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Abstract

This paper summarises the measured emergency gnaéiformance of a tri-axle heavy
goods vehicle (HGV) semitrailer fitted with a noygleumatic slip-control braking system
developed by the Cambridge Vehicle Dynamics Congar{CVDC). Straight-line braking
tests were carried out from 40km/h in order to care@ commercially available electro-
pneumatic HGV trailer ABS system and the CVDC syste&hich has bi-stable valves
coupled with a sliding mode slip controller. On mage, the CVDC system reduced stopping
distance and air use by 15% and 22% respectivehpeaced to conventional ABS. The most
significant improvements were seen on a wet bégakurface (with similar friction
properties to ice) where stopping distance andserwere improved by 17% and 30%
respectively. A third performance metric, mean &liscslip error (MSE), is introduced to
guantify each braking system’s ability to track laeel slip demand. Using this metric, the bi-
stable valve system is shown to improve wheelddimand tracking by 62% compared to
conventional ABS. This improvement potentially allomore accurate control of wheel
forces during extreme manoeuvres, providing scopéhke future development of advanced

stability control systems.

! Corresponding author:
Prof. David Cebon, Cambridge University Engineerirgp@rtment, Trumpington Street, Cambridge, UK, CB2 1PZ.
Tel: +44 (0) 1223 332 665, Email: dc@eng.cam.ac.uk



Keywords

Anti-lock braking system, ABS, slip control, heawshicle, straight-line braking, brake
system design, vehicle testing, pneumatic actuatectro-pneumatic

Introduction and literature review

Motivation

In the UK, heavy goods vehicles (HGVs) were invdlue 272 fatal traffic accidents in 2011.
This equates to 8.4% of all fatal vehicle accidentss is considerably higher than
statistically expected, as HGVs only make up ardgfidof the vehicle fleet [1, 2]. The
Department for Transport estimate that preventusg pne of these fatal accidents would
result in £1.88 million in benefits [1]. In the U&)e in nine traffic fatalities were found to
involve a HGV in 2008 [3,4]. Of these accidentsrrend collisions were the most common
type (21%), followed by rollover (16%) [5].

The over representation of HGVs in fatal crash databe attributed to several undesirable
attributes of their dynamics. These include: readramplification during transient
manoeuvres, lateral off-tracking [6] and their I@gergency stopping distances. Even with
the recent introduction of electronic braking systg EBS) and the change from drum brakes
to disc brakes, stopping distances of HGVs arecallyi 40% longer than those of passenger
cars [7,8].

Anti-lock braking systems

Wheel-lockup during harsh braking manoeuvres isvant that can result in both increased
stopping distances and loss of directional stabilit articulated vehicles, this loss of stability
can result in jack-knifing or rollover. Anti-lockéking systems (ABS) have been developed

for both passenger cars and heavy vehicles to previeeel-lockup occurring.

ABS systems on heavy vehicles operate on the semex@ principles as those used in
passenger cars, the main difference being thefysgeamatics as opposed to the hydraulics
[9]. Because pneumatic brake actuation is slowAfBS systems used on heavy vehicles
today cycle at only 1-2Hz, (compared to between &htt 8Hz for passenger cars [9, 10]). A
typical heavy vehicle ABS emergency stop on a watlris shown in Figure 1. The ABS
algorithm prevents wheel-lockup by releasing brailessure when high-levels of wheel

deceleration are sensed.



A vehicle state known as wheel slipjs defined to represent the level of relative sp@ge.

the slip) between the tread band of the tyre aaddhd:
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whereR:, ® andvy are the rolling radius, angular velocity and |dadinal velocity
respectively. Wheel slip varies between 0 and kreh= 0 corresponds to freewheeling and

/=1 corresponds to complete lock-up of the wheel.

The available adhesion force between the roadyardRx) can be related to wheel slip.
Sample adhesion-slip curves for dry asphalt an@ieeshown in Figure 2 plotted using a
model devised by Fancher [11]. As can be seerstthpe of the adhesion-slip curve can
differ greatly depending on road conditions. THatrenship is additionally dependent on
variables such as vehicle speed, tyre inflatiosguee, normal tyre load, as well as lateral
slip. Although conventional ABS improves lateralstity by preventing lockup, its
oscillatory nature means that the wheel slip vgsesodically between low and high levels.
Consequently, the peak braking force (highlighte&igure 2) is not maintained throughout

the braking event, resulting in sub-optimal stréilgie braking performance.

Alternative braking strategies

‘Slip control’ is a broad term used to describatcol strategies that have been developed as
an alternative to ABS. In order to achieve the mimin possible stopping distance, an ideal
slip controller would manipulate the braking toraeethat wheel slip converges to the peak
of the adhesion-slip curve. In order for a conaotb identify this optimal slip point, the tyre
force characteristics must be known or estimatededlity a pre-set optimal slip value is
often used, typically around= 0.2, to reduce computation requirements in threrotler.

