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ABSTRACT

In order to introduce longer heavy vehicles withltiple articulation joints between vehicle unitzarthe UK and
other European countries, rear steering of the lingi vehicle units is required to allow for sufficit
manoeuvrability. An extensive program of resedrab been undertaken into trailer steering technigegn recent
years. Such systems can enable significantly longavy vehicles to negotiate narrow roads. thisught that this
same technology could be used in military suppbrations.

Possible benefits of using multiple-trailer ‘longrobination’ vehicles in military supply include:
(i) Fewer vehicles are needed to perform the sampely tasks. This means fewer drivers and consgtyue
less exposure to threats, as well as improved potidty of each driver and vehicle.
(i) Longer vehicles can have 20% to 30% lower fu@isumption for a given freight task than conwersl

vehicles, depending on the configuration.

Application of controlled steering on trailer axlpsovides further benefits. These include:
() Improved low-speed manoeuvrability gives bedieress to confined locations.
(i Eliminating tire scrubbing in sharp cornersgsiificantly reduces tire wear.
(iii) By steering the axles at high speeds, itasgible to improved high-speed stability and rediheerisk of
rollover: giving safer vehicles that are more t@at to inexperienced drivers.
This paper details the development and testingailet steering controllers for forward and revetserel of a

double trailer vehicle.

Practical implementatiof the controllers on the Cambridge Vehicle Dynamics

Consortium’s Long Combination Vehicle (LCV) is do#d, and test results of the system’s low speeddia and

reversing performance are shown.

INTRODUCTION

In conventional highway operations, long combinatio
vehicles (LCVs), with two or more trailers, offarkstantial
benefits over tractor semi-trailer vehicles: redgciraffic
congestion, shipping costs and fuel consumption 2CO
emissions), while also reducing road wear. Fuel
consumption benefits of up to 32% compared with
conventional vehicles have been measured in peactic
(Woodrooffe and Ash, 2001). LCVs are common in
countries with long, straight roads such as Austy&anada,
and the USA, but they are not approved for widespnase
in Europe. Figure 1 (a) and (b) show schematic g@kasnof
vehicles currently allowed on UK roads. The experital
vehicle examined in this paper is shown in Figui@.1

One of the barriers to the introduction of LCVsHuorope
is their poor low speed manoeuvrability, both ia fbrward
and reverse directions. In Europe, normally onlyickes
that are able to negotiate a ‘standard’ roundalftb@t5m
external radius and 5.3m inner radius in the UK) atowed
on the roads. This manoeuvrability restriction ilelly to
remain even if longer vehicles are introduced irfe.

Figure 2 (a) shows a simulation of an unsteeredubk:
attempting the UK roundabout manoeuvre. The resletr
cuts across the inner circle, and eventually begingverse.
Having multiple articulation joints causes instébilin
reverse motion, making manual reversing manoeuaes
highly skilled, or even impossible task. Delivegcétions
may therefore need to be redesigned to accommaldase
less manoeuvrable vehicles, at significant cost.
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. der 1 b3 Maximum
Maximum trailer length 13.6nc gross mass
44 tonnes

Tractor Semi-Trailer

Maximum length 16.5m

(a) Tractor semitrailer

Rigid Pup-Trailer

Maximum length 18.75m

(b) Rigid with trailer

Approximate
maximum
gross mass
61 tonnes

Active B-Trailer

Maximum
gross mass
40 tonnes

Tractor Active Semi-Trailer

Approximate maximum length 25.25m

(c) Actively-steered B-double

Figure 1: (a) and (b) Maximum sizes of vehicle currently
allowed in the UK. (c) Experimental concept vehicle

In order to address the problems of manoeuvrabdity
LCVs in both the forward and reverse directiong, tise of
‘active’ (i.e. computer controlled) trailer steagirsystems
has been proposed (Jujnovich and Cebon, 2008).2Fik)
shows a simulation of a steered b-double negogjatie UK
roundabout manoeuvre, showing a significant impnomet
in performance over the unsteered case in Fig(ag.2

(a) (b)
Figure 2: Simulation results for driving a B-double vehicle
around a UK standard minimum size roundabout,
(a) unsteered, (b) steered.

