake lines
causing thebrake callipergighten on each whe€d & R A &A bra@ieNdodstér is also included i
within the brake servo (&etup, whichdecreases the force required to press the brake péuaugh
the use of a vacuum pump.

The brake torque othe tyre is generatedy friction between thebrake pads that press down on
brake diskswhichare connectd to the wheel hubs. The brake pads are fitted around a brake disk
through brakecalliperswhich are connected to the hydraulic brake line augplythe pressureThe
friction between the disk brakes (stationary) and the brake drum (rotating) creatalany torque

that is experienced by the tyres.

The brake torque™ is related to the size of the brake pads{ , i @O K, their relative
friction ccefficient (Q, as well as thenean pressure fathe brake padg¢n ) seen in equatioif?). The

brake pad dimension geometry is shownHigure9. This relation is based on the assumption that
uniform wear of the brake pads is presdBudynas and Nisbett, 2011)

—@ i i @)

Brake pad

Brake disk

Figure9: Brake pad geometry

The inclusion of ABS control in the beagystem requires a mechanism that can contha brake
pressuresat each brake callipandependently. An ABS modulator and pump is used to intervene in
the control of the brake pressure and is chi® f f SR 0 ebrake cadt®KuhilNhENABS is
adivated, the modulator isolates the brake pressure between the applied pressure from the brake
pedal and the existing pressure in the brake lines that flow directly to the brakes. The mogdulator
with the aid of the pumpwill then independentlyPump Dumpor Holdthe pressure accordingly to
what the ABS control requireBigurel0shows a simplified hydraulic schematic for an ABS modulator
with shuttle valves that isolate the pressure from the brake pedal when ABS is actibatedy the
Pump phase the inlet solenoid valve is open and the outlet solenoid valve is closed. When the
modulator is inDumpmode, the inlet solenoid valve is open and the outlet solenoid valve is open.
The inlet and outlet solenoid valves are closed whenHbldphase is activated.
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FigurelO: ABS modulator hydraulic schematic

1.1.8. ABS objective

ABS brake systems were first mdiucedin the earlyl970s onto trucksand made use of higand
electrical componentavhich were scarceral relatively expensivauring that time(Fu, 2000)As the
electrical revolution began gainimgomentum, electrical components became cheaper to produce
and so further advancements in ABS control could take form onto commercials vehicles. During 1978
BOSCH stted supplying the first ABS components to commercial vehicle manufac(@RE
Standard, 1992)Fu, 2000)

The basic aim of an ABS algorithm is to firstly brake the wheel in such a manner as to maintain
maximum braking efficiency which occursevhthe maximum peak friction edficient of a yre is
reachedwithout locking the wheelScondy, ABSllowsthe tyres to generate somiateral force for

the steer ability of the vehicle while braking.

There are three braking states that an ABS algorithm can use to achieve this. A brake state defines
what should be done to # brake pressure of each wheel acah either be defined to increase the
pressure (brake stafePUMB, decrease the pressurdorgke stat® DUMP) or keep the brake
pressure constant (brake st&teHOLD).



As a force is applied to thierake pedalin the initial stage of a braking maneuveréne brake
pressure is increasedhtil a preset slip thresholgreached, which coincides with the peak friction
of the tyre. Once the sliphreshold is reached ABS setghe brake state to dump (essureis
decreasedl The slip of the tyre thefalls below the peak friction antthe pressure is kept constant
once thewheel deceleration reaches a set thresholghis allows the tyreto operate below its
maximum peak frictionwhich allows for some lateral force generatias the friction circle dictates
whichallows for the vehicle to be steered when being braked. Tlakédpressure is then increased
again to allow the tyre to operate closer to its peak friction. The braking process is repeated and
cycled continuouslyequired vehicle speed is achievethis cycling of brake pressure therefore
allows the tyres to operateclose to their maximum braking efficiencyhile still allowing the
generation of some lateral forces for vehicle stability.

1.1.9. Performance evaluation of ABS

Theperformanceevaluation of ABS is usually done throdgbking at the effective braking distance

of a vehicleThis imnot always a true evaluatigms ABS should also be evaluated its effectiveness to
allowing steering stability. Performance evaluations have been performed taking this into
consideration. In m ABSperformance evaluation stud{Forkenbrock et al., 1999)f nine light
commercial vehicles, the ABS performance was evaluated through straight line braking on different
friction surfaces, performingtiirns as well as single lane changermaaverers. These maneuverers
should be considered ABS is to be evaluated fullyurthermore work done by Hiaersma and Els
(2017) show the importance of collectively consideringthe stopping distance,the mean
deceleration,the mean error of the absoletyaw rate as well athe mean error of theabsolute

lateral path, for the accurate and logical method of evaluation of ABS performance

1.1.10.Classic Bosch ABS algorithm

This classicBoschABSalgorithm requires only the measurement of wheel speeds. From these
measurements the wheel angulaccelerationcan be derived and the longitudinal slip of ttyees

can also be calculate@he vehicle speedan be estimated bysing the wheel speeds and from this
the slip can be approximated.

The classic Bosch ABIgorithm ontrols the brake pressure througtycling through 8 phases. For
each phase a specifizake state is defined. The Bosch algorithm works based oxgfieed wheel
accelerations and slip thresholds, that govern the selection of each phase in the alg&ithgested
values for the Bosch algorithm thresholds are listedablel.

Tablel: Bosch ABS thresholds

Authors Minimum wheel acceleration, Maximum wheel acceleration, Wheel
®» 1M ® i maximum slip,
i
Day and Roberts (200] -150 50 0.15
Penny and Els (201 -50 50 0.15




Figurell shows the ABS functionalitach phase has a set duration withwhich it needs to be
operated before it moves onto the next phase (not shown on therdiay. Note that phase 7 is a
dud brake state, it oscillates between purdmld states governed also by specified duration for each

state.
n n Q Phase 1 , , Phase 2
Phase 0 L U W W
> PUMP _— HOLD

Brake pedal is applied, AE o
activated once minimum L aQn
pressure and velocity i
exceeded Phase 3
DUMP
Phase 8 Phase 4
DUMP w @ oF 1 S oD
Td’) %) lw o}
Phase 7
Phase 6
PUMP/ PR Phase 5
HOLD HOLD — PUMP

Figurell Bosch ABS algorithm
1.2. Modern ABS algorithms

Since the introduction of ABS into commercial vehicles, brake baseditgtabntrol systems have
improved immenselywith varyingcomplexity. The following control strategies highlight some of
these advancements within the researof improving ABS performance.

1.2.1. ABS control using Fuzoglc

Fuzzy agic is an intelligent condt strategy that performs well within nelinear environments,
which makes it a control strategy worth considering for ABS braKimg.control strategyworks on
the principle of nomumeric multivalued logiovariablescalled linguisticzariables whichaid in the
controlofthea @ 4G SYQa RS Subkulakgdhmi (A0L4QppligsTFdzzyogicto ABScontrol
through usingthe wheel slip,acceleration andleceleration of the wheelas well as utilising the
measurement of longitudinal deceleration of thehiele.



1.2.2. ABS control using sliding mode controller

The sliding mode controller is known to be a robust controller. It is alinear control strategy that
cancontinuouslybe altered through higHrequency switching contrdBhandari et al., 2012)

The controller operatebased on a statéeedbackcontrol, through which controktructurescan be
switched based on a particular statd he wheel slip is controlled through defining the sliding surface
as a function of the maximum slip and the measured(&ipandari et al., 2012)

A phenomenon caltkchattering, is potentially problemigtwith this sort of controllerasthis causes
irregular estimations thatrenders the conftoller unreliable. It was found that using a saturation
function as well agaking the integral of the switching surfafigarifi et al., 2008this phenomeion

can be reducedBhandari et al., 2012 he desired brake torque can then be derived in terms of the
sliding surfacewith an added boundary layer thickness variable which is incorporated within the
saturation function. This variable allows the control strategy todogusted manually, allowing
flexibility to the system(Bhandari et al., 2012Provided that the optimal slip is known or can be
calculated using a surface predication scheme, the sliding mode controller is able to operate
competitively against other ABS control strategies such as Fargy sellearning, Fuzzylogic
generic and neuraietwork ABS algorithm@handari et al., 2012)

1.2.3. ABS braking using hybrid control strategies

There are a variety 0ABS algorithmshat are being developedhcorporatinga hybrid of control
systems.The Fuzzy sliding mode controller makes use of Fuzzy logic to reduce thericigptte
phenomenon inherently found with theliding mode controlle{Guo et al., 2014)The chattering
phenomenon of alidingmode controllerwasalsoreduced throughusing Pulse Width Modulation
(PWM) control as well as switchiegntrol (Wu and Shih, 2003)

A control strategy was also develop#tht utilises adaptive feedback linearization contitbirough

using neural networks to learn the ndmearities of a brakingnanoeuvre(Poursamad, 2009)he
stability of the ontroller is checked based on the Lyapunov stability theory. The controller has also
been proven to perform well with transitionirtgrrain conditions(Poursamad, 2009)

AnABS&control systerrhas been implementedased on the wheel forces and moments through real
time for rough terrain conditions (Botero et al., 2007) Numerical simulations showed a 10%
reduction of vehicle stopping distance by reducing brake pressure jumps and normalizing longitudinal
force variations in subsequent braking cycles.