More recent controller concepts fit adhesion-slipves in real-time in order to estimate the

optimal slip point for any operating conditions [12

Researchers have investigated slip control usiagge of different linear and non-linear
control strategies on both passenger cars and H&3/20]. In the case of HGV slip control,
studies have predicted significant stopping disanrecluctions in simulation [20-22],
however, only one study was found in which vehiels were performed [14]. In this study,
a slip control strategy was implemented on a mediiazed rigid HGV with an air-over-

hydraulic braking system. In these tests, imprastedrability of the vehicle was observed in



brake-in-turn scenarios. Straight-line-brakinggsesere also carried out. However, stopping

distance comparisons to conventional systems warmade.

Miller et al [23] showed, through simulation, tisdip control would only be advantageous on
HGVs if fast acting, high flow rate pneumatic a¢tua were used. He predicted that a slip
control system using pneumatic valves with a 3witching delay and 8mm diameter
orifice (compared to 20-40ms, 8mm conventional pmatic ABS modulator valves) could
reduce stopping distances by up to 30% comparedrteentional ABS [23] . Like many of
the existing slip controller designs, Miller’s reqad accurate measurements of the absolute
longitudinal speed of the vehicle and individuaking forces. As these are not measured
directly on commercially available vehicles, theguld need to be obtained using state

estimation techniques.

Novel brake actuators for improved control bandwidt

Many researchers have investigated completely camggpneumatic and hydraulic brake
components with electrical actuators [10, 24-23emens have presented working
prototypes of an electro-mechanical wedge-brakeejuin Siemens claim these brakes have
one-tenth the energy expenditure of conventiondrdnylic brakes [27]. Separate simulations
carried out by Emereole [10] suggest that usingtedenechanical actuators on a passenger
car could reduce stopping distances by approxiya@do on low friction roads. These
benefits, however, were only seen when the conmealiABS control algorithm was
replaced with a slip controller. Electromechanlwa@ke systems have also been proposed for
heavy vehicles [28, 29]. Haldex Brake Productsiedrout a range of straight-line braking
tests using a ‘bob-tail’ tractor unit fitted witheir own prototype electromechanical disc
brake. Reductions in stopping distances of up & 24 low friction roads were seen when
compared to a conventional EBS, ABS system (whiexdre signals are used to
communicate the brake pressure demand from therdowelectro-pneumatic regulator
valves) [29]. These trials once again includeduse of a slip controller as opposed to the

conventional ABS algorithm.

The Cambridge Vehicle Dynamics Consortium (CVDQJ tecently developed a high-speed
bi-stable pneumatic valve for use in an electrogpmatic braking system [21]. This valve is
an order of magnitude faster than existing heawole ABS modulator valves and
comparable to electromechanical brake designs,hndaa adjust to small changes in brake
torque demand within 10ms [27]. A schematic of @\éDC valve is shown Figure 3. The
valve includes a cantilevered steel flexure whgchmbunted between two permanent
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magnets. Electrical pulses in a wire coil are usesivitch the flexure from one pole-piece to
the other. The low moving mass of the flexure dadhigh stiffness allow the valve to switch
in approximately 3ms. The CVDC valve design ha8mm diameter orifice and can
therefore be used directly in-line (as opposedhéoindirect piloted diagram valve system
used in conventional pneumatic ABS modulator vglvéecent hardware-in-the-loop (HiL)
experiments using a HGV disc brake assembly fittgld a load cell (to measure clamping
force at the brake disc) and prototype bi-stablees controlled using Miller’s sliding mode
slip controller, have achieved reductions in stagmistance of up to 25% compared to a

commercially available HGV ABS system [21].

Slip control using bi-stable pneumatic modulator véves

In this paper, the slip control strategy presetgdiller et al. [12] is implemented on a full-
scale HGYV trailer using prototype bi-stable, fastitay pneumatic valves (developed from the

earlier valve design presented by Miller et al.]]21

The relevant slip control equations are presentedlyin this section, for further detalil
relating to controller derivations and the mechahatesign of the bi-stable valves, readers

are referred to the following publications [12, 30)].

Sliding-mode slip control system overview

Miller’s slip control system can be simplified intloe flow diagram shown in Figure 4. A
pressure control loop is cascaded within a sligrobtoop, which tracks a prescribed wheel
slip demand{qem. As is shown in the figure, some state estimatorequired to identify the
adhesion force at the contact patelj) @nd longitudinal vehicle speed). In addition to this,
parameters such as the rolling radius of the teaind the brake gailgs) must be known.

A first-order sliding surfaces] is defined as:

S= A _/]dem (2)

wherelgemis the demanded slip levehmwas set to the estimated peak of the adhesion-slip
curve in this study Table 1. Combining the slidgugface definition (Equation 2) with the
equations of motion of a simplified single-degrédreedom model of a rolling wheel
subject to a braking torqu&z=PKgs (WhereP. is brake chamber pressure afus is brake
gain), and following the sliding mode controllerigdation in [31], gives the following

expression for brake chamber pressure denmgg)(
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whereks, @s ando are tuneable gaing,is the rotational inertia of the lumped wheel-tyre

mass, andy is vehicle speed. A differentiation is made hestnveenR; (the rolling radius)

andR, the radius through which the braking force acts.

