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Abstract— This paper validates a newly devised control
method for autonomous reversing of articulated vehicles called
Minimum Swept Path Control (MSPC) [1], [2]. The theory in
[1] can be applied to multiple trailers. The main linear optimal
controller was implemented on full-sized tractor-semitrailer
and B-double (twin trailer) combinations owned by Cambridge
Vehicle Dynamic Consortium (CVDC). An inner-loop com-
pensator using the PID method was developed and tuned to
track the desired steer angle generated by the main controller.
The experimental results are in agreement with the simulation
results in [1], demonstrating that this approach can reduce the
overall swept path of articulated vehicles during autonomous
reversing significantly and guarantee accurate convergence to
the terminal position of the manoeuvre.

Index Terms— Autonomous Reversing, Articulated Vehicles,
Minimum Swept Path Control, Path Following Control, Exper-
imental Evaluation.

I. INTRODUCTION

Heavy goods vehicles (HGVs) perform a vital role
in freight transport, accounting for 73% of over-land-
transported freight compared to the rail transport across
the European continent [3]. Reversing articulated vehicles
is challenging for drivers. In addition, to reduce carbon
emissions and fuel consumption, the trend towards greater
length and multiple articulation points exacerbates this dif-
ficulty [4]. Autonomous reversing systems can assist drivers
to overcome this difficulty [5]–[8].

Previous research [5]–[11] was concerned with the stabil-
ity and accuracy of path following in reverse, which causes
large swept path width during manoeuvres. Rimmer [5]–[8]
developed a path-following controller (PFC) to reduce the
error between a rear-end point of Long Combination Vehi-
cles (LCVs) and a pre-defined path. However, this control
strategy caused large excursions of tractor. This results in
practical limitations. For instance, these methods cannot be
implemented in confined spaces such as narrow road lanes,
as the sum of two maximum deviations at both sides of the
desired path by using the PFC method is larger than the lane
width. The maximum width of the swept path is a threshold
to decide whether the vehicle units can complete their
manoeuvres within the confined spaces. Compared to the
PFC, a newly devised method called Minimum Swept Path
Control (MSPC) [1] can reduce the maximum excursions
by more than 40%, which allows vehicles to pass through
the confined spaces, while guaranteeing acceptably accurate
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path following [1]. The theory in [1] can also be extended
to LCVs.

To validate the MSPC, it was implemented on an experi-
mental, full scale tractor-semitrailer and a B-double, shown
in Figures 1 and 2. Two reversing manoeuvres, a lane change
with continuously changing curvature and a roundabout,
were performed to test the performance of the controller in
transient and steady state conditions.

Fig. 1. Tractor-semitrailer test vehicle. Distances shown between the front
axle and the hitch point for the tractor, and hitch to second rear axle for
the semitrailer.

Fig. 2. B-double test vehicle. Distances shown between the front axle and
the hitch point for the tractor, hitch to hitch point for the B-link trailer, and
hitch to second rear axle for the semitrailer.

The outline of the paper is as follows: Section 2 describes
the implementation of MSPC on the test vehicles and Section
3 briefly describes the vehicle dynamics system for the devel-
opment of control system. The experimental and simulation
results are compared in Section 4 and the main conclusions
and future work are in Section 5.

II. VEHICLE MODEL
The vehicle dynamics model in [1] was extended for

multiple trailers. For simplicity, the trailer units were as-
sumed to have one ‘equivalent axle’ in each axle group.
The longitudinal speed of tractor, u0, was assumed to be
constant. The main ordinary differential equations (ODEs)
for the tractor are as follows:

m0(v̇0 + u0Ω0) = Ff0cos(δ) + Fr0 + YH0 , (1)

Iz0Ω̇0 = Ff0cos(δ)a0 − Fr0b0 − YH0(b0 + c0), (2)



where δ is the steer angle of the tractor. m0 and Iz0 denote
the mass and yaw moment of inertia of the tractor. v0 and
Ω0 are the lateral and yaw velocities of the Centre of Mass
(C.o.M.) of the tractor. v̇0 and Ω̇0 are the first derivatives of
v0 and Ω0, respectively. a0, b0 and c0 indicate the distances
between the front and rear axles, the C.o.M. and the hitch
point of the ith trailer as shown in Figure 3. YH0

is the lateral
force of the first hitch point between the first trailer unit and
the tractor. Ff0 and Fr0 are the lateral tyre forces of the front
and rear axle of the tractor. The main ODEs for the trailers
are as follows:

IziΩ̇i = −YHi
(ai + bi + ci) +mi(v̇i + uiΩi)ai

−Fri(ai + bi),
(3)

YHi−1 = (YHi + Fri −mi(v̇i + uiΩi))cos(Γi)

+(XHi −mi(u̇i − viΩi))sin(Γi),
(4)

XHi−1 = −(YHi + Fri −mi(v̇i + uiΩi))sin(Γi)

+(XHi −mi(u̇i − viΩi))cos(Γi),
(5)

where mi and Izi are the mass and yaw moment of inertia
of the ith trailer. ui, vi and Ωi are the longitudinal, lateral
and yaw velocities of the C.o.M. of the ith trailer. u̇i, v̇i and
Ω̇i are the first derivatives of ui, vi and Ωi, respectively. ai,
bi and ci denote the distances between the front and rear
axles, the C.o.M. and the hitch point of the ith trailer. Γi is
the articulation angle between the ith and (i+ 1)th vehicle
units. XHi

and YHi
are the longitudinal and lateral forces

of the (i + 1)th hitch point between the ith and (i + 1)th

trailer units. Fri represents the lateral tyre force of the rear
axle of the ith trailer. i ∈ [1, n] and n is the total number of
the trailer units.

Fig. 3. Vehicle velocity and force analysis.

Specifically, for this paper experiments, n = 1 for the
tractor-semitrailer model and n = 2 for the B-double model.
The linearisation to build the state-space model is the same
as in [1].

III. IMPLEMENTATION OF THE AUTONOMOUS
REVERSING SYSTEM

A. System Architecture
The overall system architecture is shown in Figure 4. A

dual antenna inertial and GPS navigation system [13] was

mounted at the rear of the semitrailer to determine the speed,
position and headings of the semitrailer and communicate
these signals to the main controller via a Controller Area
Network (CAN) bus. A GPS base station [14] was used
on the testing field to improve the measurement accuracy
by providing the Real Time Kinematic (RTK) differential
corrections via the radio modem. Calibrated articulation
angle sensors [15], [16] were installed on the kingpin of the
trailers to measure the articulation angles between the vehicle
units. The analogue articulation angle signals were converted
to CAN signals through a low pass filter and an analogue-
digital converter [17] and were fed into the MSPC subsystem.
A string potentiometer [18] was attached to the front left
steering radius arm and calibrated to measure the effective
‘single-track’ average steer angle. This analogue signal was
low-pass filtered, digitised and fed into the steer angle
tracking subsystem. The relationship between the hand wheel
angle and the effective single-track average steer angle was
measured. This relationship was non-linear due to steering
system imperfections (e.g. backlash). The articulation angle
sensors and string pot were zeroed at the start of each test
to offset the small drifts. A steering robot [19] was used to
follow the hand wheel angle demand calculated by the steer
angle tracking subsystem. The steering robot was configured
to follow a signal on an external CAN bus with a short
delay at a corner frequency of 25 Hz. The tractor speed was
obtained from CAN messages read from its FMS port. The
real time system was run on an xPC for the implementation
on the semitrailer and on a dSpace AutoBox [20] for the
implementation on the B-double. The xPC was a dual-core
target PC without operating systems and had two Softing
AC2-PCI dual CAN bus cards [21] in the PCI slots. The
AutoBox had a DS1007 dual-core board (2.0GHz) and a
CAN interface board. Both the xPC and Autobox were
connected to a laptop via an Ethernet cable.

Fig. 4. Architecture of the autonomous reversing system.