1.2.4. Terrainidentification using ABS algorithms

A studywas doneto identify terrain conditions using aBS control cycl&heng et al., 201 1yvhich
makes use ofook-up tables. The tests done were performedraugh applyingan ABS braking
procedure on two wheels, each on a differdatrain, with high or low friction characteristics.

The algorithm was designed tieterminewhich wheel is be&ig braked on whickerrain surface by
looking at how quickly each wketakes to lockup, as well as how the tyres respond to the pressure
control of the brakes.

Surface predictin using an ABS algorithm calso be performed using the following tyterrain
friction relation relative to theslip ratio(Burckhardt and Reimpell, 1993Jhis relation is &unction
of the vehicle speednd the slip raticseen in equatior{3).
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Where the different coefficientsd( relate to the shape of the slhfriction curve Figured) of a
particularterrain surface as a function of slip.

A threepoint method was proposed to measure the vehicle deceleration at three different slip ratios
in order to estimate theterrain surface, provided that a preet value was chosen for the factor
(Bhandari et al., 2012Dnce theterrain has been identified, the corresponding maximum slip ratio
and ceefficient of friction can be selected to govern a prospective A& ighm.

1.3. ABS performance on rouggrrains

The popularity of Sport Utility Vehicles (SUV) has increased in recent gb#iisg the operation
conditions of ABS onto variotexrain conditions. The operation of ABS on rough terrain is a relatively
new regarch area which is yet to be fully understood. The following literature highlight some of the
factors that exist additionally when ABS is operated on rough terrain. Vilgrational responses
during ABS perations are also investigated

1.3.1. Terrainsurface iffluence on wheel speed and sligtimation

Terrainroughness and the variation of friction between the tyre andtireain surface are important
factors for the analysis of ABS braking and the design of new d¢ahgarithmsd ¢ dzNJ dzf A & S

A scientific reason as to why braking distance on rotgghains is much larger than on smooth
terrains, is well definedby Hamersma and E{2014)that state that the rough surface of therrain
causes body roll and pitahotions in the tyrewhich inturn causes laye fluctuations in wheel loads.
This decreags the longitudinal forces on the tyrebecause the vertical force varies effect,
increasinghe braking distanceThe fluctuation ofwheel speeds seemed tsovary dueto terrain
excitationfrom roughterrains and this canpartially explain why ABS braking deteriorates on rough
terrains (Penny and Els, 2016

A phenomenon called theun-in effectis directly influenced by the severity of the fluctuation of
wheel load4Hamersma and Els, 201Directly after the tyre hasade contact with theerrainit is
relaxed and there exists a delay in the force generation process. This delay is intensified with
fluctuating wheel loads.

It wasfound that large fluctuations in tyre vertical load, angular wheel speed and accelecatized
problems ofincorrect inputs tathe control logic of AB@/arian et al., 2009)

The deterioration of ABS performance on rough terrain was analysed through using both a test
vehicle and a simulation mod@Penny ad Els, 2016)it was found thathe main factors causing the
deterioration of ABSon roughterrain was the accuratemeasurement of vehicle speeduring
experimental tests and the existing response delays within the braking system during modelling.

The g estimation also fluctuates and thus becomes very noisy. Various filtering techniques exist
that aid in obtaining cleaner signals for the wheel speeds to approximaté\stigk done on ABS for
electric powered vehiclefivanov et al., 2015htroduceda desensitization factahat proved to be
important for ABS design in a continuous wh&lé control function.
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In transient tyre behaviougrolling of tyre) the slip applied at the axle differs from the slip based on
the rotation of the tyre. During ABS braking, decreasing the speed of the vetédeases the
damping ratio of the wheednd thus increases the oscillations in the rotational spg&alwelussen,
2015) The author also highlights that thers a lag between the actual longitudinal slip at the tyre
terrain contact and the slip at the axle during repetitive brakiRgr this reason the tyre shatio for
contact force analysis should be captured by measuring tyre tread speed and groundaspbed
contact patchBotha and Els, 2019)etermination of the tyre slipatio directly by using digital image
correlation techniques avoids the uncertainties caubgdmeasuring inaccuracies of vehicle speed
and tyre rol radius due tderrain roughness.

1.3.2. TyreVibration response

The excitation of tyre torsional modes on rougirains has an effect on the estimation of S{Renry
and Els, 2016)

The comparison between the vibrational response of a rolling tyre teitiain excitations and a non

rolling tyre showed that theterrain excitations mainly excite the tyra the frequency band below

o m@d (Kindt et al., 2009) This research found that the excitation amplitude dependency is
NBaAaUOGNAOGISR (2 GKS GeNBQa aARSglff AGAFTFySaao
Rolling tyre vibration measurements were perform@dbujiuchi et al., 2004nd it was found that

the vibrational velocitpfi KS G &8 NBQa f SFRAYy3 SR3IS A& KAIKSNI G
peaks of vibration bagkon the velocity of a rolliptyre, were found to betweery f©dandp v @a

Experimental measurements and modelling based on cylindrical shell t{i€oizumi et al., 2010)
found that tyre rotation has no effect on the first vibration mode. Further modes in range of
L @o Taghave been influenced by loading and rotation conditions.

Researchwas conductedvith a SWIFT rigid ring tyre model to investigate ABS braking performance,
detected tyre resonances near fDdandy 0ag KA OK Y I { OK-planekaBd otvaf-plape€d a Ay
rotational modegPauwelussen et al., 2003)

Thenon-linearities of the slip, tyre contapatch relaxation length anthe vertical load dependency
of the dynamic tyre radius, were determined usiagrigid ring tyre model in a brakingrque
variations study{Zegelaar, 1998)lhe work done on the fregancy response function of longitudinal
forces for different brake variationsfound modes ofc v 1w Tand p T@A(Zegelaar, 1998From
the frequency response of slip variation data, a first resonance frequeingy/Odawas determined.

The torsional dynamics of a tyre can have a negative influence on the measurement of wheel speeds
and the estimation of slip. A study was done on the sensitivity etiteoff frequency on the
measurement of wheel speeth an ABScontroller (Adcox et al., 20123nd it was foundhat cut-off
frequencies lower thap Odremoved most of the tyravheel dynamics andecreasedhe stopping
distance of the vehicle.

1.3.3. Influence of yre structure

The properties of a SUMI @ NB Q & haadifferénpinfldefces on its vibratiai characteristicsBy
increasing thapex lenth andthe carcass widththe vibration energyan be decreasedvhereasy
increasinghe sidewall gauge anthe apex hardnesshe vibrational energycan be decrease(l_ee
and Kim, 2008)
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Sivaramakrishnan et af2015) performed anexperimental tudy of the influence of tyre design
parameters such as carcass stiffness, tread compound and tread stiffnesspearfiblenance ofABS
highlighting that the pak grip, braking stiffness, optimal slip ratio ahd shape factolare themain
contributing characteristicsThe braking stiffness expressed as a combination of carcass stiffness
and tread stiffnesswhere the latter is adominant factor during the initial braking cyslen the
pressure build up phaséhe first cycle of braking can cause theshloss in the stopping distance
and thus thebraking stiffnesss a significant parameter in ABS performance. The tread compound
alsohas a large influence on the efficiency of the ABS algorithm

1.3.4. Suspension settings1 ABS performance

Investigations have been done in improving the braking performasfcABSon rough terrain,
throughalteringi KS aGAFTFy Saa | yR Rl YuspensinHantisriakayidams, 2 F
2014) The suspension settings of a vehicle were changed through using a-fryeloonatic semi

active suspension.