Two bi-stable valves are used to modulate the bpaéssure at each wheel. These are
arranged in an inlet and outlet configuration (@sven in Figure 3). Pulse width modulation
(PWM) is used to control the air flow through eathhe valves. A simple proportional
pressure controller is used to define the desik&®/Fmark-space ratioRyus) for the inlet and

outlet valves, using the following relationship:

RMS :kp(Pdem_Pc) (4)

where positiveRys values corresponded to an inlet valve demand, nétiativeRys
corresponding to an outlet valve demakds a tuneable gain and was set to 1.5%4 for
the CVDC bi-stable valves used in this work. Thatue was selected by Miller et al. [21] to
achieve a control bandwidth larger than the exgleateeel-hop frequency (12.5Hz). A
0.05bar deadzone was also included to prevent-tiyuiing (see Millet? for thorough limit-

cycling analysis).

Sample simulation results of the slip control systiscussed above with two different valve
models, one corresponding to conventional ABSe&ll20ms switching delay) and the other
representing the prototype bi-stable valves (3m&himg delay), are shown in Figure 5a and
Figure 5b respectively. The non-linear quarter elehand the actuator model used in these
simulations are the same as those presented bgrMtlial. [21]. As can be seen in Figure 5a,
the wheel speed and slip traces for the slip ctatrosing conventional ABS hardware (but
using the slip-control strategy) are oscillatorgotighout the stop. This is due to the low
control bandwidth of these valves. By contrast,lihstable 3ms valves can theoretically
track the peak of the slip curve for the majorityte stop (Figure 5b).

Performance metrics

Preliminary tuning of the main slip control loop swdiscussed in previous simulation studies
[12, 21, 30]. Two performance metrics were useith@se simulations: stopping distance and

air consumption.



Stopping distance can be easily measured in bottlation and field tests. It provides a
guantitative measure of how well the available adireis utilised by different systems on
the same surface. Stopping distance (along witmrhdly developed deceleration) is used in
European and US legislation to specify minimum brgkequirements for road vehicles

[7, 33].

Air consumption increases as the brake system mesfaore ‘fill and exhaust’ cycles and
therefore provides a measure of controller acfldre amount of air available to the braking
system is limited by the size of the air reservomghe vehicle. A system that uses
considerably more air than existing systems wolkddfore be undesirable as it would

require larger, heavier air tanks to be fittedn® vehicle.

Mean absolute slip error (MSE) is introduced irsthork as a third performance metric.

MSE is defined as follows:

MSE=%Z|A = Agen )
whereN is the total number of data points.

MSE is used to quantify how well a slip controltan track a specified wheel slip level. This
metric is applicable to stability control systemsere a precise braking force (requiring a

specific slip level) may be demanded from individwaeels.

Stopping distance, air use and MSE values arealisdlon Figure 5a and Figure 5b for
comparison. In this simulation case the differeimcgtopping distance between a slip
controller with conventional ABS hardware and onthkigh-speed pneumatic valves is
only 6.2%; the performance improvement in termsligf point tracking is, however,

highlighted by the MSE value, which is reduced By®when high-speed valves are used.

Air consumption and stopping distance are oftepldiged as a conflict plot, which can be
used to visually compare the performance of difiebraking systems, and can be used to
tune the various sliding mode controller gainsuFeg6 shows one such conflict plot for a
simulated slip controlled stop with a sliding magtching gainks, ranging from 10kPa to
10MPa. As can be seen in Figure 6, as the controller kids increased, stopping distance is
at first reduced and air consumption remains radfticonstant. Beyond a certain levekgf
however, improvements in stopping distance dimimistl air consumption increases
significantly. The preferred gain for the systenthisrefore selected at the ‘knee’ of this

conflict plot (shown in the figure). The otherpstiontrol gains@s andd, were found to have
7



less influence on stopping distance thaand were fixed at constant values of 100kPa and
0.05 respectively throughout all of the simulatéord experimental results presented in this
paper. The ‘ideal stop’ test case shown in FigurepBesents a braking event where the
instantaneous adhesion-slip curve peak is follopaxtectly throughout the stop. As can be
seen in the figure, the simulated slip control eystichieves a stopping distance very close to

the ideal case.

System design for implementation on tri-axle semitxiler

A 12.5m tri-axle semitrailer was used as the testfor the sliding mode slip controller and
bi-stable pneumatic valve system (the ‘Slip Con{{8C) system). A HGV trailer was used
for this prototype installation, as opposed toaatwr unit or rigid truck, for the following

reasons:

1. Trailers generally have more available space ardleid wheel stations, allowing
easier mounting of prototype hardware and instruatgm.

2. Applying the trailer brakes only in a tractor-semaiier combination significantly
reduces the chance of jack-knife during straighe-lbraking (compared to braking the
full combination).

3. A semitrailer was readily available to the authiat had a modern trailer EBS ABS
system fitted. This braking system had been matisie that it could be activated via
a laptop computer — this was used as a benchmakinlrsystem for comparison.

