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Path-Following

Control based on

Grounc-WatchingNavigatior

Qiheng Miao and David Cebon*

Abstract - This paper discusses the path-following perforntace
of actively-steered articulated vehicles based on easurement
signals from two ‘ground-watching’ navigation systens (GWNS).
The ground-watching navigation systems are descrilde These use
high-speed USB-3 cameras and an image processingnguter to
measure and calculate off-tracking distance for a g@th-following
steering controller. Full-scale field tests are pdormed using an
experimental articulated vehicle, tested under bottopen-loop and
closed-loop conditions. Off-tracking distance at te rear camera
with respect to the front camera is controlled to b less than 0.1m
for tests with both GWNSs.

Index Terms - path following; active steering; articulated
vehicles; ground-watching navigation

|I. INTRODUCTION

I n this paper, a path-following trailer steeringteys based on
ground-watching navigation is investigated for lashesion,
non-level, ‘off-highway’ conditions. Such conditi@nare
typically seen in freight applications such as: kffilestock
collections from farms, transportation of raw miiisr for
primary industries such as logging and sugarcadendlitary
supply.

The application of high accuracy path-following ilea
steering in these transport operations would rédexow-speed
manoeuvrability constraints that limit the capacity the
existing vehicles [1]. It could enable use of toaetemitrailer
vehicles instead of short rigid lorries for somerfaollections,
and use of multiple-unit articulated vehicles iasteof
tractor-semitrailers for logging, sugarcane andtami} supply.

By using higher capacity vehicles in these openatiduel
consumption (greenhouse gas emissions) and shipusts
could be reduced significantly. In Canada, shippousts,
emissions and traffic congestions were reduced @y 20%
when long combination vehicles were introducechie 1980s
[2]. For transport of military supplies, fewer wi@nd fewer
drivers would also ensure less exposure to militdmeat,
improving the safety of the supply line.

The path-following controller investigated in thsgudy was
designed to minimize the ‘lateral off-tracking’ er(illustrated
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asAyin Fig.1 (a)) at the “follow point’ (middle of threar doors
of the trailer) relative to the ‘lead point’ (5thheel hitch). Its
performance was found to degrade under adverseitimmsd
(such as road camber and grade combined with |dvesidn)
due to inaccurate off-tracking estimation causethkeyerrors in
estimated sideslip and measured velocity [3].

Good path-following would be achieved under such
conditions if lateral off-tracking could be estiredt or
measured accurately. A navigation system is thezefieeded
to provide reliable position data under such coond#. In the
development of off-highway navigation systems fiticalated
vehicles, much can be gained by studying existiegicle
navigation systems [4]. The goal of navigation sy for
active steering is to measure lateral and longitaldivheel-slip
or accurate position information for various pathiefwing
strategies. The conventional approaches generallyde the
use of the Global Positioning System (GPS), inlenégaigation
systems (INS) or vision systems.

A review of literature [5] indicated a number ofadibacks
and practical constraints of using GPS or GPS/M&grations
for off-highway vehicle position/heading measuretnegivil
GPS can only provide position measurement withie th
accuracy of a few meters and has a low updatefdtéo 10 Hz
[6]. Its integration with INS could yield more acate position
measurements but would cost over 30,000 GBP (RTa8Gh
example). The use of state estimators based oncleehi
dynamics was also found to be unsuitable off-highvdaie to
complex vehicle dynamics and unreliable sensor
measurements. The use of image data was investigate
found to be promising for a variety of operatinghditions.
Hence, vision systems are further investigatedis paper to
fulfil the goal of navigation off-highway.

Automated vehicle guidance systems typically foll@awv
desired path by recognising landmarks on the read,a white
line along the centre or edge of the road. In imdaa, these
stationary landmarks can be represented and matabea
pattern of pixel intensities [7, 8] or a serieshandcrafted
feature combination such as corners or edges [P, Tite
former representation is denser and more robusttdexture
environment; while the later representation is sg@arand
invariant to illumination changes. By sequentidibgalizing
the vehicle relative to such landmarks, ego-motadnthe
vehicle can be deduced from image or video seqeeSimilar
ideas are adopted by the concept of ground-watching
navigation (see Section 2).
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(a) single-camera ground-watching navigation sygt8C-GWNS) (b)
Fig. 1. Schematics of the two ground-watching gation systems (GWNSSs).