Numeroustests with different suspensionharacteristic combinationaere performed andt was
found that the braking distance between the worst and the best suspension configuratiornigiwas
braking fromy) TQF'Qto p TQEI'Q Further advances in this control strategy can be carried out using
continuous damping along with an accommodating ABS algorithm.

1.4. Conclusion

This literature study concludes thegearch found on ABS braking mugh terrain. Key factors that

play a role in the performance of ABS on rough terrain are fluctuations found in the vertical loads of
the tyre, as well as fluctuations in wheel spedd.is thus important that adequate measuring
techniques are used for the measment of wheel speed and the measurement of tyre fordes
better understand rough terrain influences on ABS

Based on the literature foundhe main aims ofthis studywere identified. The first aim was to
improvethe measurement ofvheel speed which lave a direct effect othe estimation of vehicle
speed(if derived from wheel speedsps well as the estimation of slip.

Two main aspectexist in quantifyinghe reliability ofwheel speed measurementhése are the
amount of noise that exists withthe signalandthe response time of the measurement equipment.

Any noise in the wheel speed measurements are magnified when the wheel speeds are derived to
calculate wheel accelerations. Driving on rough terraan also induce further noise on the
measurementof whed speed, thus it is importanthat the measurement technique is robyst
especially forough terrain.Fast responsdime is important assudden changes in wheel speeds
during AB®xists and it is imperative that the speed is measured with the keastunt of delay.

The second aim of this study is tovestigate tyreterrain interaction through looking at tyre forces
during ABS braking on smooth terrain as welbadelgian pavinglt was found in literature that
fluctuating wheel loads play a rolen the efficiency of ABS braking, thus it is necessary to use an
experimental setup that is able to isolate the tyberrain interaction.A validated simulation model

of the experimental setup widlsoaid in this investigation.

The following chapters ahis study will be discussed briefly. In Chapter 2, an investigatidheof
measurement of \weel speegthat encompasses vehicle speed and slip estimation, is performed.
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A feasible solution to the measurement of whesgleed, whichaddresses the issuex noise and
response timeis investigatedin Chapter 3, thexperimental setugs conceptualised, constructed
and instrumented. The mass and inertia properties of the setup are also measured.

Chapter 4 covers the work done on building a simulation mddsled on themeasuredmass
properties of the experimental setugnd validating the model with experimental tests. Imater 5
experimental and simulatedBS braking tests weperformedand tyre frequency responses, during
experimental ABS braking, weranvestigated. Chapter 6 concludes this study and a few
recommendations are mentioned for further investigations.
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2. Wheel speed measurement investigation

The most important parameter for ABS is wheel speed and it is thus imperative that the
measurement techigue usedis robust and accuraté®ne of the main factors that Penny struggled
with when testing ABS on rough terraimas the measurement of wheel spe@@enny and Els,
2016) The first aim of this studig toinvestigate how this could be improved\Vheel speed and
vehicle speed measurement techniques atsodiscussed.

2.1.1. Method of Wheel speed measurement investigation

The standrd hardware utilisedto measure wheel speed in commercial vehiclage variable
reluctarce sensors that generate a signal when a serrated object is rotated in close proximity to the
sensor.The standard components on a Land Rover Defender make use whtiable reluctance
sensors that pick up serratiorthat areeither a CV joint (fromivheel) or a reluctance ringside the
wheel hub (rear wheégl

Figurel2: Serrated CV joints Figurel3: Rear wheel hub with reluctor rings

The voltage signals vary as the strength and direction of thgnatic feld changes, producg a
variable reluctance signalvhich is a signal that increases in frequency and amplitude as the
triggering of the signal is increasethis signal needs to be conditioned and converted to wheel
speeds.

Conventionally the ignals from the wheel speed sensors are conditioned within the &Cte
vehicle For this studytwo different electrical circuits were used to condition the wheel speed sjgnal
rather than using a commercial ECU. An additional circuits was buitoneert the variable
reluctancesignalof the variable reluctancsignal to an output voltage relating to wheel speéethis
wasdone using a LM1815 which is a variable reluctance ampliffer.circuitconvets the variable
reludance signal to a pulse signa

Using this amplifierthe variable amplitde of the wheel sensor signals are eliminatehilst the
frequency contentis still maintained The circuit produces a orshot pulse output signalwhich
corresponds to the zero crossing of a set referenceagatof the variable reluctance inp(ifexas
Instruments Incorporated, 2013The pulse width} , of the output is designed by the selection
of a capacitor ana resistor using the following relatiofTexas Instruments Incorporated, 2013)

T ™®x oY 0O (4)

The Land Rover defender vehicle, which is used as a case istadgumed to travel at a maximum
speed ofp T @A'Q There arep Tserrations for one rotation of the wheel, generatiggrpulses.
Finding the angular velocity of the wheel is @ahrough using a wheel radius o® ¢ .
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This valudp & w () i8lthen multiplied byp tfor the number of pulses created per revolution and a

frequency ofw x &Odis obtained. A maximum @' Q'Oés chosen for the operational limit of the
circuit. A resistor op L@ anda capacitor of & "®@r a pulse width of@®d i (0°QOdwas selected

1 OFY prard MO p@ w( U

Theconditioning of thepulse signalvas testedusing two prototype methods. The firshethod used

a ADVFC32KNZ analogue frequency to voltage convarérthe second methoduseda dsPIC33
which makes use ofgrogrammingadsPIC to use itgterrupt pin to convert the pulse signalhis is
done through essentially timing the delay between pulsed eanverting the delay to a frequency
and sendhgan output voltage scaled fromito o& w, with afrequencyrange frommOdto p' Q O his
circuit has an added adntage in tuneability as the dBIC33 can be programmedadjustthe output
voltage relative to a voltage range. ThisPIC3® resolution can also be altered

Tests were prformed ona front axleserrated CV jointHigurel5), usinga standard ABS sensdihe
CV jointwasfitted onto a CNC machirend the ABSsensormwastriggered by the serrations on the CV
joint. Additional sensors were added thé test setup namely, a retroreflectiveensorwhich was
triggered by a small piece of reflector tap#uated on the rotating object and proximity sensor
which was triggered by an additional gear fitted to the CV jdintincQler sensoiffrom Zettlex wa
alsoadded to the test setuggZettlex, 2018) These sensors operatike inductive angle encoders,
which has two partgFigureld), a stator (stationary disc) and a rotor (rotating disc).

Figurel4: IncOder Zettex setup (adapted from Zettlex (201

ABS senso—> Retroreflective T «+—— Proximity sensor
sensor
— <+—— Gear fixed to CV joint

O <+— |ncOder rotor and stator disc

T

Reflective tape

S_errated CV jat |
fixed to chuck of CNC

Figurel5: CV joint CNC test setup
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The pulse generating circu(tM1815)as well as the frequency to voltage circuits (dsPIC and
ADVFC32KN&hip) were used to condition the variable reluctance analogue signal themABS
sensor. The retrorefidive and proximity sensemere measured from their analogue pulse signals
and through posprocessing converted tangularspeed. The analogue signals from the IncOder
reflected the angles measured ancere also posproces®d to obtainthe speed. Oncellsignals
were conditioned theirangularspeed measurements were comparethe measurement of the
signals isummarisedn Figurel6.