4. Once commissioned, the SC system could be exteandée tractor unit for full
tractor-semitrailer tests (a subject of future wWork

The bi-stable valve design previously presentetMidher et al. [21] was modified before
installation on the trailer. Design improvementsluiled: reducing the valves’ overall
electrical power requirements, increasing their imaxn operating pressure to above 9bar
and improving their reliability (specifically thealve seals and accompanying power
electronics). New bi-stable modulator valve ass@msl{housing both the inlet and outlet
valves) were manufactured for each wheel statiacan be seen in Figure 7 and Figure 8,
each modulator valve assembly was mounted to tlee ax close as possible to the brake
chamber, in order to minimise propagation delayefpneumatic signals. This arrangement
differs significantly from that common to convemtal trailer braking systems, where ABS
valves are typically mounted on the trailer chgssesar the middle of the axle group. Figure 8



also shows that the axles on this particular taget were steered — this system remained

locked in its central position during the work dissed here.

A failure mode and effect analysis (FMEA) was aadrout to ensure the safety of the test
vehicle setup. This analysis indicated that, duei-&table nature of the valves, the prototype
valve system could not be easily arranged suchtthettuld always fail in a safe, predictable,
manner. The chosen system was therefore installpdrallel to the conventional braking
system, as shown in Figure 8. Shuttle valves fitiieglach wheel station were connected to
both braking systems, allowing the driver to ov@#rihe SC system by applying the
conventional foot-brake. A ‘3-2’ solenoid valve goieumatic relay valves were also fitted
upstream of the SC so that it could be isolatenhftioe trailer’s air supply in the event of a
failure. The local slip controllers shown in Figl8 were mounted to the trailer chassis and
housed the valve drive electronics as well as aaoantroller which performed the slip
control and pressure control calculations. A schenshowing the functions carried out by
the local controllers, and how they interfaced wiite rest of the vehicle, is shown in Figure
9. Braking demands and vehicle states (such asleedpeed and deceleration) were sent
from a Matlab XPC computer in the tractor cab ®lttal slip controllers via CAN buses.

The conventional ABS system fitted to the vehideduded three Haldex EB+ generation 1
electronic control units (ECUSs), as shown in Figr&ach ECU monitored two wheel
speeds and included 2 pressure control channekslayout is often referred to as a 6S-6M
system as it senses 6 wheel speeds in total anél pr@ssure modulator channels. The
system therefore allowed individual ABS controkaich wheel. Brake pressure demands
could be sent to the Haldex ECUs from the tracyoeither the tractor’s foot-brake (via the
standard pneumatic service brake connectionsjpor the XPC computer via a separate
CAN bus.

Additional sensors and hardware

A VBOX Il GPS logger (fitted within the tractor cpatvas used to provide measurements of

the following vehicle states:

* Position (longitude and latitude)

* Velocity

* Heading

» Acceleration (longitudinal and lateral)

+ Distance covered since reset



As the GPS antenna was located on the roof ofrfiogor unit, its readings were affected by
the movement of the suspended tractor cab. It h@sever, still found to provide reasonable
estimates of distance (for stopping distance catmiis) in straight-line braking tests and

longitudinal speed for slip control in the low-adlon tests presented in this work.

Trailer reservoir pressure was measured using essinsducers included within the
Haldex EB+ brake ECUs on the trailer. These mealstie line pressure at the ECU’s
reservoir connection. The trailer reservoirs wemated from the tractor's compressor feed
during braking tests via a manual valve. The changeservoir pressure was then used to
calculate the mass of air used during the stopyusia following equation, which assumes

adiabatic behaviour for the short duration tes13:[2

Am = AI:)TankVTank

6
o yRTTank ( )

where Am,, is the total mass of air usedP,,,, is the change in tank pressuyg,,, is the

tank volume,T-,, is the average tank temperatuRas the specific gas constant for air and

is the ratio of specific heats for air.

Thermocouples were fitted to each brake disc toitoohrake temperature throughout the
vehicle tests. Brake gain is known to vary withkerdisc temperature, it was therefore
necessary to run all braking tests in a specifiattdtemperature range in order to obtain
reproducible results. Monitoring brake temperatwasdd also alert the test driver of

potential brake overheating that could cause compiotiamage.

Straight-line emergency braking comparisons

Straight-line braking tests were carried out atNHRA testing facility, near Nuneaton, UK.

A Volvo tractor unit (FH12, 6x2) provided by Hald8xake Products Ltd was used to tow
the test trailer presented in the previous secli@micle parameter values for the tractor-
trailer combination are listed in Table 1. Whe@ sVas calculated using wheel speed sensor
signals and a velocity estimate from the VBOX G&&jker. Pre-processed adhesion-slip
look-up tables were then used to estimate the madmgpfF, in real time, for the current

level of wheel slipF«, wheel slip and vehicle deceleration (once agaasuared using the
VBOX logger) were passed to the main slip contoplagion (Equation 3) in order to

calculate individual brake pressure demariis.f. Constant slip demands were sent to all
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local wheel stations when slip control was actiMeese demands were chosen to

approximately match the peak of the relevant adimeslip curve at 30km/h (8.33m/s).
Tests were carried out on three different wet se$aThese were:

* ‘Delugrip’ (an asphalt surface with a nominal tyoald adhesion coefficient of 0.75)
» ‘Bridport’ (a pebble surface with a nominal tyredtbadhesion coefficient of 0.40)

» ‘Basalt’ (a tiled surface with a nominal tyre/roadhesion coefficient of 0.30)

The adhesion coefficients quoted here are thogaisdby MIRA as nominal values for
passenger car tyres. It should be noted that thatselly observed for the HGV trailer tyres
used in this study were 23%, 30% and 60% lessribarinal for wet Delugrip, Bridport and
Basalt respectively (s@geaxin Table 1).