Some theoretical studies have already been caorien
multi-trailer vehicle steering, systems for forwamabtion
including: Rangavajhula’s work on a multiply-stegiteiple
trailer vehicle using LQR optimal control (Rangduap and
Tsao, 2007), which showed significantly improvedf- of
tracking of trailers in simulations; De Bruin alsomulated
lateral guidance of multiply-articulated buses gssteered

axles (de Bruin, Damen et al., 2000). Both of thstselies
show significant benefits available from steerirfgtrailers,
but neither were tested in experiments. Some cogiaier
interest has also been shown in using trailer isigefor
multi-trailer vehicles (Denby, 2010; Trackaxle, 21
culminating in prototype vehicles using technolagseady
proven on tractor semi-trailer vehicles.

Commercial steering systems already exist for seailers
using mechanical or hydraulic actuation either wa$g or
computer controlled (VSE, 2005; Trackaxle, 2010d@c,
2010). These systems commonly use the simple ‘cadma
steer’ strategy (explained later), which gives Hignefor
steady state off-tracking and tyre wear, but catsiéswing
(Sweatman, Coleman et al., 2003; Jujnovich and @ebo
2008) and reduces high speed yaw stability. Folgwiork
done by Hata and Notsu (Hata, Hasegawa et al., ;1989
Notsu, Takahashi et al., 1991), Jujnhovich was atole
improve on this performance with his CT-AT (convenal
tractor — active trailer) controller strategy (Jwich and
Cebon, 2008), which was implemented on an actively
steered tractor semi-trailer vehicle (Jujnovich,eRack et
al., 2008). Using this strategy, the path of thar ref the
semi-trailer accurately followed that of tractor tchi,
eliminating steady state off-tracking and tail-sgviThe aim
of this paper is to extend this tractor semi-tra®T-AT
controller work for use on an LCV.

Reversing of a vehicle and trailer has been thgestilof
much research, but the majority of work concermesritg
the tractor front axle only, to assist in stalnilisthe vehicle
yaw motion (Sordalen and Wichlund, 1993; Halgamuge,
Runkler et al., 1994; Tilbury, Sordalen et al., 89%anaka,
Taniguchi et al.,, 1999; Altafini, Speranzon et &001;
Rajamani, Zhu et al., 2003; Zimic and Mraz, 200@yak,
Dovzan et al., 2008; Pradalier and Usher, 2008)is Th
approach can also assist in reversing of multierai
vehicles, (e.g. truck with dolly semi-trailer) (Biry,
Sordalen et al., 1995; Tanaka, Taniguchi et al.9919
Altafini, Speranzon et al., 2001), but the lack tcdiler
steering limits the improvements it can make toicleh
manoeuvrability. Kimborough (Kimbrough and Chiu,909
Kimbrough, Chiu et al., 1990; Chiu and Kimbroug891)
developed controllers for the reversing of steetradlers,
using the trailer steering to stabilise the traijfawv motion
(hitch angle). However, the fact that the drivernput must
control the tractor steer axle directly, still lsnithe vehicle’s
manoeuvrability to some extent. Commercial stedraiters
(VSE, 2005; Trackaxle, 2010) tend to be equippeth ai
manual over-ride of trailer steer angle to allowe tinailer
steering to be controlled remotely by a secondqgredsiring
low speed manoeuvres. Unlike these commerciaésysta
vehicle with computer controlled tractor and traigeering
gives a unique capability to implement the CT-ATatgy
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in reverse, allowing automatic control of all teaibbxles with
only a single control input i.e. only one drivemniseded.

Figure 3: Supply line convoy

Figure 3 shows a military supply line convoy. Thm®st
common vehicle in this application is the convemdio
tractor-semitrailer, which typically transports lfaad water.
Using the technology described in this paper, iulobe
feasible to connect-together several trailers iatdroad
train’. For example three semitrailers could benbmed
with two dollys to make a single actively-steet@eriple’
LCV. Such a vehicle would be more maneuverabla tha
conventional vehicles it replaced. This conceptiiidhave
a number of significant benefits:
(i)  Fewer vehicles: improved productivity
(i)  Fewer drivers: less exposure to military threa
(i)  20-30% lower fuel consumption per freight kas
(iv) Improved low-speed manoeuvrability
(v) Better access to confined locations
(vi) Single-handed reversing
(vii) Improved high-speed stability and rolloveepention
(viii) Safer, more tolerant to inexperienced driver
(ix) Lower driver skill levels needed
(X) Reduced tyre wear
(xi) Reduced costs of logistics
(xii) Negligible technology development needed
comparison to platoons of driverless vehicles