B. MSPC subsystem

The MSPC controller has the structure shown in Figure 5.
The control method in [1] was extended for multiple trailers
and was formulated as follows:

δd = δe +Kyrayra +Kθra(θp − θra)

+

n∑
i=1

KΓi
(Γie − Γi),

(6)

where δd is the demanded steer angle control input. δe
and Γie are the equilibrium steer and articulation angles,
calculated from the future equilibrium state. θp is the heading



of the reference path and θra is the heading of the semitrailer.
Γi is the real-time articulation angle of the ith trailer. For
the tractor-semitrailer combination, n = 1 and Γ1 is the
articulation angle between the tractor and semitrailer. In
the case of B-double, n = 2. Γ1 denotes the articulation
angle between the tractor and B-link trailer, and Γ2 refers
to the articulation angle between the B-link trailer and
semitrailer. yra denotes the lateral offsets of the rear axle
of the semitrailer. Kyra , Kra and KΓi are the corresponding
control gains for the rear lateral offset error, the heading
angle error, and the articulation angle error, respectively. The
gains were determined using the linear-quadratic-regulator
theory [22] with appropriate weights for the lateral offsets
of the front axle of the tractor, Wfa, and the rear axle of the
semitrailer, Wra. The cost function, J , is defined as follows:

J =

∫ ∞
0

(Wray
2
ra +Wfay

2
fa + δ2

d) dt, (7)

where yfa denotes the lateral offsets of the front axle of the
tractor.

The weight selection criteria and optimisation of the
preview distance were described thoroughly in [1]. For this
implementation, the optimal weights, Wfa = 1 and Wra =
0.1, were found.

Fig. 5. MSPC subsystem.

C. Steer angle tracking subsystem

The steer angle tracking subsystem enables the actual steer
angle, δa, to follow the demanded steer angle, δd, in order
to improve the reversing performance. The system structure
is a combination of feedforward and PID control, as shown
in Figure 6.

Fig. 6. Steer angle tracking subsystem.

The transfer function, H(z), for the discrete-time parallel
PID compensator is as follows:

H(z) = Kp +KI ∗
Tr
z − 1

+KD ∗
CD

1 + CD ∗ Tr

z−1

(8)

where Tr is the real-time processor’s sampling time. KP , KI

and KD are the proportional, integral and derivative gains
respectively. CD is the coefficient for the derivative filter.

The output of PID compensator was rate limited and
saturated by the known physical limitations of the tractor

steering system. Then it was converted to the hand wheel
angle based on the measured relationship between the hand
wheel angle and the effective ‘single-track’ average steer
angle. The demanded hand wheel angle was sent to the
steering robot.

A saturated ramp signal for the steer angle demand, δd,
was used to tune the PID controller experimentally. The
steering robot was set to follow the external signal. Firstly,
the gains, KP , KI and KD, were set to zero, and the raw
steady state offset between the input signal and the measured
steer angle, δa, was measured and plotted in Figure 7. Then,
KI and KD remained zero, and KP was increased gradually
to reduce the steady state offset until there was insignificant
effect on the steady state error. After tuning KP , KD

remained unchanged and KI was increased independently to
eliminate the remaining steady state error. Lastly, KD was
increased slightly to improve the settling time and stability.
The measured steering angle using the tuned PID gains was
superimposed in Figure 7.

Fig. 7. Measured steering angle with and without the PID controller.

D. Testing parameters

The test vehicle geometry is shown in Figure 8 and the
vehicle parameters are outlined in Tables I to III. The ‘equiv-
alent wheelbases’ of the trailers were calculated using the
Winkler approach [12]. The gains for the MSPC controller
and PID compensator are shown in Tables IV and V. The
real-time processor’s sampling time, Tr, was 0.01s. The
tractor speed was about 1m/s.

Fig. 8. Vehicle diagram showing dimensions of the vehicle units.



TABLE I
TRACTOR UNIT PARAMETERS.

Parameter Symbol Value Unit

Distance from the front axle to
the centre of gravity

a 1.416 m

Distance from the rear axle to
the centre of gravity

b 2.684 m

Distance from the rear axle to
the hitch

c -0.96 m

Number of axles na 2

TABLE II
B-LINK TRAILER PARAMETERS.