Due to the limited length of the straight-line brakfacility the initial speed of the braking
tests was limited to 40km/h (11.11m/s) to prevletuehicle over-running the end of the
surface. All tests were carried out with the tratlaladen — this constituted a worst-case
loading condition for the vehicle where substamiBIS cycling is expected on all common

test surfaces. Only the trailer brakes were appligthg these tests.

Brake gain measurement

Brake gain Kgc) appears in the denominator of the main slip ayrquation (Equation 3)

and, as was highlighted by Miller et al [12], caarywdepending on the vehicle’s operating
conditions. Miller showed through simulation th@®2 errors in brake gain (which can be
expected on a real vehicle) could substantiallycedhe performance of the sliding mode

slip controller.

In order to obtain brake gain estimates for thewvekicle, calibration tests were carried out
on a rolling road dynamometer. The dynamometernéaliarth MB 8000-S, located at

MIRA) allowed one axle to be driven at a time whiteasuring the brake forck,f at each
wheel. Tests were carried out on each of the tinedler axles at increasing brake pressures.
The steady-state brake force at each wheel wasdettdor each brake pressure and a first-
order curve was fitted to the resulting dataseé &hsemble average results for all six wheels
are shown in Figure 10. The first-order fit showoydes an estimate of the average brake

gain (Kg.) andPeack (the lowest pressure at which a braking forced®rded), for all of the

trailer wheels.
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Closer analysis of the data indicated that there seene difference in brake gain (up to 15%)
between wheel stations. The test data was therséparated for each wheel, and curve fits
were re-applied. These were uploaded to the indalidlip controllers for the braking tests.

Adhesion-slip curve estimation

Constant-pressure braking tests from 40km/h (11/4)lwere used to fit appropriate Fancher
adhesion-slip models [11]. The total estimatedddFs 1) for each test was calculated

using the following equation:

V.

P =2y (M) = P ™ P @)
whereFaero andFyoling are the aerodynamic drag and rolling resistanaefrespectively;
these were estimated at the required test speerd asieparate coast down test [35] .
Subscripts andf correspond to initial and final data points respety. Two seconds of data
were used for each braking force calculation, wjttset to 30km/h (8.33m/s), 10km/h less
than the initial brake application speed, to altbe vehicle to reach steady-state. Tests were
repeated at increasing brake pressures until caenptecel lock-up was detectd o Was
divided by the average slip levels of the brake@elh to obtain the adhesion-slip model for a
single (average) wheel station at 30km/h (8.33n1/s¢ resulting adhesion-slip curves for all

three test surfaces are shown in Figure 11.

Load transfer was taken into account by adjustieginndividual normal tyre load§§)

(presented in Table 1) to give adjusted ‘dynamatues (Ifz), according to:

If =F - I:x (rntractorhl + rntrailer hz)
|2 (rntractor + rT.ltrailer)

(8)

z z

Equation 8 was derived from the simplified free-podthgram of a tractor semitrailer shown
in Figure 12. Herer:, is the static wheel load of an individual traigneel (obtained from
vehicle weigh station data)racior aNdMyaiier are the mass of the tractor and trailer
respectivelyhy, hy, andl, correspond to vehicle dimensions stated in TalaedF, is the
average adhesion force generated at each traikeelwmoting that the tractor unit brakes
were not activated during any of these tests). Egud only applies to steady state braking
and does not include transient pitching of the elehityre rolling resistance or aerodynamic

drag.
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Load transfer was estimated to reduce normal loadbe trailer wheels by 8% on the
delugrip test surface, 4% on bridport and 2% oralvaite (see Table 1). Peak tyre/road
adhesion coefficientgyfea) Were calculated for each surface using the cporeding

‘dynamic’ wheel loads I(EZ) and are also provided in Table 1. These valudside a nominal

+5% tolerance to account for differences in adhesilong the test track, as seen in [36].

It should be noted that the tyre/road adhesionrpaters in Table 1 represent average values,
and were only applicable for the specific operatingditions of the vehicle; they did not

take into account changes in parameters such ade/epeed, lateral slip and variations in
adhesion along the length of the test track. laritmplementations of the SC system, these
characteristics will need to be estimated onlineead-time, e.g. using the methods described
in [32].