This paper presents the results of testing the maitiple-
trailer forward and reversing versions of the CT-#{lategy,
designated CT-AT-AT. It concentrates specifically the
development and implementation of these strategresn
experimental ‘B-double’ combination as shown in Uy
1(c) and Figure 4. The technologies and contraltegies
are directly applicable to longer vehicles with mor
articulation points.

n

VEHICLE DESIGN

Testing of steering strategies was carried outgusire
Cambridge Vehicle Dynamics Consortium (CVDC) stdere
B-double vehicle, shown in Figure 5. All trailerlex are

actively steered and computer controlled (note thatfront
axle on the b-trailer is a conventional lift axleensequently
only two of the three axles on this trailer areeste), with
steering actuators specially designed for the Veh{see
section 2.2). The rearmost semi-trailer unit is tr@inal
12.5m tri-axle, fully steered CVDC trailer as refgar in
previous work (called the A-trailer here) (Jujndyic

Roebuck et al., 2008). The ‘link’ trailer (calleluket B-trailer)
was designed and built for this research programhine
overall length was chosen as 13.4m (carrying a 9.6m
shipping container, with 11.0m between hitches)e th
maximum that could negotiate the standard UK robnda
manoeuvre with perfect path following, given theestangle
limit of its axles.

Figure 4: The Cambridge Vehicle Dynamics Consortium'’s
test vehicle, configured as ‘B-double’, fitted ictive rear
steering hardware on the two trailer axle groups

Active Steering Axle

Figure 5 shows an active steering axle used ontake
vehicle. The steering hardware consists of: (i) tAesng
axle with cambered king-pins and modified convemdio
steering linkage; (ii) A hydraulic cylinder contaig a novel
locking mechanism which acts to secure the actuatdhne
straight ahead position when not active; (iii) Aeevoir of
pressurised hydraulic fluid (not shown) that is dider
emergencies to drive the actuator back to the akeptssition
if either the external hydraulic power supply oe #xternal
electrical supply ceases. Under these conditiossparate
hydro-mechanical valve is used to control the a@otuback
to the central position, where it is locked; (iv)nA
electrically-powered hydraulic power supply, mouwhten
the vehicle frame above the axles.

Instrumentation and control

The overall signal and control architecture is shmow
Figure 6, including the controllers and sensorgditto the
test vehicle. The active steering control systemsists of 3
levels of controller: A proprietary C-based corlgobn each
vehicle unit performs closed loop control of axiees angles
and interfaces with sensors (i.e. performs both dkée
controller (AC) and trailer controller (TC) functie while a
Matlab XPC based ‘Vehicle controller’ (VC) genesatteer
angle demands for the whole vehicle based on sengots
from the TCs, communicated via CAN.
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Figure 5. CAD view from below of the B-trailer steering
axle with the ‘four-bar’ steering mechanism anduatar
position has been overlaid.

The vehicle safety system allows complete or plasiatem
shutdown in case of failures of sensors, actuatorsthe
vehicle not behaving as expected. Power shutdoiggeirs
steering actuators to center and lock. The systmatiow
one trailer to remain steering (if it is safe to sir) to avoid
incapacitating the vehicle on a roundabout. Vidameras
record lines on road, allowing measurement of tiget of
tractor 3" wheel, b-trailer hitch, and rear doors. Other
vehicle sensors measure tractor speed, trailer teador
steer angles, articulation angles, as well as yall, and
pitch rates and acceleration in 3 axes. Only adichhumber
of these sensors are used for active control,eébeare used
for performance monitoring.

TRACTOR

TRAILER 1

VC | Vehicle controller
@ Steer/articulation angle sensor

C | Trailer controller . g
@ 3 axis acceleration sensors

el

Pump controller

Axle controller ® Eessmelenson
—- =" Digital parallel bus ® 3 axis rate sensots
—— CAN bus Speed sensor

Figure 6: Signal and control architecture

CONTROLLER DESIGN

For forward travel, two controllers were compardie
conventional “command steer” controller, and the-&IT
controller (Jujnovich, Roebuck et al., 2008), mudif for

use in a multi-trailer vehicle i.e. CT-AT-AT. Foeversing,
an AT-AT-CT type controller was developed.