The main contributions of this paper are: (i). depeent of
vision-based navigation for trailer steering apgiiens;
(i) modification of trailer steering control to hdle steering
saturation; (iii) full-scale field testing and vécation of the
closed-loop system.

II. GROUND-WATCHING NAVIGATION SYSTEMS

Two ground-watching navigation systems (GWNS) wer
developed to provide the necessary vehicle statwsgu
cameras. They capture and analyse images of tdestotaces
along the path travelled by the vehicle. One GWIES dsingle
camera mounted at the lead point (tractor 5th wh&hk other
has two cameras, the first camera mounted at #uedeint and
the second mounted at the follow (trailer rear gpat. They
share the same image processing pipeline: featdracéon,
description, matching and then camera motion regofrem
the matched features. However, they differentiateémage
input and system output.

A. Single-Camera Ground-Watching Navigation System

The single-camera ground-watching navigation syste
(SC-GWNS) aims to measure accurately both absshted,

|v], and sideslipp, at the lead point (tractor 5th-wheel) of the

steering controller. These signals are then feal angaw-plane
vehicle model together with yaw rate measuremantsfrom
a gyroscope on the trailer unit. Positions of thewheel can
thus be calculated and saved in a data bufferpatieof the 8
wheel is then transformed into a trailer-based dioate (see
Fig. 1 ()), yielding lateral off-tracking erray. This is passed
to the steering controller, and the demanded tratker angles
are generated. The working principle of the SC-GWNS
illustrated in Fig. 1(a).

This system can provide accurate off-tracking dgfiar a
wide working range of off-tracking errors (up téeav metres).
However, the accuracy of this system is subjeettors due to
drift in yaw rate integration. The off-tracking ers would be
within centimetres if the bias in yaw rate was @ahgremoved

(5]
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dual-camera groundeling navigation system (DC-GWNS)

B. Dual-Camera Ground-Watching Navigation System

Unlike the SC-GWNS, the dual-camera ground-watching
navigation system (DC-GWNS) directly determineserak
off-tracking distance by comparing images collectethe lead
and follow points, and thus determines the necgssailer
steer angles. Road features from the lead pointecarare
saved in the data buffer (instead of the positiomgthe path
of the 8" wheel). By matching the features captured at ¢ae r
end of the trailer to features saved in the buflateral
Sff-tracking distance can be measured. The workirgciple
of the DC-GWNS is illustrated in Fig.1(b).

Compared to the SC-GWNS, this system is not subjettte
bias in yaw rate signals. It can measure off-tnagkilistance
with errors smaller than 1cm. However, the workiagge of
this system is limited to lateral off-tracking of8éh — 0.5m in
order to ensure that the paths of both cameraslapver
sufficiently [5].

Although using an extra camera would increase tiséaf the
overall system slightly, the accuracy gained fdrtcking
measurement would be of great benefit when precise
path-following is required, eg in traversing pdhjizleared
mine fields or operating on slippery mountain roads

m

Cheng’s path-following steering controller [11] wésund
unable to follow the desired path on camberedippsty roads
due to unmeasured longitudinal and lateral slitheftyres [3].
Moreover, Cheng’s controller used measurements footh
the tractor (front steer angle and wheel speed)thedrailer
(articulation angle and yaw rate). Therefore, s¢imeing’ is
needed to adjust the parameters when such comsradies
implemented with different tractor units. An enlyre
trailer-based controller would eliminate these effomaking it
easier to operate such trailers with differenttyexc This is
important due to the modularity with which articield HGV's
are normally operated.

The GWNSs introduced in this paper are entirely
trailer-based. They are used to replace the aatiom angle
sensor, steer angle sensor and the wheel speantsehsilers
can be actively steered using the measured data.

STEERING CONTROLLER
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(a) single-camera ground-watching navigation sy§®e@+GWNS)
Fig. 2. Schematic of the path-following controsbd on GWNSs.