Proximity/
Retroreflective

ggiggue Analogue Analogue
(variable signal signal
reluctance) (pulse) (angle)
LM1815 circuit Postprocessed Postprocessed
Qgiggue Angular Angular
(pulse) speed speed

dsPIC/
ADVFC32KNZ

Analogue
signal
Postprocessed
Angular
speed

Figurel6: Signal processing of sensors

The initialtest showed verynoisy results, due to the LM1815 not filtering the signal effectively
allowing most of the nois& be carried through to the dAC signalt was also later found that the
ABS sensor was not fixed properly and would sometimes skip a phiseffectiveresponse times
of the DSPIC and encoder were also difficult to determine as the signals wereeqatie (Figure

17).
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The initialchallengesvere addressedand it was foundthat the d2IC performed much better than
the ADVFC32KNZ circusthe DSPIC produced a much cleaner si¢riglure18). The ABS sensor
was chosen as it is the most robust sensor particularly for reeighin.
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Figurel8: DSPIC readings on CNC converted to vehicle sp

The d®IC circuit along with the variable reluctarndecuit was further investigatedusing asignal
generator to lmk atthe quality of thedsPICsignal.Figurel9 andFigure20 show the responsef the
dsPIC at increasing intervals pf m@aand ¢ fOato inspect the response of the BEC to the
magnitude of change in the signal.
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Figurel9: DSPIC signal generator test (steps ol  Figure20: DSPIC signal generator test (steps ¢
100Hz) 20Hz)
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The d®IC circuit produces a clean signal with a quick response Timderive ajuantifiable value

for the responseaime isdifficult, the delay in the signal generatis not known, however iRigure21

it is indicatedthat taking into account all the delays present including that of the LM1815 circuit, the
response time is roughly 1mé.the signal is converted to wheel speed in terms@éf'Q then an
error of 0.3 QG Qs found for a constant sped@igure22). Hereby it can be concluded that through
using dsPIC, the aim of measuring wheel speeds is achievedjtheoclean, quick response analogue
signal.

100 10.3
N 90 Yootz M 102}
Z i =
> g101;
g 80 X:11.9 3
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e M‘)\/- 7
w 70 9.9
60 : 9.8 ‘ : : :
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Time [s] Time [s]
Figure21: DSPIC signal generator tests delay wit Figure22: Wheel speed error with DSPIC
20Hz step

The d®IC made some errors at estimating very lowesjse(slower tharp Q&r(Q), as the LM1815
circuit created false peaks due to noise. 3alve this the dBIC was coded to identify such
occurrencesby validatingthe average absolute value of the raw reluctance signal and the frequency
calculated from the false peaks. Ifehaverage absolute e of raw signal from the Hall effect
sensorsjsbelow a thresholdf 1 1 ) relating to aspeed ofpd@x 71, or if the frequency calculated

is below ao’Oq the circuit was to bring the wheel speeds to zero. This was to avoidniad/iapikes

in the speed measurementblat were previously recorded at very low speeds.

Due to the fact that noise on the wheel speeds could be amplified if derived to find the accelerations,
there is a need to effectively measure and filter the wheel sisee

A digital filter used b¥?enny and Els (201&hd designed biiu et al. (2004)was used to filter wheel
velocities from ABS sensors. The filter basically adds a small portion of the previous recorded
information to the present recorded informatiorreating a smoothing effect.

Careful selection of the intensity of smoothing should be considesisdhe delay in the signal is
increased as the signal filtered more severely.dtation (5) shows the parameters of the filtefhe
symbol,wrepresents the unfiltered signal and "Che filtered signal.

QT ® p 1 OO0 ®)

The paramete} is selected between 0 and 1, where 0 would produce a highly filtered signal, with a
large delay.
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2.1.2. Vehicle speedstimationfor slip calculation

Thelongitudinal sligs a relation between \&cle speed and wheel spe¢elquation(1)). The angular
wheel speeds are convertetd peripheral speed through the assumption af @ffectiverolling
radius.lIt is possible to derive vétle speed from thavheel speed. There are howevielaccuracies
that arise when thevheels start to lockup or when they fluctuate due to the control of ABS.

The @sumption foran effective rollingadiusis also notalwaysaccurate especially for driving on
rough terrain, vihere the rolling radius fluctuates.

Variousvehicle spee@pproximation techniques existarying in number of input measurements and
complexity. The first estimation method for vehicle speed is through using an Adaptive Nonlinear
filter approach(Jiang and Gao, 20007 his principle is efficient and simple as it only requires the
wheel speeds as an input. Thiehicle speeds assumed to be equal to the wheel angular velgcity
Ydzf GALJ A SR efiettivelrdliSgradius &eih r &raking is applied.

o 1Y (6)

When braking occurs, slip is generated, resulting in alim@ar relatiorship between thevehicle
speedand the wheelsThe filter is said to act as a bahgng controllerthat continuously updates

the deceleration constan(Y ), to reflect theterrain condition and in turn the deceleration rate of

the vehicle § . The deceleration constant(), is estimated at the peaks of the wheel velocities as
the vehicle speeds very close to the wheeelocities at these locationg. KS @GSKA Of SQ&
approximated using the following nedmear filter (Jiang and Gao, 2000)

Vo YT QO®d 0 o @)

The input and output of the equationy and v, relate to the wheel speednd thevehicle speed
respectively As the deceleration of the vehicle cannot be greater thdRthe approximation of the
deceleration constanis restrictedto a maximum deceleration of @ as’ seldomly exceeds 1 under
normal conditions|f the velocity of the wheels exceed the velocity of the vehicle, the velocity of the
vehicle is set equab that of the wheels.

To make the approximation of the deceleration constéegs susceptible to noisy peaksisialways
taken as the slope between the starting point and the current peak.

50 — Wheel speed
— Vehicle speed
<
= 40
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‘© 30
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Figure23: Example of an adaptive ndinear filter
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Figure23is createdor illustration purposesusing dixeddeceleration constant valuét is suspected

that for a relatively clean wheel speed signal, ttigital filter would perform as required If a
considerable amount of noise exists within the signal, however, the filter could become unstable,
especially if there is a substantial presencespkes.

Kalman filtering(Daid and Kiencke, 1996an also be used testimatevehicle speedThis type of
filter usesadditional sensors siicas accelerometersn conjunction with wheel speed sensots
allow effective filtering of noise preseit the wheel speeds

This filter in effect averages each input with a certain weighting, relative to the most reliable sensor
(Daid and Kiencke, 1995his method of filtering the data from vari®sensors could prove to be
beneficial especially with braking on roudierrains, where an elevated amount of noise can be
expected from wheel speed fluctuatioas well as noise from accelerometers

Using data fusion with a Kalman estimat@dmiri and Moaveni, 2012)t wasfound that a high
accuracy irvehicle speedstimation could be achieveds opposed to Adaptive filters, which have
errors due to distortion and are morausceptible to fluctuations. The data fusion Kalman filtering
study was done using a LuGre friction model to calculate the input wheel speeds.

Fuzzy estimatorare used to estimate thevehicle speedising a similar approach as the Kalman filter
estimator. AFuzzy estimatousesdata fusion to estimatslip through estimatinghe vehicle speed

through the use of all four wheel speed sensors and@elerometer that measures the longitudinal
acceleration of the vehicléSubbulakshmi, 2014pata fusion is done throughrstly determining

which wheel sensor is delivering the most reliable information and secondly deterimmesliable

the accelerometeis. The weighting of the inputs are set relative2 (1 KS @SKA Of SQa R
In a braking conditiofthe wheel speed measurements are weighted low to account for the wheel
deceleration and existing fluctuations where in a constant speed driving condition, the
accelerometer measurements can bet $0 a relative low weighting.

Further vehicle estimations were also achieved by combining Fuzzy logic with Kalman filtering. The
Kalman filter is used to filter out the noise in the system addressthe uncertainty of the speed

and acceleration measumneents. The Fuzzy logic method is used to tune the filter relative to detected
slip conditiongKobayashi et al., 1995)

A GPS tracking unisuch as a VB@Xmay also be utilised to measure vehicle spedthe VBOX
(Racelogic limited, 201 hjasa velocity accuracef T QAr'Q a velocity resolution afigt {6 Qand
a latency op @a i.

Such a device is applicable for the research in this study as it is necessary to measure vehicle speed
accurately. Though using a VBOX, the assumption for an effective rotling does not have to be
considered for vehicle speed, but only for the estimation of slip, whereatigularwheel speeds

have to be multiplied by theffective rolling radius

2.2. Conclusion

Measurement techniques for ABS were investigated and the diffaregthods of conditioning the
wheel speedsusing a standard Land Rover ABS componewds performed.Additional sensors
were used to compare the measurement of angular speed of the ABS sefboosigh using a
LM1815 chip as well as a dsPIC the wheel dpe®uld be measured with arceeptable level of
accuracy and response time
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The measurementf vehicle speeds to be measured usirg VBOZX. This allows high accuracy and
low latency and also eliminates inaccuracies that occur during ABS braking orteoagh

The estimation of slip is thus performed using wheel spesghsured by variable reluctance sensors
and vehicle speedneasured by GP3$he assumption of an effective rolling radius will still exist with
the calculation of peripheral speed ofdgtwheels, equatiorfl), when estimating slipThroughusing

a GPS device to measure vehicle speedever, the accuracy of the estimation of slip is increased.
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3. Experimental setup

After a feasible method of measuring wheel spge@gnd vehicle speedvas found an appropriate
experimental setughadto be chosen.