Parameter Symbol Value Unit

Distance from the front hitch
point to the centre of gravity

a 4.527 m

Distance from the first rear axle
to the centre of gravity

b 4.773 m

Distance from the first rear axle
to the rear hitch point

c 0.75 m

Number of axles na 2
Axle spacing e 1.45 m

Equivalent wheelbase leff 10.077 m

TABLE III
SEMI-TRAILER PARAMETERS.

Parameter Symbol Value Unit

Distance from the front hitch
point to the centre of gravity

a 5.66 m

Distance from the second rear
axle to the centre of gravity

b 2.34 m

Distance from the second rear
axle to the rear-end

c 3.5 m

Number of axles na 3
Axle spacing e 1.43 m

Equivalent wheelbase leff 8.17 m

TABLE IV
GAINS FOR THE MSPC CONTROLLER.

Parameter Kyra Kθra KΓ1
KΓ2

MSPC gains for the
tractor-semitrailer

1.05 14.41 8.54

MSPC gains for the B-double
combination

-1.05 -24.79 11.27 -36.23

TABLE V
GAINS FOR THE PID COMPENSATOR.

Parameter KP KI KD CD

PID gains 1.00 0.67 0.01 100

IV. EXPERIMENTAL RESULTS
A. Steer angle tracking

Figure 9 shows the steer angle tracking during a lane
change manoeuvre. The solid blue line represents the mea-
sured steer angle, δa, and the dashed red line denotes the
demanded steer angle, δd, as shown in Figure 9. The mea-
sured steer angle, δa, is in a good agreement with the MSPC
control output, δd. With the aid of the tracking subsystem,
the tractor’s front wheel was actuated to follow the demanded
steer angle calculated by the main MSPC controller.

Fig. 9. Steer angle tracking during a lane change manoeuvre.

B. Lane change manoeuvre for the tractor-semitrailer case
Figure 10 shows the target path and test vehicle paths

using the MSPC method and baseline PFC method, during
a lane change manoeuvre for the tractor-semitrailer case.
The tractor and semitrailer travelled backwards from right
to left. Both the PFC and MSPC methods enabled the rear
trailer to follow the desired path and ultimately converge to
the terminal position. To understand the difference between
the MPSC method and the baseline PFC method, Figure 11
shows the lateral offsets from the nominal path in the two
approaches. In the MSPC case, the overall swept path width
was reduced by more than 50% compared to the baseline
PFC case.

Fig. 10. Lane change manoeuvre for tractor-semitrailer.

C. Roundabout manoeuvre for the doubly-articulated vehicle
case

Figure 12 shows the target path and the test vehicle paths
using the MSPC method and the baseline PFC method during



Fig. 11. Comparison of the lateral offsets during the lane change manoeuvre
for tractor-semitrailer.

a roundabout manoeuvre for the B-double combination. The
test vehicle still moves in the same direction. As for using
the PFC method, the ‘equivalent rear axle’ of the rear trailer
is able to track the path with small deviations, but this
causes large excursions from the nominal path for the front
axle of the tractor. In contrast, the MSPC allows the rear
trailer to deviate from the desired path and go slightly
inwards, in order to pull the other parts of the vehicle
closer to the desired path and reduce the offsets. The lateral
offsets comparison for the roundabout manoeuvre is shown
in Figure 13. The PFC front offsets dominate both sides
of the desired path. The MSPC tracking errors of the rear
trailer are acceptable during the manoeuvre, not exceeding
the negative maximum excursion of the PFC front offsets.
The overall swept path using the MPSC method is reduced
by about 40%, compared to the baseline PFC method.

Fig. 12. Roundabout manoeuvre for B-double.

Fig. 13. Comparison of the lateral offsets during the roundabout manoeuvre
for B-double.

V. CONCLUSIONS AND FUTURE WORK

This paper presents the experimental evaluation of the
MSPC-based autonomous reversing of articulated vehicles.
The tests validate the main theory in [1] and extend its appli-
cation to doubly-articulated trailers. The experimental results
show that the controller exhibits good real-time performance,
reducing the overall swept path width by more than 40%,
compared to the path following methods [5]–[8].
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