Command Steer Controller for Forwards Travel

The conventional ‘command steer’ algorithm steeashe
axle in proportion to the articulation angle betwethe
trailer and the unit in front, such that all axtesn about a
common center (Jujnovich, Roebuck et al., 2008} ffailer
then behaves as if it has an unsteered axle pgrdoan the
vehicle as shown in Figure 7 (a) . The locatiothig axle is
a free design parameter (the “effective lengththef trailer).
In the example discussed in this paper, the effedgéngth
was chosen to be half the distance between thh piints
in order to give no off-tracking of the hitch pardt the two
ends of the trailer in the steady state. For théti+tmailer
case, each trailer can act independently using islpwn
articulation angle sensor, but needs to be progehwith
certain parameters about the trailer in front (#sgeffective
length, and the location of its hitch), to compeadar the
hitch velocity not being parallel to the longitudiraxis of
the trailer in front. This strategy is simple topi@ment,
requiring a minimal sensor set (2 articulation anggnsors,
and axle steer angle sensors), but does have tiionisa
Because the strategy is based on constant radiusdu its
performance during transient curvatures is compsedji
leading to tail-swing on entry to curves, and adddl cut-in
on exit.

CT-AT-AT Control For Forwards Travel

The CT-AT-AT controller is based on Jujnovich’'s @T-
semi-trailer path-following controller (JujnovicRpebuck et
al., 2008; Jujnovich and Cebon, 2008). This cdlgr@aims
to achieve perfect path following with all trailesuch that
the two ‘follow points’ (B-hitch and the rear dooo$ rear
trailer) follow the lead point: the tractor hitcshpwn in
Figure 7 (b)). This eliminates tail-swing and aut-as well
as minimising lateral tyre forces.

The CT-AT-AT vehicle controller requires two more
sensors than the command steer algorithm (traptedsand
steer angle), though these are commonly availahte
saturation of the b-trailer steering actuators. (ieaching
maximum steer angle of the wheels) results in raifking
of both trailers, but the vehicle will asymptoteckato
perfect path tracking when the steering actuator(s)
unsaturate. Data needs to be passed between imalivid
trailers in order to correct for the rear-steer langf the
trailer in front, and to share the tractor speedsse data
(though the latter could be eliminated by usingesbsensors
on each unit). The trailers of the CT-AT-AT conteolare
therefore not truly stand-alone, but rely on bdiitghed to a
vehicle that can supply this extra sensor inforamatiNote
that this information transfer can be omitted withe loss
of performance for the special case of hitchingader close
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to an unsteered axle of the unit in front, (becarseulation
angle then gives a good estimate of the lead gwating
angle). This special case applied to Jujnovichn@uigh,
Roebuck et al., 2008), i.e. a steered semi-traifrched to a
conventional tractor unit. But it could not be apglto the
rear trailer of the b-double studied here, becatsdink
trailer is steered.

(b)
Figure 7: (a) Diagram showing the command steer strategy
as applied to a b-double travelling in the forwadigction.
(b) Diagram showing the CT-AT-AT strategy as applie a
b-double travelling in the forwards direction, aAd-AT-
CT in reverse.

CT-AT-AT Control For Reversing

The reversing controller applies a similar patHolwing
strategy, but with lead and follow -points swappdthe
driver controls the steer angle of the a-trailelesxusing a
joystick and camera on the rear of vehicle. The lgaint is
therefore the midpoint of the rear doors of théddraThe b-
trailer steer angles are then controlled to achipegect
tracking of the path of the rear door with the Bchi The
tractor steer angles are controlled so that thetdrahitch
follows the B-hitch (as shown in Figure 7 (b)).
commercial system, the tractor steering would bhemder-
controlled using a servo motor. For testing thimagement
was not available, so the CT-AT-AT reversing coliéro
passed steer angle demands to the ‘driver’ (viaDdJV—
effectively using the driver as a servo.