Thesecondaim of this studywas to investigate ABS performance on rough terrain by focussing
the tyre-terrain interface. To allow this isolated investigatidhe expermental setup had to have
relativelyfew unknowns as it was important that all influences on experimental tests were to be
understood and quantifiedThis research platform wadsoto be modelledso that it could be used

in further research to develop abad ABS control strategies.

In afull vehicleexperimental setup, too many unknowns existed and are difficutht@lel An ABS

trailer was suggesteds itencompassd realistic vehicle dynamics of a full vehidbeit is relatively

simple tomodel An ABSest can also be performed for a longer duration using the trailer because
the speed can be maintained by the tow vehicle. The trailer was made from an actual Land Rover
Defender chassis, and was installed with standard ABS braking compaomenaisng anactual Land

Rover [@fender. The trailer was loadetb the same wheel loads that the tyres on the vehicle
experiencs.

In order toenable gmulation based researglthe trailer was to be fully modelled and validatéithe

trailer was constructed to have tw different suspension configurations. The first is a rigid
suspension, which although limits the testing speed of the trailer, allows all the braking dynamics to
be translated to only the tyre itself, allowing an isolated approach to investigating tyfeearain
interaction during an ABS braking maneuverer. The second suspension configuration consists of
standard spring and dampers that replace the rigid suspension which could be usedhfepbar

tests on rough terrainValidation tests for both suspsion setups were performed and through this

the accuracy of the simulated model wascertained

3.1. Trailermass property andhertiatests

In order to develop a muHbody dynamics simulation model of the test trailer MGCADAMS
measuredCentre of Gravity (CG)positions and the moments of inertiavere required The centre of
gravity was calculatethrough pivoting the trailer about the rear axle and nse@ng the change in
the weight 0 "® measured by a scaleglative to the change in the sloge}, as seen ifrigure24.
From thisthe verticaland bngitudinal CG across the length of the trailer could be determimnée.
lateral CG position was determinedrttugh measuring the weight on the two whegds well as on
the tow hitchwhere the trailer is horizontally leves it was expected to be when it is being towed.

o~

L

Scale —» // /

Figure24: Determination ofvertical and longitudinatentre d gravity
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The moments of inertia werdetermined for all three axis systems|{, pitch and yayx The moments
of inertia of the test trailer was obtained by measuring the period of oscillation abpivicting axis
(Uys et al., 2006 efined byequation(8).

B'Y "O— )

This fundamental equation can be solved in two different methods to determine the relagvias
and both were used for improved accuradyhe first is through calculating the sum of moments by
measuing the exerted force of the sprin@ )and its distanc€0 ), from where it acts to the
axis of rotationrefer to equation (9) and Figure25. The angular acderation (- also needs to be
measuredtaking into account the distance between where tiveear acceleration is measureand
the pivot point(0 ) shown in guation(10).

Displacement e
a4

Figure25: Moment of Inertia measurement

© ©)

— D (10)

The second methotheasuregshe period of oscillation and using the apy stiffness). The stiffness
is calculated from the spring force and displacement measuremdits.log decrement of the
acceleration or displacement measuremefjt$, calculated usingquation (12), isused to calculate
the damping ratio(-) in equation (13).

BY @ —0a 1)
=
1 o 12
S
T o 13

The undamped period of oscillatidft) is calculated with the observedthmpedperiod of oscillation
(t ) and the damping ratio—) as shown inguation (14).
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T 1T p - 1 Qw (14)

Therespectiveinertia is calculated using theeriod of oscillatioralong with the spring stiffness and
the distance between the rotating pivot axis and where the spring force is applied.

1Y)
0 — 15
G
These inertias were tested through oscillating theilemathrough its CG axis systemhich meant
that the inertias obtained did not have to be transformed they were measured directliRotating
about the @G axis producesifgemagnitudesin oscillationslf little damping existsit also improve

the accuracy of theesults.

The equipment used included a loadll attached to the trailer between the spring and the chassis,

to measure the force exerted withach oscillation. A lasafisplacement transducewas used to
measure the displacement and an accelerometer was used to measure the acceleration of each
oscillation. These measurement devices were plaaedlose as practically possibbethe where the

spring wasfixed.

The test results and setup can be seemale3 andin Figure26to Figure35respectively The values
recordedwere used to specify thgeometry properties of the main body or chassis of the traier
the MSCADAMS modelThe centre of gravityand inertias of additional parts such #s ballast
weights batteries and wheels with WEIMere measured and calculategparately and added into
the model.

Figure26: Determination of Roll Inerti& ¢ displacement
laser, 2 ¢ accelerometer and load cell,3spring

Theexperimental setugor the determination ofroll inertia canbe seen irFigure26. The spring was
attached to the side of the traildFigure27), while the trailerwas pivoted about the longitudinal CG
axis(Figure28).
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Figure27: Spring setupf roll inertia test  Figure28: Pivot setup of roll inertia test

The displacement measurementé~igure 29) show that virtually no damping exists inthe
experimental setupThis is desired for a high levelaufcuracyThe spring stiffness measured is shown
in Figure30.
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Figure29: Roll inertia displacement Figure30: Rdl inertia gring stiffness

To obtain the pitch inertidhe trailerwas pivotedabout the axle positions through fixing the wheel
hubs Figure31). The spring was fixed close to thew hitch of the trailer Figure32). This was
translated to the lateral CG axiwhich was relatively close to this pivot positiaeing the parallel
axis theoremThe spring displacement and spring stiffness is showdigre33 and Figure34. More
damping can be seen with the spring displacement as with dak, to friction in the bearings,
however the results recorded are still acceptable.
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Figure31: Pivot setup for pitchinertia Figure32: Spring setup of pitchnertia
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Figure33: Pitch inertia displacement Figure34: Pitch inertia pring stiffness

The yaw inertiawas determinedhrough attaching thetow hitchto a tow bar supported by a steel
beam. The spring was attached ttee rear of the trailer from the side and wasupported by two
bearingscoveredwith grease to reduce the friction between the bearings and the steel platform on
which theywererolled (Figure35 and Figure36).

Figure35: Spring setugfor yaw inertia test Figure36: Pivot setupfor yaw inertia test

The sprig displacement was quithighly damped due to the friction in the setup, however the
logarithmic decrements could still be determined from the recorded d@tmyure37 and Figure38).
Theaccuracy of thegzaw moment of inertia is also less critical for the ABS braking investigatsons
the trailer will rarely experience yaw motions
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Figure37: Pitchinertia displacement Figure38: Pitch inertia pringstiffness

Two ballast weights were used to load the trailer and to reflect the load experienced on the tyres of
a full vehicleThe mass properties and inertias of these ballast weights werecallsolated The
shape of these weights were assumedd cylindrical with uniformly distributed weight. The CG of
each drum could thus be estimated to be situated directly inaietreof the drum. Each weight was
weighed and their inertias were calculated using their relative dimensamasusing equatiorl16)
and(17) (Meriam and Kraige, 2007)

W

A
A

o}
Figure39: Ballast weight dimensions

p p

oro Pai aa (16)
T pC
0 gdi 17)

Their measured mass properties and inertias are tabulatedahle2. These calculations were
compared to experimental inertia tests performed with the ballast weights attacteedheck the

accuracyof the experimental tests.
@ Ballast weights

Trailer body |

W

Figure40: Schematic of Ballast weights fixed onto thailer
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Table2: Ballast weight mass properties and inertias

Ballast weight Mass CGof weighs relative to 'O 7’0 "Q"Qat 0 Q4T
Q'Q  trailer CG (singthe axis
system irFigure 49

Weight 1 VPT T g ¢ Y THOULDP cHom

Weight 2 VCT pdTE Y P TRUYXO ca@mmn

Four consecutive tests were done for Bamodeof inertia and averaged.Table3 shows the data
processed from the CG and inertia tests.