Straight-line braking test method

The straight-line braking test procedure followedhis work differs slightly from the

standard procedure described in United Nations &oonnCommission of Europe’s

(UNECE) Regulation 13 for measuring ABS performanoghe UNECE regulation, braking
performance metrics are measured from when fuleligped deceleration has been reached
[33]; for the comparative tests carried out in thi@k it was seen as important to also include
the initial signal delays and transient responst®fbraking system in the stopping distance
calculations, as these could differ significantgtieen systems. The testing procedure

followed for each individual straight-line brakibgst was as follows:

1.) Brake temperature check (tests only carried oitake disc temperature was
between 88C and 126C - repeated conventional ABS stops were used tmwig
brake hardware and tyres)

2.) Braking system selected (conventional ABS or biblet#®ABS modulator valves),
data logging commenced

3.) Airisolation valve closed (for air consumption raeeement)

4.)  Vehicle driven onto test surface at approximateim/h (11.67m/s)

5.) Clutch disengaged

6.) Vehicle allowed to coast to 40km/h (11.11m/s)

7.) Brakes automatically activated by ‘global control@mputer at 40km/h
(11.11m/s)

8.) Braking continued until vehicle reached stand-still

9.) Datalogging stopped
13



10.) Airisolation valve opened (to recharge trailereresirs)

Repeated tests were performed with both brakintgsyson each surface. Slip control tests
were carried out with increasing controller gaikg o produce conflict plots of air
consumption versus stopping distance, similar & pnesented in Figure 6.

An upper limit for brake disc temperature of I2@vas recommended by Haldex, as brake
fade typically begins beyond this point; makingkergain data potentially incorrect above
this temperature. A lower limit of 8G was also used in early test runs to ensure the ty
were warm. Data gathered from tests with initialker disc temperatures less thafGBWere
discarded.

Tests on each surface were performed on the saynéod@duce the effects of environmental
conditions on test results. All surfaces were tegteghe wet condition, using the water spray
system that is part of the straight-line wet-gapility at MIRA.

Straight-line braking test results

Results for each of the three test surfaces arensuized in Table 2 for both conventional
ABS and the SC system. Results presented for theySi€m represent switching gaikg (
within the optimal range (minimizing both stoppidigtance and air use). Tests
corresponding to controller gain values near thgaegnt optimal value were combined to
ensure that at least 3 test runs were used tolatdaeach set of braking statistics. The
average performance improvements achieved by teable valve system are also
summarised in Table 2. Significant improvementsens&en in all three performance metrics

(stopping distance, air use and MSE) comparedaadnmventional HGV ABS system.

Figure 13 shows sample test results for conventidB& and the SC system on the wet
delugrip surfaceppea=0.58). The oscillatory nature of the ABS can leadly seen in this
figure. The approximate peak of the slip curi=0(12) is also shown on the wheel slip plots
for both systems. The SC system is able to suadgssontrol wheel slip around this point.
The slip controller demands only small changes@ké pressure throughout the stop,
whereas ABS has many full fill and exhaust cycldss difference results in a reduction in
air consumption for the SC system. The bottom satbph Figure 13a and Figure 13b show
the instantaneous adhesion utilisation of the wtaghg the course of the stop. This
represents the ratio of estimated adhesion foreeaed £,) to the maximum adhesion force
available (i.e. the slip curve peak). The SC sygteessurises the brake chamber more
quickly at the beginning of the event. This resuita more rapid rise in adhesion utilisation
14



than for the ABS system. The periodic drop in adirestilisation seen in Figure 13a during
conventional ABS’s exhaust cycles also contribtvethe system’s relatively long stopping
distances.

Results of the wet delugrip tests are also predantEigure 14, this time in the form of a
probability distribution. This figure shows the pastion of time spent by the two braking
systems at different levels of wheel slip, normedi®y the time taken to stop the vehicle. The
area under any section of this figure represemtptbportion of time spent in that wheel slip
range. The approximate peak of the adhesion-whipeatigve is also superimposed on this
figure. The shapes of the wheel slip distributiorsboth systems are relatively similar, but
the SC system has a narrower, taller distributtentred about the approximate slip curve
peak, indicating that the system spends more tmtlei$ slip range compared to conventional
ABS.

Figure 15 shows sample test results for the wedlbtie surface|f,ea=0.12). The low level

of adhesion on this test surface is similar to tfate. Conventional ABS clearly struggles

on this surface, with the brake chamber pressynéady dropping to atmospheric pressure
(noting that the pressures shown in Figure 15 bselate). The adhesion utilisation can be
seen to drop to 0% during these parts of the AZRibg cycle. In contrast the adhesion
utilisation of the SC system is consistently né20% for the first half of the stop. This
difference is also obvious in the large stoppirgjatice reduction achieved by the bi-stable
valve system for this test case: 17% when comparednventional ABS, as shown in Table
2. The MSE of the SC system for the wet basaltlie§d.087) was higher than that observed
for the other two test cases presented in Takle0%7 and 0.062 for delugrip and bridport
respectively). The low chamber pressures requoethe wet basalt surface may partially
explain the reduction in slip tracking performan&s.can be seen in Figure 15b, the brake
chamber pressure required equated to around obalude pressure; this was lower than the
chamber pressures used to tune the pressure clm@pah previous studies (which involved
tests centred around 4 bar absolute pressure)B2thuse of this, the chamber pressure often
overshot the demand pressure; resulting in a subseég@vershoot in wheel slip (this can be
seen in Figure 15b). Despite this observationpiréormance improvements achieved on the
wet basalt were still considerable; further tunrighe pressure control loop may provide

scope to reduce stopping distances further in éuiests.