The steering on A and B trailers fairly directhfliences
heading of the lead point on that unit, but trasteering has
much more indirect effect on heading of tractocHiftractor
articulation angle is equivalent to the steeringlarof the A

or B trailer). Control of the tractor hitch positiowas
therefore expected to be less accurate than caititble B-
hitch position.

This reversing controller requires only two extra
components over the forward CT-AT-AT controller:eth
joystick and reversing camera. The most signifidaautrier
to the adoption of this controller is the provisiohtractor
‘angle overlay’ front axle steering, however sugistesms
already exist for cars and experimental trucks, #rete
seems to be no technical barrier preventing sinsjestems
being introduced for trucks. Currently, saturatioh the
steering on A-trailer in reverse violates the coltgr
assumptions, leading to unrecoverable off-trackaigthe
other follow points. Further work is therefore reqd
before the algorithm could be used commercially.e Th
approach used by Jujnovich, using a non-saturatindel-
matching controller, is thought to be viable.

RESULTS
Forward travel, Command Steer and CT-AT-AT.

The command steer and CT-AT-AT controller for
forwards travel were tested on the standard UK dabnout
manoeuvre shown in figure 8 (a). The vehicle megjotiate
the roundabout without crossing the 12.5m or 5.3mles
(Anon, 1997). For testing, the center of the traftont axle
followed an 11.25m radius (dashed line in figuréa® and
exited after 450degrees.

Command steer:

Figure 9 shows deviation from the path of the taftont
axle (the dashed line in figure 8 (a)) of the toadtitch, b-
trailer hitch, and A-trailer rear doors, measuresing the
path tracking cameras. During the steady statd¢afuis 50-
80m), the b-hitch and A-trailer rear doors followée
tractor hitch within 0.2m. However, this steadytestdid not
develop until the trailer had travelled a signifitalistance
into the manoeuvre (~30m from roundabout entrance).

The hitch of the B-trailer swung out on entrance to
manoeuvre by 0.5m (as shown in Table 1) due tostiwst
effective length, which led to a large effectivareverhang.
The tail of the A-trailer then swung out even ferth{1.6m)
when it reached the entry point. The A-trailer-&iling can
be seen in Figure 9(a) - the left hand white Iméhe outside
of the roundabout entry lane. This behaviour igipalarly
hazardous as the tail-swing is into the drivermdlspot.
Upon exiting the manoeuvre, both trailers thenicudtirther
than their steady state (up to 2.52m for the reailet as
shown in Table 1. Finally, the A-trailer took somlistance
(~10m) to settle back to the path of the tractad hrhitch
(known as the Exit Settling Distance).

Implementation Of Active Steering On A Multiple Tlea Long Combination Vehicle
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rb Entrance

v

Exit

©

Figure 9: (a) Standard UK roundabout (Anon, 1997), as
used for the test manouvre in the forward traveéation
Dashed line = target path of front axle centb.‘tear drop’
manouvre used to evaluate the reversing contratiegfies.

CT-AT-AT strategy

Figure 11 shows off-tracking vs. distance for thehicle
operating the CT-AT-AT path following controller.
Throughout the manoeuvre, the B-hitch followed titaetor
5" wheel closely (within ~0.3m), and the A-traileareloors
followed the B-hitch (within ~0.4m), as intendecheTlarge
tail-swing visible for the command steer vehicle swa
therefore eliminated for both trailers (see phatoFigure
10 (b)), and cut-in was also limited to that of thector %'
wheel at 1.1m as shown in Table 1. Exit settlimgfashce
was also eliminated (see Table 1). The small eimoA-
trailer rear door positioning in the steady stateue to the
build-up of sensor errors from trailer to traileyt does not
cause the trailer rear doors to sweep any pathaineady
covered by the tractor unit, so is unlikely to @us
unexpected collisions.

Experimental Results: Reversing

To test the reversing algorithm, a ‘Teardrop’ mange
was followed as shown in Figure 8 (b). The manoewas
designed to be similar to a roundabout, but witbdaradius
to give some steer angle ‘overhead’ for use imemting for
any path errors which developed.

3 r

Tractor hitch
~— B hitch
—— A Rear doors

s tallawing) [m]
o
n

|

&

Offtrasking (we cutdn,

b
n

Entrance Exit
o 20 40 60 ) 100 120

Figure 9: Experimental results showing the offset (relative
to the ideal path) of various points along the thngf a b-
double, steered using the command steer stratebijstw
travelling round a UK minimum radius roundabout.