Table3: Moments of inertia and centre of gravity of test trailer

Trailer load Mass, Moments of indfa, kg-nt Centre of gravity, m
conditions| kg T .
, « | Longitudinal Lateral Vertical
(without wheels and WEJa distance distance from distance
from the the symmetry from the
wheel axle  axis ground
Iron |pitch |yaw
Chassig 570 66.36 887.20 3204.45 | 0.823 0.01 0.615
withweightl | 1027 | 295.21 996.65 4701.88 | 0.644 0.063 0.894
with weight2 | 1547 | 476.95 1610.02 12851.40 | 0.223 0.042 0.986

3.2. Suspension characterisation

The trailer was fitted with standard Land Rol&fender suspension componenéster it was tested

and validated with rigid suspensiolefore the suspension was installed onto the trailer the spring
and damper components were characterised so that an appropriate suspension model could be
implemented with theMSCADAMS model.

The springand dampersverefixed onto a hydraulic testing rig and tested relative to a displacement
and velocity range to find the spring stiffness and damping characteristiessetups indicatedn
Figure41l andFigure42. The results for the spring and damper characterisation can be sdagune

43 andFigure44.
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Figure4l: Damper characterisation
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Figure42: Spring characterisation
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Figure43: Spring tests compared to spring mod Figure44: Damper model compared to measured da

As the damper characteristics anen-linear, the damper was modelled ia MSCADAMS through
co-simulation withSimulink using a pecewise polynomial model. MSC ADAMBI8yY utilises a cubic
spline approximation for the measured data and this proved to be inaccuesi@gciallyat high
velocity rangesThe springs and dampewgere then installe on to the testing trailer as indicated

Figure45.

b)

Figure45a)andb): Spring and dampers installed on trailel
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3.3. Instrumentation on the trailer

Instrumentation equipmentwhich was used to measure a variety of aspects on the trailer was
installed.The recording and control of each equipment usedliscussed.

3.3.1. Wheel speed and longitudinal slip measurement

Wheelspeeds were measured using the standard ABS components frmhRaver, and their signals
were conditioned with thecircuitsdeveloped in Chapter.Z'he wheel acceleratiawerecalculated
from these signals using aweraging differentiatofequation(18)). As any noise on the wheel speeds
is magnified when acceleration is deriveal form of filtering the noise is necessaryhis is
accomplished through averaging the acceleration over a certain amoyarewious valuesThrough
this, the acceleration calculated is a lot smoother than disedifferentiating the wheel speed#
step sizeof 20 previous values was used, thusetacceleration waaveraged over a time step of
20ms.

T (18

With the ehicle speedeingmeasurel using a VB@BXiG KS t 2y 3AGdzZRAY I f  af A LJ
was calculatedthrough assuming a constant effective rolling rad{o® ¢ ) with the measured
wheel speeds

3.3.2. Braking components

Stock standard.and Rover parts have been installiese inclu@ an ABS modulator (without an
ECU), standard front brake callipers and brake lines as well as a brakebpedtdr assemblyThe
pedal booster was connected to the vacuum pump supply of the towing veAidthtionallyc & 0 &
pressure transducers weiastalled near the brake callipers on each brake line.

The ABS modulator that is used in a Land Rover Defender is a WABCO Modulator that includes a
pump. The modulator hag wins that relate to a specific function. These included the control of 8
solenoidswhich control the pressure for the brakes. Each wheel has two valves, an inlet valve and an
outlet valve. The outlet valve is a normally closed vaigch means that if no electrical power is
supplied tw), the valve is clsed and if it is supplied with g, the valve will open. The inlet valve

works in the opposite manner. It is a normally open valwvbich means that if the solenoid is
powered withp g, it will close. The inlet valve allows brakeidl to flow from the inlet of the
modulator to a specific brake line, whereas the outlet valve controls the flow of brake fluid between
the brakeline and the modulatorEach brake state is controlled through switching each valve to a
certain configuratior(Table4).

Table4: Brake state control
Brake mode Outlet valve voltage [V] Inlet valve voltage [V

Pump 0 0
Dump 12 12
Hold 0 12

In pump mode thefluid flows from the master cylinderthrough the inét valve which is normally
open, and is blocked by the outlet valwehich is normallyclosed. This increases the brake pressure
and prohibits fluid from flowing back to the modulator.
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Thedumpphase closes off the inlet valve and opens the outlet vidvdecrease all the pressure at
the brakes.

Thehold phase keeps both valves closed prohibiting the flow of brake fluid.

The modulatohasa shuttle valve which switches each time a certain amount of pressure is exceeded
in the modulator. ABS control ssvitched on as soon as the shuttle vais¢riggered. The modulator

has a pump input, which is switched,avith a supply op . The pump is usually switched on during
apumpphase, as the modulator isolates pressure from the brake pedal.

The ABS modular was controlled using an interface béxat enables the switching of each valve
through digital ouput pins that relate to each solenoid valve and the pump inside the modu)#bor

a digital input pin connected to the MABX(MicroAutoBox\). Optocouplers and MOSFETS were
used for the interfacing and switching of they®w digital outputs of the dSPAGHo the 0w/12w
digital outputs (with high current demand) to the modulator. The pump was switched on using a
relay.

3.3.3. Tyre force measurement

Two wreel force transducer@/NVFT)designed and built by the VDG at the University of Pretorge

used on the trailer(Becker and Els, 2012These can measure all threerées and moments
experienced by KS G&@NB® ¢KS 2C¢Qa |NB SldzA LIISR 6AGK
rotation.

Two drums were filled with cement to make um 1€, &0 simulate the appropriateertical loadthat

the rear tyres experience on a Land Rover Defender. The fudigeld and equipped test trailer is
shown inFigure46. The trailer can be set up to have three different load cases. The first case is where
no extra weight is added to the trailer, effectively the only weight is from the chasslg For the

other two casestwo drums filled with concrete weighing 5@'@ach can be added individually.

Figured6: Test trailer fully loaded and equippedgbptional loads, ; brake pedal with actuator, 8 ABS
modulator, 4¢ wheel force transducer (WFT)
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3.3.4. Control instrumentation

The MBS control and data acquisitioning is done through usik@BX\via the Control Des#tSPACE
software.This software is capable of performing various tasks such as ECU measurement, Hardware
in-the-loop and Rapid control prototypinglSPACE, 2016)

The real time interface (RTI), which allows the automatic implentemtaf Simulink and Stateflow
models on to the hardware, is utilised to carry out real time experiments with simulation based
software. The MABX is equipped with an I/O port of various applications such as, analogue 1/O,
digital 1/0, Serial Port communication and CA&d$¢communication.

All signals are recorded through analogue inputs to the M BXcept for the measurement data
from the VBOXvhich is sent through CAbus ¢ KS Y SI &dzNBYSy G 2F GeNB 7
triggered by the MABX, but recorded independently by Helios computers within each WFT.

Thebrake pedalwas controlled using aactuator consisting of a controllable motor dna CASM
electric cylinde(linear gearboxjrom DunkermotorenDunkermotoren GmbH, 2015)he speed and
direction of the motor was cadmolled with the MABX..

For each brake test the pedal was pulled in at the sarteeand kept athe same positionFigure47
shows the Dunkermotoren connected to the brake pedal.

B

i Figured7: Pedal robot setup
1) Dunkemotoren motor and linear gearbox
2) Brake pedal and booster

The variables measured and controlldy the MABX\ are summarised inFigure 48, the
instrumentation used for the measurement or control of these variables are shiowrackets The
type of signals are shown with arrows.
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ABS braking on rough terrain

Brake pressure
(Pressure
transducers)

Wheel speed
(ABSsensors
and
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3.4. Conclusion
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Brake modes
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and pump)

Figure48: MABX Il inputs and outputs

An experimental setup was conceptualised and constructed. The trailer was equippetralith
hardware in order to perfon ABS braking tes@snd measuringequipment was installed to measure
the appropriate variables during ABS brakiii@e mass properties and inertia of theailer was
measured andhus all parameters required to develop a mulibdy dynamics of the trailewere

determined.
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4. MSCADAMS model constructi@amd validation

The model of the trailer was constructed using MSC ADAMSsmdation with Matlab Simulink.
The Bosch algorithyras well as the suspension forces experienced by the traigex written and
controlled in Simulink

4.1. ADAMS model construction

¢KS O2yaidNUzOiGAz2y 2F GKS a{/ ! 5!a{ Y2RSt gl a a
were determinedand the trailer was instrumentedThe following sectionslescribe in turnthe
different compaments of the model.