For the SC-GWNS, sideslip and forward speed oftithiéer
are measured near the 5th-wheel and fed into apyame
vehicle model with the measured yaw rate (see Xm)). The
signals are used to calculate the lateral off-fragkat the
follow point. The distance travelled down the pdiy the
5thwheel of the tractor can be calculated by:

Ssw = fVSW dt @

Unlike Cheng’s work [11], the position data of leadd
follow points are calculated using trailer states:

Ysw = U + B3 (2)
XSW = Vsw COS(YSW) dt (3)
YSW = fVSWSin(YSW) dt (4)

X, = Xy — L cos(y,) ®)
Yr = Y5y — Lsin() (6)

Where:  Yw, Ysw, Xr, Yr = X and y position of tractors
wheel and trailer rear end in global coordinatep [m
P, = yaw angle of trailer unit [rad]
Ysw = heading angle of tractol"Svheel [rad]
Vs, = absolute speed of tractdf &vheel [m/s]

SW = sideslip angle of tractof"svheel [rad)]

L = length of trailer unit [m]

For the DC-GWNS, the lateral off-tracking is measlr
directly and passed to the controller (see Fig)2(lA
Proportional-Integral-Derivative  (PID) controllers i then
employed to minimise the off-tracking by generatingteering
angle for a ‘virtual driver’ at the follow point [:7

(7
8

A 6V = KPID A ey
Oy = Oyp +A Sy

Where: &y, dvwo = steer angle of virtual wheel at current and

) @lual-camera ground-watching navigation system-®ENS)

store the path data at a set number of pointsfixitld distance
spacing along the length of the trailer [5]. Thd Stheel
position at a particular time can be interpolateédrly from
this array. The spacing was set to be 0.1m withfeebsize of
200 in the simulation. These settings ensuredalisaifficiently
long path could be stored in the buffer at appedprresolution.

The steer angle from the virtual driver is limitexbe less
than 90° in the controller. This ensures thatatgyent value is
monotonic in the limited range. The steer angleslbfrailer
axles can be determined from the geometry of ttécles by
assuming zero sideslip of the tyres:

l; li
5 = tan'l(%tan(sf.i) + li.ftan(Sv_i)) 9
i 1

| = distance between the lead and the follow points
on trailer ‘i [m]
li = distance between the axle and the lead point on

Where:

trailer ‘i' [m]
lir = distance between the axle and the follow paint o
trailer ‘i’ [m]

Br; = sideslip angle at the lead point on trailefréd]
dv, = steer angle of virtual wheel at the follow point
on trailer ‘i’ [rad]

Trailer steer angles may reach actuator limits enyuight
corners. During this period of saturation, the gné action in
the PID controller will continue to integrate therags and
therefore produce erroneous control signals. This cause
undesirable effects such as excessive overshoatdrsdquent
oscillation when saturation ends.

A modified feedback approach [12] was employedha t
controller to compensate for the ‘wind-up’ effecused by
saturation. It recomputed the integral term in twoatroller
when the output saturated (see Fig. 3). From therdi, the
system has an extra feedback path that forms an signal
from the difference between the controller outpat ghe

PID controller

l i
1 1
last time step [rad] | '@ du/de i Steari
. 1 I eering
Ae, = change of path-tracking errors [m] : ! Actuator
Ady = chgnge of steer angle of virtual wheel after a X J@ \95 8 =+ trailer
sample time [rad] ' ' =]
1 1
L0 ;

If a controller with fixed time step is used, thesjtion data
can be stored in a data buffer on each time stegefth GWNS.
However, when the vehicle is travelling very slowtlye data
buffer would become very large. An alternative aggh is to

Fig. 3. Schematic of the steering controller baseGWNSs.
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Sensor Measurement Mean Standard
Error Deviation _E ol DC-GWNS based path-following ]
SC-GWNS Sideslip [degree] 0.02 04 s | Cutn /
Absolute Velocity [m/s] 0.002 0.023 .; 0 M&\\M;\W
DC-GWNS  Off-Tracking [mm] 2 23 - \l : : #
Yaw Gyro Yaw rate [rad/s] 0.02 0.003 : -0.1 Taxl‘swmg :SC-GWNS based path-following 1
= N : e
Table 1: Measurement noise of the GWNSs .-°-; 0.2 ¢ \\ I/
= \\ . Cheng's controller //
actuator output. This error signal, which is zdrthere is no g 03 N \_4 ¢t
saturation, is then fed to the input of the intégrahrough a E
gain, K,. When saturation occurs, the integrator is drit@n w04
minimise the modified integral input. The contraltput will ©
settle marginally outside the saturation limit. §ensures that 05 ; ; ; ; i i
the integrator reacts rapidly to the changes imresignal, Y revel Getance et tracter o el [
therefore avoiding winding up. (a) with no initial off-tracking
05 .
IV. SIMULATION StuDY Unsteered Path-following control
; ; ; 0.4 ¢—— >
A. Simulation Modelling "\
03 D;'\‘JAG‘«’JI'TS based path-following