Figure 16 once again shows the distribution of whlye throughout the stop — this time for a

wet basalt test. This figure further highlights thiiculty conventional ABS has on this
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surface. The distribution of wheel slip for ABSvisry wide, and includes a peak close to
A=0, where adhesion force is low. The wheel sliprdhistion for the SC system on this
surface is also wider than that seen for the sanféggure 14 (wet delugrip), however, it is
considerably narrower than conventional ABS, spaspdiuch more time near the peak of the

slip curve and considerably less time ne<0.

A conflict plot of air use versus stopping distafmethe wet basalt test results is shown in
Figure 17. The reduction in stopping distance addeby the SC system is obvious in this
figure. The size of the markers used to represen8C system results in this figure is
proportional to the magnitude of the sliding mode&ehing gain ks). Simulation results for

the same test case (taking into account the mab® afn-braked tractor, as stated in Table 1)
are overlaid; as can be seen, the stopping distgreelicted by the simulation model are
very close to the experimental results. Air constiompis also similar for the lower gain
settings, with some discrepancy at higher gainsindilar tuning pattern to that previously
presented Figure 6 and in other publications [12cAn be seen in this figure (as indicated

by the superimposed arrow).

The overall percentage improvements achieved bg@eystem (15% reduction in stopping
distance, 22% reduction in air use and 62% redaetidMSE) are encouraging. The stopping
distance improvements were, however, slightly teese predicted in previous hardware-in-
the-loop studies on a similar system. In [21] th@liovement in stopping distance was
predicted to be 23% for an icy surface, 6% bettantthat achieved in the wet basalt vehicle
tests summarised in Table 2. As has already beationed, this difference may be

attributed to the tuning of the pressure controlidrich was overly aggressive. It may also be

attributed to the one or more of the following tast

i) Slower controller operating frequency in vehiclstsecompared to HiL controller (200Hz
in vehicle tests; 500Hz in HiL tests).

i) Differences in initial vehicle speed.

iii) Differences in tyre/road adhesion properties (loaditesion coefficient in vehicle tests).

iv) Lower normal tyre load in vehicle tests.

V) Inaccuracies in adhesion force look-up table.

vi) Imperfect knowledge of adhesion-slip curve peakeal

Some of these factors will be addressed in a felbomproject.
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To investigate how the SC system performs at higheeds, a small number of tests were
performed from 60km/h (16.67m/s) to 42km/h (11.65)noh the basalt tile surface. Sample
results from these tests are shown in Figure 18hdge higher vehicle speeds, the slip
controller demonstrates significantly tighter gipint tracking than the 40km/h case
summarised in Table 2; this is highlighted by tlye distribution in Figure 19. The MSE for
this test was 0.05, almost 50% lower than that $eetihe same system at lower speed. The
adhesion utilisation plots shown in Figure 18 sisg¢ieat the SC system can consistently
maintain the peak adhesion force throughout 60Ka8Bt67m/s) to 42km/h (11.67m/s) speed
range. It is hoped that, by introducing the bi-Ealalve system to the tractor unit in future
work, straight-line braking tests will be possibiem 80km/h to a stand-still on the same
MIRA wet basalt surface. These future tests wiiyide a further indication of what

performance improvements can be achieved by theyS@em.

It should once again be noted that, in these t&R§ was used to provide a measurement of
vehicle speed to the SC system. GPS is not sughgtide authors as a feasible means of
vehicle speed measurement for a commercial SCraysitewas used here simply to
demonstrate the improvements that can be achiévedgh better control of wheel slip.
Recent advancements in vehicle state estimation3[@2suggest that an accurate estimate of
vehicle speed could be obtained using relativelydost inertial sensors — such sensors are
already present in modern vehicle motion contreteys such as Electronic Stability Control
(ESC). Integrating the SC system presented invibik with a vehicle speed observer could

potentially allow a commercially viable system ®developed.

In this work, the brake gaifKgg) at each wheel was measured using a rolling road
dynamometer prior to the straight-line brakingge3he brake gain incorporates friction
conditions between the brake pad and disk, theisaati which the braking torque is applied
and the mechanical advantage achieved throughréike loalliper. The value &fss could
vary significantly depending on the operating ctinds of the vehicle. In a commercial
system this parameter would, therefore, need tshimated during normal driving. The
authors’ suggest using a brake pulsing method)asinu that demonstrated by Miller [32], to

estimateKgg in real-time.
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Conclusions

i) An HGV trailer braking system incorporating bi-d@pneumatic ABS modulator valves
and a sliding mode slip controller was tested faaight-line emergency braking
performance on low adhesion surfaces.

i) The system was found to reduce stopping distamcepasumption and mean absolute
slip error by 1%2%, 22:9% and 623% respectively, relative to an existing HGV traile
ABS system.

iii) Improvements seen in stopping performance metaakiallow HGVs to meet tighter
legislation in the future. Reductions in air useldaalso allow smaller air reservoirs to be
used on HGVs.

iv) Improvements in mean absolute slip error suggestthie bi-stable valve slip control
system could allow other vehicle-wide control sgsdgsuch as electronic stability

control) to more accurately control the adhesiondat each wheel.