4.1.1. Trailer body

The trailer body was created with the measured inertia and CG posjtantsthe locations of the
attachment points to the suspension amow hitch were created(Figure49). Theballast weights
were added with theirespectivemass, inertiaand CG positions relative to their locations on the
trailer.

Figured9: MSCADAMS model of tyre test trailer with added optional loa
4.1.2. Suspension components

For the rigid suspension configuratipthe axlewasattached to the trair using fixed joints at the
heightof the rigid suspension struts. ALy R w2 @S NJ 5 S T $ysB, £Ghnd iNGtigsiwerk Ef S
previously measured by the V§Qys et al., 2006)

The springdamper suspension configuration reged a trailing arm setup on the model. The
attachment points for the Aarm and the two trailing arms that connect the axle to the trailer body
were measured and added. TheaAm was connected to the axle with a spherical joint and a revolute
joint was usedo attach it to the main bodyFigure50).

The trailing arms were fixed to the axle with spherical joints and connected to the main body with
torque vectors which simulate the buffer rubbers with which themsare held in plae. These

NHz0 0 SNEQ LINPLISNIASE 6SNBE Ffaz2z LINSJAldigeftodtheY S| &
angle of rotation about their attachment poinks/ theVDG(Uys et al., 2006)

The springs and dampers were implemented into thedel by inserting adrce between the
attachment pointsof the axle and the body. This force was implemented througisiowulation with
Simulink by firstly reading in the displacements and velocities between the attachment points from
MSCADAMSrito Simulink and then calculatirige spring force, which would then lsent out to the
MSCADMAS model.
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Using the suspension models with Simulink provided a more accurate method for modelling the
suspension forcesas only aCubic Spline approximation MSCADAMSwas available for the
approximation of the suspension forces

Figureb0: Trailer suspension

4.1.3. Tire model

A FTire model of the Michelin LTX AZB5/85R16 SUYjre, was incorporated into the modeThis
tyre model was selected because ofsggecificapplicaton for rough terrain conditios(Bosch et al.,
2016) as well as the fact that a validated FTire model was avalidtdeameterization data for
footprint, hardness, vertical stiffness on different cleats, later@igitudinal and torsional stiffness
and modal analysis was used to construct FTire model.

4.1.4. Terrainproperty files

TheMSCADAMS simulations will be performed using a classrfain property file for thesmooth
terrain tests and a Belgian pavimqpgoperty fie or offroad braking simulationsThe Belgian paving
can be classified as an ISO 86s Derrain (International Organization for Standardization, 1995)
has been fully profiled by the VDG using a mechanical profiloniBezker andls, 2014)

4.1.5. Pressure to torqueonversion

The ABS hydraulics were simulated by converting hydraulic pressure to applied brake torque using
empirical resultsThe pressure to torque conversion used for tMSCADAMS modelwas done

through measuring the faking torque during a brake testiziA Ay 3 GKS 2 C¢Qa | yF
transducers
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Figureb1: Pressure to torque conversion
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The transfer functiorused in this modelprescribing the delay in pressure builgh, was measured
by the VDG and used in a fully validated MSC ADAMS model of a Land Rover Dgldadersma
and Els, 2014)

4.1.6. Degrees of freedom of the trailer

Thefinal trailer model has 10 degrees of motiamtotal. These are summarized Table5 in terms

of the main components of the modeA more detailed illustration of each body and its relative
connecting joint is shown iRigure520 ¢ KS ydzYoSN& ySEG G2 S OK 62F
(for bodies) and the number of constraints (for joints).

Table5: Trailer model degrees of freedom

Bodies Degrees of freedon Types of motion
Axle 2 Roll, Vetical
Chassis body| 6 Roll, Pitch, yaw

Lateral, Vertical, Longitudina

Wheels 2 Rotation

6

Legend Trailer body

I o -4 -5 -4
Hookes joint

O

Spherical joint 6

N

Revolute joint

Traling arm
(o]
A-Arm
(o]

)
Yol
o)
m Trailing arm

gE—

——

Rigid body el N Axle Jﬁ Wheel
-5 6

(N /6 5 6

Figure52Y DNJ LKA OFf G2LRt238 2F !5l a{ Y2RSfQa

37



4.1.7. Simulink cesimulation

The trailer mode(Figure49), wascontrolled throughco-simulationwith MATLABSimulink andvISC
ADAMSLongitudinal, lateral and verticabsitionsof (i NJ- Adw $itéinad brake torques for each
wheel were assigned as input values seotrfrSimulinkThe same Bosch ABS algorithm used during
experiments was to be used for brake pressaontrol InMSCADAMS simulations

4.2. MSCADAMS model validation tests

The trailer was instrumented firstly with the rigid suspension, validated andsbeandlya standard
suspension setup was implemented and the trailer wgainvalidated.

4.2.1. Trailer model validatiowith rigid suspension

Thelongitudinal and vertical forces acting time wheel hub were identified as the most important
characteristics for modevalidation. Model validation tests were conducted using two &0 high
ramps to investigate tyre force responsby comparing test data with simulation data. The
preliminary tests were done with no load on the trailBy.attaching the trailer to an eghded beam

on the towing vehicle a lateral offset was obtainesd that only the trailer travels over the ramps
while the towing vehicle negotiated level terraifihe validation tests involving the ramps were done
through driving the trailer over both raps that were irline with each otherat spesds of 10km/h
and 20km/h Eigure53andFigure54). At 10km/h the tyres remained in contact with therrain but,
due to the fact that the trailer has no spsnsion, it becomes airbornat 20km/h as indicated in
Figure54.

Figure53: Model validation ap QG Qfor rigid Figure54: Model validation at, TQ6¥ Cfor rigid
suspension suspension

The model validation tests at TQ&FQand¢ TQAFYFigure55andFigure56), shows that the same
natural frequency is excited in the two measuremeatsl themeasured tyre responsef @ynamic
vertical force correlates relatively well with the simulated tyre respon8ieis shows that the inertias
for the trailer has been measureand modelledcorrectly. The magnitude of the peaks for the
measurel data after the initial peak aftep & seconds irFigureb5, are greater than the simulated
data possibly because of added dynamics from the towing vehicle.

The ramps ar@&a long, thuswhen traveling at¢ T 4FQ it takesT® seconds to drive over the
ramp. The model véidation test at¢ TG QQFigure56), showsthat the first peakwith aforce ofx Q0
occursasthe trailer enters the ramp.
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The measured and simulated data from the first peak up to the second (interval betpg®&rand

p & semnds), shows good correlation. It is within this timeframe that the trailer drives over the

NI YL (Kdza @FtARIFGAZ2Y A yYithth&rhdpais g iRigucesS6. Tihedsth £ S NI
data shovg that the response of the trailer through the excitation forces on the tyres are modelled
correctly.

Figure56 shows thatfromp @to p @ secondsbothinthe simulated model and the experimental
trailer, the tyreloses contact with the ramp, having zero contact force.

The experimental response of the trailer after the first peak seems too, hglisually the vehicle
dynamic loads are within@ngeof 3-5 times static load. This could be due to the response from the
towing vehicle which is pulling the trailer with an offsetausing additional unwanted moments
around the towing poit This extra excitation ispeculated to bring a mismatch oféglmeasured
data with the simulated data aftgg & seconds. This is an extreme load case.
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Figureb5: Vertical force using both rampet Figureb6: Vertical force using tth rampsat
p TIQAFfor rigid suspension ¢ TiQArCfor rigid suspension

The next set of data iRigure57 and Figure58 showbraking validation testsvhere the wheels were
locked (ABS deactivated). The braking pressure was irextdas60 bar and kept constant for 1.5
second. The sameneasuredpressure was useds input tothe MSCADAMSmnodel The measured
braking toque as compared to the simulatiomodel, shows the same characteristic peaks. The
magnitude of the peaks are diffent, possibly because af slight difference in the loadirgpnditions

for braking.