Stop at this point due to insufficient overlapping

A 6-DoF tractor and semi-trailer model, develope{Bi was
employed to simulate vehicle performance with tH&NEBs.
The model consists of five sub-models that inteveith each
other. For a given manoeuvre, the drive torquestedr angle
of the tractor unit are determined by the driverdelo The
trailer steering angles are determined by theetrateering
controller. In addition to the steer angles, theival load on
each tyre is also required to calculate the latierale on each
tyre. This information is fed into the vehicle dymas model,
completing the loop; with the states of each vehiaghit
determined and passed back to the other sub-moBHels. 020 a0 w0 80 100 128 0
details of the vehicle model, please refer to [3]. Travel distance of tractor frout ead [m]

A 450° UK Standard roun_dabOUt (With 5.3m _inner usdi Fig. 4: Path-following pgzovmgknclgamﬁg%ggwwahe DC-GWNS
12.5m outer radius and straight tangential leadrd run-out  for the 450° UK standard roundabout manoeuvre
paths [1]) was simulated on a road with a 5° rcathber. The
noise of GWNSs was modelled as band-limited whiisen g simulation Results
The mean apd ;tandard deviations of the noise lsigaaiven Fig. 4(a) shows the path-following performance wireétial
in Table 1. Bias in yaw rate gyro mgasurementsa@asmed to off-tracking was set to be zero in the simulation the 450°
have be_en perfgctly compensated in the simulations. UK standard roundabout manoeuvre. This means bé{hNS&s
g;—izg ?ﬁgie;a'\lf:&l; tEerLZ?ﬁo[dli\]/h\?gsir:JiEZ?I@':gr:rzjirri(T:ﬁe and the corresponding path-following control can rkwo

) . o . throughout the entire roundabout manoeuvre. Infifere,
control_ gain, Kc, and the _oscnlat|on period, Tcf a lateral off-tracking of path-following control bakeon
proportional-only control by trial and error. Thabsequent SC-GWNS is presented as the red line while the tespart
proportional, integral and Qerivative gains wereedained by using DC-GWNS is shown as the blue line. Compaed t
a rule of thumb for a classic PID controller [13]: Cheng’s controller, both navigation systems perfarbetter
path-following in the simulation, showing no steadgte

0.2

SC-GWNS based path-following

.0.1 Tail swing
\Y

0.1

Off-tracking: trailer rear end - 5th wheel [m]
o

Kp = 02'?<KC (ﬂ) off-tracking errors on average. The transient gatlowing
K = —2 (1) responses are similar for both systems. Howeveg th
KTCT 12 DC-GWNS outperforms the SC-GWNS in steady-state

Kp = P < (12) performance, exhibiting less oscillation in offaking errors.

8 Since the simulation in Fig. 4(a) was initialiseidhano lateral

off-tracking, using either of the GWNSs would erestirat rear
end of the trailer followed the path of tractor %theel.
However, if off-tracking exceeds 300mm, insuffidien
overlapping of the image data for the DC-GWNS cecuo and

The resulting controllers with a proportional gain0.9, an
integral gain of 4.0 and a derivative gain of Ov@&re used in
the simulations. Both navigation systems wereseperate at
a frame-rate of 10 Hz in the simulations.
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Fig. 5. CVDC active steering experimental vehicle

the DC-GWNS can fail, preventing further steerirantcol.
This can happen during a cornering manoeuvre ifviitécle
loses vision — e.g. through poor image conditionshsas
passing a puddle or experiences saturation oétrsiéer angles.
In which case, the DC-GWNS cannot navigate therotiat
whereas the SC-GWNS can potentially steer thestrbihck to
the desired path.