Table 1: Summary of performance measures for forward
steering strategies tested.

Command CT-AT-AT
Steer
Cutin (m) 2.52 1.1
Tail swing (m) 1.65 0.0
Exit settling distance (m 10 0.0

() (b)
Figure 10: Images showing rear of steered b-trailer when
entering UK minimum size roundabout when using (a)
command steer strategy and (b) CT-AT-AT strategy to
control the steered trailer axles.

Figure 12 shows the path error at the rear doaad(l
point), B-trailer hitch and tractor hitch vs. dista during
the teardrop manoeuvre test in reverse. The emyexit
points of the 12.5m radius section are shown orfithee.
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The path following of the rear doors is controlley the
driver using the joystick, and achieves path etess than
1.1m throughout manoeuvre. This performance wageln
by the frame rate and preview provided by the r&agr
camera, and could certainly be improved by a maialsle
camera. The B-trailer hitch followed the path oé trear
doors very closely, deviating by less than 0.4nmftbe lead
point path throughout the test.

2

Tractor hitch
B hitch
——A Rear doors

.
n

"

,,,,,, Adtrailérrear doois L,

%

Offtracking (ve cutdn, +ve tallsving) [m]

--- Entrance

25
a3 L
0 20

Figure 10: Experimental results showing the offset (relative
to the ideal path) of various points along the tangf a b-
double, steered using the CT-AT-AT strategy, whilst
travelling round a UK standard roundabout (Figu(e)j.

The tractor hitch suffered a much greater pathrettran
the b-hitch (the 1.5m lateral range of the camems w
exceeded at two points). The first deviation ocediron
entry to the curve, where there was a step chamgmath
curvature, which requires a step change in thetdrac
articulation angle. Time-lag in the development tbfs
articulation angle led to path error at the hitthe second
error was due to overshoot at the point where ¢lae doors
developed 1.1m error (a driver path following inaecy).
Simulations suggest that this performance could be
improved if the tractor steering was computer auled, as
this would reduce the control lag. Also, a morelssticated
algorithm for controlling the tractor steering cdumprove
this performance e.g. using a preview controllegriation
of this controller will be carried out as furtheomk.

CONCLUSIONS

1. The use of actively-steered long combinationicteh
could potentially reduce the number of vehiclesunegl
for military supply, significantly reduce fuel
consumption and logistic costs. The necessary
technology exists.

2. A B-double vehicle with five steered trailer exlwas
built to test steering control algorithms in forndaand
reverse directions.

3. Forwards travel:

(i) The CT-AT-AT path following controller was
developed by extending the CT-AT strategy to
multi-trailer vehicles.

(i) The B-trailer's path tracking performance was
tested on the standard UK roundabout manoeuvre.

(i)  Steering both trailers using the conventional
‘Command Steer’ strategy gave acceptable steady
state off-tracking, but excessive (2.52m) tail-gyvin
on entry to the manoeuvre.

(iv) The CT-AT-AT strategy improved off-tracking
without creating tail-swing, following the ™5
wheel of the tractor within 0.7m for both trailers.

4. Reversing
(i) The CT-AT-AT controller was implemented in the

reverse direction, steered by the driver using a
joystick and rear-mounted camera.

(i)  The path following capability of the vehicleas
sucessfully demonstrated by reversing the vehicle
around a ‘teardrop’ manoeuvre.

(i) Error from the path of the rear doors wassléisan
0.4m for the B-trailer hitch, but much greater
(>1.5m) for the tractor hitch.

Further work is required to reduce the tractor Hitff-

tracking by using more sophisticated control sge® and

by automatic control of the tractor steer axle.

157

051

Offset [m]

-05F

Rear doors

Exit Btrailer hitch
‘ Tractor hitch
T

Entrance

sk | N ‘ ‘ ‘
-20 0 20 40 60 80 100
Distance [m]

Figure 12: Experimental results showing the offset (relative
to the ideal path) of various points along the thngf a b-
double, steered using the AT-AT-CT strategy, whilst
travelling in reverse around the tear drop maneuver
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