1500 3000
-g- = Simulated Z — Simulated
=z ——Measured [0} —— Measured
Z ] © 2000 |
© 1000 G
: :
2 £ 1000
£ 500 r E
© 2
«a S
0 L L 1 L L L L I
8 9 10 11 12 13 12 13 14 15 16 17 18
Time [s] Time [s]
Figure57: Braking torqueor rigid suspension Figure58: Longitudinal force for rigid suspensio

The force charaeristics show that the measured data is closely correlated with the simulated data
according to the shape of the brake force characteristic armkpen the braking stag&igure58).
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There are additional vibrational charactdits with the measured longitudinal forcerhich will be
investigated in future ABS braked tyre aedrain interaction analysis.

4.2.2. Trailermodel validation tests with suspension

Themodel validation for the installed suspension was done at a speed of 10. Krhé results show
close correlation, however for the right tyrthe measured dta seemdo have a higher load tha
the simulated data. This could be due to some inaccuracy incorpovathdnstalling the suspension,
causing the trailer to tilt slightlto the right hand side.

Simulated left tyre [ I I [ I [ ] Z., 8000 [ ginyiated eft tyre
Measured left tyre

Measured left tyre

@
2 6000
S

e

Vertical Force [N]

16.5 17 17.5 18 18.5 19 19.5 20 20.5 21 17 17.5 18 18.5 19 19.5
Time [s]

Time [s]

Simulated right tyre
Measured right tyre

Vertical Force [N]

‘ | | | | | | ‘ £ 2000
165 17 175 18 185 19 195 20 205 21 1 175 18 185 19 195 20
Time [s] Time [s]
Figure59: Model validation on ramp on right tyre Figure60: Model validation with both ramps

4.3. Conclusion

The validation for both suspension setups was done and adequate latiores were observed
between theexperimentaland the simulatedesults These tests show that the tyre model used was
acceptable and that the trailer has been validated successfoilyoth vertical and longitudinal
forces ABS tests using the trailame to be performedwhere correlation between experimental tests
and simulated ABS tessse to beinvestigated.
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5. ABS braking test results

ABS tests were done on bosimooth flatterrain and Belgian paving. Only one iyt was used for
both tests asthere was an uncertaintif enough pressure could be generated to lock the wheels on
smooth terrain, to test the performance of ABShe effect of ABS threshold values on braking
performance fell out oftie scope of work for this studyowever, a fixed valugor each threshold
was chosen based on literatirand used for altests andsimulations.The valuesfor the ABS
thresholdsusedare shown in Table6.

Table6: ABS test parameter thresholds

Parameter Value

A 204 T
&) 5a T
&) -50a T
i 0.2

Validation of the ABS tests were done in ADAMSg the same pressures to inspect and compare
the tyre responses of the simulation model

5.1. Smoothterrain ABS test

Thetest data shown for an ABS test on smodghrain was performed at 30k 7'Q In Figure61 the
wheel speeds are showwith the vehicle speethswell as the brake phases for the particular wheel.
The wheel speedthat were measured fdbwed the VBOX vehicle speed relatively closéign no
brakes were appliedWhen the brakes were applied however, the wheel speeds proved to be
unreliable The measur@ wheelspeed signals jumped up and down when the brake phases were
changed from pump todump and visa versa, particularly between th& &nd 4" phases
(DUMP HOLD)and the & and 7?" phases (HOLDPUMP) The oscillations inwheel speeds
measuredduring ABSould have beeraused due to the sudden changes in brake pressure.

The derived wheel accelerationand wheel sliphave been extensively influenced by the
phenomenonfound in the wheel speed@-igure62 and Figure63). The accelerations are relatively
smaller in magnitude than what one can expect to see from a wheel that is controlled bgsAB8

wheel acceleration thresholdaever go below th&d  parameter which is governed by the'®, 3¢

and 8" phase.¢ KA & OF dzaSR GKS I f 32 N (tker8" phaseaslBeNRA 2 RA O |
threshold was never exceeded attte wheel slip never decreased lower than the threshold.

Such an occurrence can be obseryest after 32 secondm Figure62 and inFigure63.

The brake pressures of this test can be obserndeigure64. It seems that thébrake systenunable

to effectively dump the pressureausing thelgorithmto remainin the dump phasgasneither the
acceleratiomor the slip remained greater than the desired threshqgldecause the brake pressure
was not decreasedt appears that @er 3 consective ABS cycles, the modulator failedcycle the
pressure effectively. This occurrence coincides to where the brake phase of the left wheel gets
W3 iGdz01 Qo
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Figure63: Wheel acceleration osmoothterrain Figure64: Brake pressures smoothterrain

Figure65 shows a comparisobetween the wheel speeds measured and the wheel speeds derived
FNRY GKS Sy O02RSNJ YS IThedzh:Bevs3Ingasuied & Similar iehd tiie Gited & @
speeds, without the jumps found with the wheel speed signals. The left encoder data does show
some variation of wheel speed before the left wheel locks, between 30 and 32 sec®his.
comparisonsupport the claim that the wheel speeds do oscillate during ABS braikirguch an
extent thatit causeghe ABS speed senstr measureinaccurately

Figure66 shows the measured vertical and braking tyre fordé® initial drop in brake pressuras
ABS activates the modulator to dump the pressusejirectly reflected with the decrease in brake
forceat 30 seconddt can be sen that at this instance the vertical force of the tyres incredtsean
also be noted that the braking force for theft wheel, after 30 secondsremainsat a lager negative
magnitude tha the right wheel. This is becauskom the wheel speeds meased, it could be
observed that the left tyre was braked harder théne right tyre, causing the tyre to loalp.
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Figure65: Wheel speeds versus encoder Figure66: Tyre foces onsmoothterrain

measurements snooth terrain

5.2. Validation of smootkerrain ABSsimulationresults

The simulated ABS test was completed using the meastgkidtlespeedandbrake pressures of the
experimental test as input variables validate the ADAMS modeThe trailer was dven along a
terrain profile with the same class ¢érrain that was used as a flaégrrain for the experimental test.

Themeasuredwheel speeds are compareuth the simulationwheel speeds of the FTire model in
Figure67. The smulated wheel speeds oscillate as the pressure is initially dumped at 30 seconds.
These oscillationsubstantiate the claim that the high oscillatiorcause thejumps in the
measurement ofvheel speed

o
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Figure67: Wheel speedsomparison between simulated and measured results

The comparison of tyre forces, namely longitudinal and lateral forces, between the simulated and
experimental resultsare shown irFigure68 and Figure69.

Figure68shows the comparison between the vertical forces of M @CADAMS model and the actual
test. This figure shas that the simulated modetxperience a largervertical forcethan the actual
model, which causethe tyres to lock quicker. This is why the simulated braking force of the tyres
shown inFigure69 are largerin magnitude.Thisdifferencecould be due to some discrepanayth
G§KS OF tf A 0 NI (dsavgll adifferéndé id thé static@dsition of each suspension setup.
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Thee is some correlation that is evidemtith the brake forcesas thefirst three peaks of the left
wheel match up quite closelyetweenc tando ® seconds.
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Figure68: Vertical force comparison between Figure69: Braking force comparison between
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5.3. Belgian paving ABS test

The measured resultsn Belgian pavingeflect the same occurrenced irregular wheel speedsis
seen with the smootherrain tests. This test was done at a speed;ofQ ' Qthrough braking both
wheels, butonly allowing the right wheel to be braked on Belgian paving.

Figure70shows a comparison between the wheel speeds, vehicle speed and the brake phases. The
wheel speed agin show a disimpted nature and it can be observed thisie right wheel speed®n

rough terrain) are noisier than the left wheel speeda §mooth terrain) This shows the direct

impact that rough terrain has on the measurement of wheel spdéa BStest on Belgian paving

shows that evernhough the right wheel was tested on the Belgian paythg left wheel still

locked.The wheel slips and accelerationdHigure71 and Figure72, seemacceptable coridering

the rough excitations from theerrain carried over from the wheel speeds. The accelerations once
again do not exceed th@® threshold.

The lrake pressures irigure73again showhe inability of the brake systeto dump pressurafter
three ABS consecutive cycles (after 25 seconds). When obséneéipgessuresit is evidenthat the
right wheel does not lock because of ttegrain roughnessrather thana result ofthe ABS control
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Figure70: Wheel speeds on Belgian paving Figure71: Wheel slip on Belgian paving
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