The vehicle model was used to simulate the UK stahd
roundabout manoeuvre with trailer axles ‘lockedthe centre
for the first 9s of the simulation.
path-following performance is shown in Fig. 4(bhig resulted
in lateral off-tracking of approximately 0.4m atthear end of
the trailer by the time the vehicle had travell&m2along the
path. Trailer steer angles were applied using nreasents
from the SC-GWNS from then on. From the figureetat
off-tracking was controlled to around zero withidfter trailer
steering was applied and remained within 0.1m tfeze

V. FIELD TESTING

A. Testing Setup

The CVDC experimental vehicle consisted of a 2-adé/o
FH-12 tractor and a 3-axle ‘link’ trailer unit (s€&. 5). The
tractor was fitted with a variety of sensors, imihg front steer
angle, wheel speed and inertial sensors. The astéering
link-trailer is an 11m long tri-axle trailer, desigd for use in a
B-double combination. The rear two axles are fitieith
hydraulic steering actuators. The front axle wésdi off the
road for these tests. The steering actuators warelaped by
3D Evolution Ltd (3DE) according to specificatiopsovided

by the CVDC in a previous project. Each axle can be

independently steered up to 30°, in response tadmeanded
steer angles.

The trailer was also fitted with a variety of serssancluding
a 6-axis inertial sensor box, an articulation arggesor, an
RT3000 inertial and GPS navigation system and thWé\Ss.
Only the signals from the GWNSs and inertial setsrwere
fed into the active steering controller. The otbensor signals
were used for post-processing.

The consequent The GWNSs consist of high-speed digital cameras and

vision processing computer with USB-3 camera iaieef. A

powerful 4-core PC with a clock speed of 3.6GHz and

solid-state hard drive (SSD), running the Ubuntu L1dux
operating system, was used as the vision processimguter.

Two systems, i.e. the SC-GWNS and the DC-GWNS, were

setup in parallel on the test vehicle.

A distributed, multi-level control system was ugectontrol
the trailer’s steering system (see Fig. 5). It &issf a global
controller (top level), two local controllers (imteediate level),
the GWNSs, inertial sensors and actuator drivetjondoxes
(lowest level). The global controller interfacediwihe vision
processing computer and two local controllers vieNBus. It
enabled the 24V DC power supply to power the traitét via a
signal from its parallel port when the controlleasistarted up.
The vision processing computer processed imageatatsent
navigation data (speed, sideslip and off-trackiaghhe global
controller via the CANbus. The local controllersgdred,
digitised and filtered sensor signals from the ee®n both
vehicle units and sent them to the global controll&ée global
controller passed control mode and demand traitmrsangle
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(b) 90° cornering manoeuvre
Fig. 6. lllustration of testing manoeuvres

signals to the trailer local controller. Steer asglvere applied
on each trailer axle by the steering actuators.

In previous active steering projects digital carsevare used
to measure off-tracking with high visibility temmoy white
lines painted on the test surface. This approachpuotentially
influence the performance of the GWNS since thatpaould
affect features in the image. In this project, R¥8000 inertial
and GPS navigation system (RT3000) from Oxford ez
Solutions (OXTS) [14] was utilised to yield the ogind truth’
for off-tracking measurements. The accuracy of ghistem
was verified by Rimmer [15] who found “that off-tking
errors measured by the RT3000 position sensor dgvitk the
‘line-tracking’ cameras within approximately 0.1mThe
RT3000 was placed on the floor of the trailer.sitmals were
logged and transmitted via a CANbus cable whichd@nn the
length of the vehicle.

B. Testing Initialisation

straight-line above 5m/s and then it continuesalbrate itself
upon further driving around (not necessarily irtraight line).
The gain for trailer yaw rate signals was calibdabg rotating
the sensor around its z-axis through a known aagle flat
surface. The sensor offset was removed at the bieginf each
test.

The steering controller gains derived from the dation
were tuned slightly by trial and error in the véditesting. This
accounted for small differences between the siraanodel
and the experimental setup, due to simplificatiorthe model
and constraints in the practical camera-instaltata the test
vehicle. Two sets of Pl control gains were appliedthe
closed-loop tests for the input signals from diéfer GWNSs.
For the path-following steering controller usingetkignals
from the SC-GWNS, a proportional gain of 0.5 andraegral
gain of 0.6 were found to generate adequate pedioce For
the controller based on the DC-GWNS signals, a gntamal
gain of 0.1 and an integral gain of 0.12 were fotmmdenerate
good performance.