Future work

Work has now commenced to fit a 4x2 tractor unthwihe CVDC slip control system.
Further straight-line braking tests will be carrmd in early 2015 using this tractor unit and
the semitrailer already fitted with the brakingteys. Along with emergency braking tests,
normal driving/braking performance will also beessed to see if any reductions in air
consumption and storage capacity can be achievedeiryday driving. The test vehicle will
later be used to implement a combined braking &eetisg stability control system currently
being developed by Morrison [38]. The performantthis system will be assessed using

emergency lane change manoeuvres.
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Tables

Table 1.Vehicle parameter values and adhesion-slip modsficeents, straight-line braking
tests, MIRA testing facility, Nuneaton, UK

Symbol | Parameter Value Source
h; Ground to hitch 1.17m [39]
h, Ground to trailer centre-of- 1.2m [39]
mass (unladen)
l4 Hitch to trailer centre-of- 5.8m [39]
mass (unladen)
P Hitch to centre axle (trailer 7.7m [39]
I3 Axle spacing (trailer) 1.43m [39]
R Wheel rolling radius 0.528m Calibrated against
(average, all trailer wheels VBOX velocity signal
Miractor Tractor mass (combined 9,400kg Weigh station, MIRA
sprung and unsprung)
Mirailer Trailer mass (combined 11,700kg Weigh station, MIRA
sprung and unsprung,
unladen)
Perack Chamber pressure at which 1.29bar Rolling road

braking force becomes nor
zero (average, all trailer

dynamometer tests

wheels)
F, Static normal load 14.9kN Weigh station, MIRA
(individual trailer wheel,
average)
E Adjusted, ‘dynamic’ normal Delugrip: 13.7kN Equation 6.4
z load calculated at peak | Bridport Pebble: 14.3kN
adhesion-slip curve Basalt: 14.6kN
(individual trailer wheel,
average)
K Brake gain (average, all 1.80 kNm/bar Rolling road
BG trailer wheels) dynamometer tests
Co Longitudinal slip stiffness 132.5kN Calculated from normal
(at zero slip, Fancher wheel load, using
adhesion/slip model) relationship in'!
Vs Friction function shaping Delugrip: 5m/s Constant brake pressure
factor (Fancher Bridport: 5m/s tests
adhesion/slip model) Basalt: 13.8m/s
Upeak Peak tyre/road adhesion| Delugrip: 0.58+0.03 | Constant brake pressure
coefficient Bridport Pebble: tests
0.28+0.01
Basalt: 0.122+0.006
o Coefficient of static friction Delugrip: 0.80 Constant brake pressure
(Fancher adhesion/slip Bridport Pebble: 0.30 tests
model) Basalt: 0.125
L Coefficient of dynamic Delugrip: 0.5 Constant brake pressure
friction (Fancher Bridport Pebble: 0.20 tests
adhesion/slip model) Basalt: 0.112
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Table 2. Straight-line braking test performance summarynfdOkm/h (11.11m/s)
(percentages show relative change from conventibB&)

Metric Conventional ABS | CVDC Slip Control
) Optimal sliding N/A 50,000 - 70,000
3 mode gainks (Pa)
o Number of tests 4 3
2 Stopping distance Mean: 28.9 Mean: 25.5 (-12%)
1L (m) Max: 29.4 Max: 25.7 (-13%)
g Min: 28.5 Min: 25.4 (-11%)
o Air consumption Mean: 0.049 Mean: 0.038 (-22%)
S (kg) Max: 0.051 Max: 0.051 (-0%)
= Min: 0.048 Min: 0.029 (-40%)
a MSE (unitless, Mean: 0.13 Mean: 0.053 (-59%)
1) calculated per test Max: 0.15 Max: 0.060 (-60%)
= Min: 0.12 Min: 0.047 (-61%)
a Optimal sliding N/A 50,000 - 70,000
g mode gainks (Pa)
H Number of tests 8 7
g Stopping distance Mean: 54.8 Mean: 45.8 (-16%)
I (m) Max: 56.1 Max: 46.7 (-17%)
;ga‘ Min: 49.7 Min: 44.2 (-11%)
© Air consumption Mean: 0.073 Mean: 0.062 (-15%)
8 (kg) Max: 0.083 Max: 0.076 (-8%)
2 Min: 0.064 Min: 0.045 (-30%)
j'E MSE (unitless, Mean: 0.20 Mean: 0.068 (-66%)
g calculated per test Max: 0.21 Max: 0.086 (-59%)
Min: 0.19 Min: 0.048 (-75%)
S Optimal sliding N/A 50,000-70,000
g mode gainks (Pa)
& Number of tests 10 6
9 Stopping distance Mean: 129 Mean: 107 (-17%)
ﬁ (m) Max: 132 Max: 111 (-16%)
% Min: 125 Min: 104 (-17%)
= Air consumption Mean: 0.133 Mean: 0.093 (-30%)
= (k) Max: 0.140 Max: 0.115 (-18%)
g Min: 0.127 Min: 0.070 (-45%)
m MSE (unitless, Mean: 0.21 Mean: 0.087 (-59%)
@ calculated per test Max: 0.22 Max: 0.090 (-59%)
= Min: 0.20 Min: 0.084 (-58%)
L Stopping distance baseline -15+2%
TN~
52 § Air consumption baseline -22+9%
L o ®
2% 5| MSE (unitless) baseline -62+3%
T =0
<3
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