A safety system for the active steering systemdea®loped
based on [16]. It was important not to damage ttteators
through excessive input demands, particularly while
commissioning the system. Sensor checks were pegfbfor
the demand and actual steer angle signals. If dnthase
signals exceeded a threshold, an emergency shuteasn
performed. The threshold was tuned slightly diffehe for
different manoeuvres during commissioning. The ware of
the active steering system and the safety systera ingially
tested using a ‘sine-wave’ trailer steering inpefobe the
closed-loop tests were performed.

C. Testing Manoeuvres

Field testing was performed at the vehicle speef kin/h.
Three manoeuvres were conducted: a straight-linéana
change and a 90° corner. The tests were conduntde/d
stages for the three manoeuvres. In the first stidmgeglobal
controller worked in the ‘locked steering’ mode atttk
GWNSs were tested in open-loop. In the second stige
controller worked in the ‘path-following’ mode atioe trailer
axle was steered based on GWNS measurements ithat

The intrinsic camera parameters of the GWNSs weghd follow points set to the front and rear cameEash test

calibrated before testing. The cameras were focumed
aligned while the suspension was set to its notreajht (the
height when vehicle is moving). The first steprafialising the
GWNSs was to align the geometric centres of cameraise
trailer central line. The next step was to elimintite heading
offset between the cameras and the trailer. Thelangffset
was measured in a straight-line manoeuvre and redited
thereafter. The last step of GWNS initialisatiorsw@calculate
a scale factor to convert camera measurementsiotion over
the ground in metres. This was performed by drivimg test
vehicle in a straight-line for a known distance.

Every time the RT3000 is powered on, it goes thimag
calibration phase where the vehicle must first beed in a

was repeated twice.

The straight-line manoeuvre aimed to evaluate thsich
operation of the GWNS-based path-following con#aollThis
is the simplest manoeuvre for which the image tfata both
cameras should have the largest overlapping atéatracking
distance was expected to be close to Om for thizoeavre and
the demand trailer steering angle should be ar@infdr the
closed-loop test. This manoeuvre was performedhieytést
driver following the painted straight-line on thesting ground.

The lane change manoeuvre (see Fig.6(a)) startédd avi
straight-line on one lane and ended with a strdigkton the
other lane, turning smoothly in the transient redietween the
lanes.
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The 90° cornering manoeuvre is shown in Fig. 6{hHe
radius of the corner was 11.5m, which is the samtha UK
standard roundabout. The test vehicle entereddimecafter a
straight-line and ended up with another straigh-liafter
exiting the corner. Off-tracking distance at tharreamera with
respect to the front camera was expected to exbmedithout
trailer steering.

D. Testing Results
1) Straight-line

Open-loop testing results for the straight-line shewn in
Fig. 7. From the figure, off-tracking measuremeintsn the
DC-GWNS agree well with the off-tracking signalsrr the
SC-GWNS and the RT3000, with less than 0.05m diffee
between these signals. It can also be seen frorfigie that
the off-tracking distance measured by the DC-GWN&rK
grey) has slightly smaller oscillation than the G®/NS
calculation (light grey). This agrees with the fimgs from the
simulation. The difference between the off-trackitigtance
signals from the two GWNSs in the tests is lessals/than
predicted by the simulation. This is mainly becahsedistance
between the cameras (5.45m) is smaller than thiamtiie

7
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] S ——— (ff-Tracking Measurernent by DC-GWNS ||
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Fig. 7. Open-loop testing results for the straigig-manoeuvre

between the lead and follow points in the simolat{11.5m).
The uncertainty of the integrated positions catadaby the
SC-GWNS is therefore smaller.

Closed-loop testing results for the straight-line shown in
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Actual steer angle - middle axle
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(c), (d) off-tracking distances and trailer sterglas — trailer axles steered based on the sifrmatsthe DC-GWNS

Fig. 8. Closed-loop testing results for the stn&iine
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Fig. 8. Path-following performance based on the@ENS is 05
shown in Fig. 8 (a) with trailer steer angles shamwhig. 8 (b). 04
Path errors based on the DC-GWNS are shown in8Hg). It o
can be seen from the figures that off-trackingatises at the
rear camera with regard to the front camera werdralted _ o2
within +0.03m for the straight-line tests with tB&€-GWNS. % o1}
This performance is similar to the open-loop tegtith g o
unsteered trailer axles. The off-tracking signaksasured by &
the 3 navigation systems agreed with each othdr wel g o
For the straight-line tests, the actual steer anggelid lines 02 { o
in Figs 8 (b) and (d)) tracked the demand steeleangashed 03bo _gg:z:::: peasurement ‘;z e |-
lines) very well. The steer angles for the middid aear axles Off-Tracking Measurement by RT3000

04}

were both around 0° with some oscillations less tbg at the

same frequencies as the off-tracking errors in Bifg) and (c). O % ® & w0 m @
There is a clear low frequency oscillation in eaabe: with _ Time [s]

a 20s period (corresponding to a wavelength of @pprate Fig. 9. Open-loop testing results for the lane-geamanoeuvre

30m) for the SC-GWNS in Fig. 8 (a) and approximateds L
(15m) for the DC-GWNS in Fig. 8 (c).The cause ofsth control approach had some similarities to the GVéd@roach.

In particular, she used closed-loop control of igebased on
measurements obtained at the opposite end of tfiele¢o the
steering actuator. (Rimmer used an RT3000 to measur
off-tracking at the rear end of a reversing vehéid controlled

oscillation is not completely clear. However, th@@cteristics
are similar to those described by Rimmer in heeaesh on
autonomous reversing of articulated vehicles [EGinmer’s

tests were also conducted at Bourn field at lowedpeand the

a0

: Off-tracking Measurement by SC-GWWNS Actual steer angle - middle axle
] IR Off-tracking Measurement by DC-GWHS || : Demand steer angle - middle axle
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(c), (d) off-tracking distances and trailer stapgles — trailer steered based on the signals thher®C-GWNS
Fig. 10. Closed-loop testing results for the lahange.
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the steering of the front axle.)

In Rimmer’s case, the oscillations were found tochesed
by the relatively large cross-slope roughness®fdad surface
introducing a lateral tyre force disturbance to¥bahicle. This
interacted with low damping in the controller toeate the
oscillations. Rimmer found that the oscillationsuleb be
reduced slightly by retuning the controller gairdthough
attempts were made to reduce the oscillations énGRNVNS
through controller tuning, time constraints preeehta
complete solution to the problem. Consequently, esdaw
frequency oscillations are seen on all of the adoe®mp test
results.

2) Lane-change

Open-loop testing results for the lane-change hosve in
Fig. 9. It can be seen from the figure that thetftking
distance was within £0.02m for the straight-lineydathen
varied between £0.15m during the lane change. 1@tking
distance signals from the two GWNSs agree with ezthbr
very well, and exhibit errors smaller than 0.05mepared with
the RT3000 measurements. However, between poiatgdR)
the level of off-tracking exceeded 0.25m, the maximamount
that can be measured by the DC-GWNS, because #mtapv
distance between the images became too small.

Closed-loop testing results for the lane-changeshosvn in
Fig. 10. Path-following performance based on theGBENS

25

T T T T T T
Off-tracking Measurement by SC-GWNS
— Off-tracking Measurement by DC-GWNS
— Off-tracking Measurement by RT3000
2k - - - -
15}
&
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g
g 1
e
e
&
=}
051
0 N—W’ \
05 1 i L L h 1 L L
0 10 20 30 40 50 60 70 80

Time [s]
Fig. 11. Open-loop testing results for the 90° eorn

tracking response is exhibited by the DC-GWNS i ER (c),
which showed accurate path-following within +0.0%on the
entire manoeuvre. Compared to the performance eokttme
manoeuvre in open-loop testing (Fig. 11), off-tiagkwas
considerably reduced by over 1.8m.

Trailer steer angles are provided in Figs. 12 (o @). For
the 90° corner, demand and actual steer anglethdéomiddle
axle increased from 0° for the straight-line to 2ldfting the
corner. The counterparts for the rear axle varetd/ben 0° and

and the DC-GWNS are shown in Figs. 10 (a) and (®)se The demanded and actual steer angles agshclo each

respectively. Off-tracking measurements from the8@&00 are
presented as black lines in the figures. It casdmn from the
figures that the controllers performed accuratehqpcking

case, indicating good co ntrol performance. Théeéht steer
angle demands for the two axles are due to thelegeometry
in the sharp corner which required large but défersteer

within £0.05m of the RT3000 measurements. Thermitking ,ngles from the two axles to counteract the cutwithout
distance was reduced by up to 0.3m compared with t@ideslip of the tyres.

open-loop tests (Fig. 9). Some low frequency catbilhs are
visible on these results, although the amplitudesless than
for the straight-line tests in fig. 8.

Trailer steer angles are provided in Figs. 10 () @). For
the lane change, the front axle of the tandem gsbegred +4°
while the rear axle was steered up to +5°. Theacsteer
angles followed the demand steer angles (dashed)liwith
small errors and delays.

3) 90° corner

Open-loop testing results for the 90°-corner amshin Fig.
11. It can be seen from the figure that the oftkiag distance
increased to 1.8m during the corner. The SC-GWNBads
agreed well with the RT3000 signals, showing theimam

measurement errors of less than 0.05m throughoat t

manoeuvre. The DC-GWNS got ‘lost’ after approxinha8s
(point P) when off-tracking distance exceeded 0.2but
‘locked-in’ again at approximately 65s (point Q) evh
off-tracking dropped below 0.25m.

Closed-loop testing results for the 90° corner sirewn in
Fig. 12. Path-following performance based on theGBENS
(light grey) and the DC-GWNS (dark grey) are shamrfigs.
12 (a) and (c) respectively. In Fig. 12 (a) the-todicking

VI.

A trailer-based path-following controller was deygdd
based on Cheng’'s work. Two different ground-watghin
navigation systems (GWNSs) were employed to provide
navigation data for the controllers. Theoreticaff@enance of
steering control based on GWNSs was investigated in
closed-loop simulations. The dual-camera system-@INS)
was found to outperform the single-camera system
(SC-GWNS) in measurement accuracy but has conttram
the measurement range.

Theoretical performance of steering control based o
ffWNSs was investigated in closed-loop simulation tfoe
450° UK standard roundabout manoeuvre. The DC-GWNS
were found to outperform the SC-GWNS in measurement
accuracy but have constraints on the measuremege.ra

Two ground-watching navigation systems (GWNS) were
developed and implemented on the CVDC active sigdgst
vehicle. A multi-level control scheme was implenezhbn the
test vehicle to perform path-following using mea&suoent
signals from the GWNSs.

CONCLUSIONS ANDFUTURE WORK

distance exceeded 0.05m and -0.1m when the testlweh Venicle testing was performed at 5 km/h for 3 manvoes: a

entered and exited the corner, respectively. A nameurate

straight-line, a lane-change and a 90° corner. Op&n tests
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(c), (d) off-tracking distances and trailer steeglas — trailer steered based on the signals frenDC-GWNS

Fig. 12. Closed-loop testing results for the 9&her

were conducted with trailer axles locked to theteerand
closed-loop tests were performed with trailer axipsrated in
‘path-following’ mode. Care was taken to zero tleshn yaw
rate at the start of each test.

The closed-loop vehicle testing showed that thevect
steering controller with input signals from the S&YNS and
the DC-GWNS performed accurate path-following atv lo
speeds. Off-tracking distance at the rear camettanggard to
the front camera was controlled below 0.1m for tBe
manoeuvres. Small, low frequency oscillations, ptoip due to
lateral tyre force disturbance caused by the roaghof the test
ground, were present on the test results.

The concept of GWNS-based trailer steering contvas
proved to work well for a series of low speed manwoes on
asphalt pavement. The important next experimetegl\will be
to test the vehicle on slippery roads with cambedt grade.
This will determine the effectiveness of the systfam the
conditions that it was designed to handle.

Although the ground-watching strategy has been shtow
work accurately under ideal conditions, there #ely to be
practical difficulties associated with keeping tianeras clean

and

operating on soft or muddy ground. An alteweatvould

be to use a similar steering control strategy bith wisual
information from the surrounding scene, rather tieroad, to
measure off-tracking. This is the subject of cormesearch.

©
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