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An Optimisation-Based Path Planner for Truck-Trailer Systems with
Driving Direction Changes

Patrik Zips, Martin Bock, Andreas Kugi

Abstract— This paper presents a path planning concept for
trucks with trailers with kingpin hitching. This system is non-
holonomic, has no flat output and is not stable in backwards
driving direction. These properties are major challenges dr
path planning. The presented approach concentrates on the
loading bay scenario. The considered task is to plan a path
for the truck-trailer system from a start to a specified target
configuration corresponding to the loading bay. Thereby, dse
distances to obstacles and multiple driving direction chages
have to be handled. Furthermore, a so-called jackknife posion
has to be avoided. In a first step, an initial path is planned
from the target to the start configuration using a tree-based |[dr
path planner. Afterwards this path is refined locally by solving
an optimal control problem. Due to the local nature of the [~
planner, heuristic rules for direction changes are formulded.
The performance of the proposed path planner is evaluated in ’JL
simulation studies.

x

I. INTRODUCTION Fig. 1: Loading bay with obstacles.

Large trucks constitute an essential part in the local and
global transportation of goods. As the traffic is increasing
a decrease of the overall number of vehicles is pursued &@mbining a global with a local approach. In Section II, we
disburden the roads and to reduce exhaust gas emissionsgiye a description of the problem under consideration a$ wel
order to decrease the number of vehicles, trailers are lysuas an overview of the state of the art. Section I explains
attached to the trucks. In many countries, road trains atg€ proposed path planner and in Section IV the feasibifity o
already a regular component of the traffic. Such long truck&e planner is shown by means of several simulation studies.
with trailers can be easily manoeuvred on motorways blﬁection V contains some conclusions and an outlook on
getting to a loading bay or parking spot is challenging eveftirther works.
for experienced drivers.

In the last decades, several approaches were developed to Il. PROBLEM STATEMENT
plan a path for a system with (multiple) trailers which are

attached to the axle of the towing vehicle. For simplicity Thjs paper is concerned with the development of a method
these trailers are typically supposed to have only one axlgy manoeuvre a truck-trailer system with kingpin hitching
A trailer with more than one axles can be modelled byom a starting configurations to a certain parking config-
combining several trailers with one axle [1]. The ﬂatnes%rationqp, see Fig. 1. The shaded polygons depict obstacles
property was proven in [2]. like other trucks with trailers or a placed container. Weyon!

If the first trailer is not attached direCtIy to the rear axig b consider po|ygona| obstacles as every other shape can be
to a kingpin instead the system is referred to as tractdetra incjuded into a slightly larger polygon. Collision checks
system. This off-axle hitching introduces several prapsrt are carried out using the Minkowski-sum [4] where the
e.g., loss of flatness and instability in backward drivingyhole configuration of the truck-trailer system includirsg i
direction [3]. Therefore, planning a path for this type ofgimensions is checked for collisions.
systems turns out to be a more complex task. In the following, we concentrate on the loading bay

In this paper we propose a path planning concept for &enario and aim for a path planner which is fast enough
truck-trailer system which is a special subclass of thetdrac g pe ysed in real-time applications. The planned path shall
trailer system with one trailer and a towing vehicle eaclqnnect the starting and the parking configuration respgcti
with two a_xles. Tht_e plan_ner calculates a path from a startinge system dynamics of the truck-trailer system as well as
to a parking configuration for a loading bay scenario byygid obstacles and contain direction switching points if

) ) _necessary. Additionally a so-called jackknife positiomene

The authors are with the Automation and Control Institute, A .

Vienna University of Technology, 1040 Vienna, Austia (eim the truck and the trailer are nearly anti-parallel, shall be
{zips,boeck,kugi@acin.tuwien.ac.at). avoided.
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costs. Therefore, an overview of some solutions for n-
trailer systems, tractor-trailer systems as well as truaker
systems will be given in the following.

A feasible path for all three classes of systems can be
found by connecting the starting with the parking position
with lines and clothoids [5], [6]. This method uses specific
combinations of lines and clothoids which are known from
experience. Therefore, only certain scenarios can be édndl
which have to be learned in advance. Also any further
obstacles cannot be considered in an easy way.

In order to account for obstacles, an initial path obtained,
e.g., by the method mentioned above, can be deformed until
no more collision occurs. Lamiraux proposed a deforma-

The truck-trailer system with kingpin hitching is depictedtion method for non-holonomic systems which is based on
in Fig. 2. Using the abbreviations. = sin(0), ¢, = cos(o), minimising a potential field [7]. In [8] the path deformation
and t, = tan(o), the system can be described by thds used to correct localisation errors at the end-positibn o

Fig. 2: Model of the truck-trailer system.

A. System Dynamics

differential equations [3] the path at a loading bay for a truck-trailer system. The
M drawbacks of this method are that no additional direction
x4 = Deg,cp, <1 + L_1t82t6> Co, (1a) switching points can be inserted and that the numericatteffo
1 is quite high.
]\/I . e .y . . .
v, = Deg, s, <1 n _1%%) 56, (1b) Anotht_er possibility to_ utlllsg p_otent_|a_l fields is to folloyv
Ly the gradient of such a field with its minimum at the parking

, SB4CB, M, position and high values at obstacles. For this, some modi-
O3=D Ls 1+ L_1t52t5 (10)  fications respecting the non-holonomic nature of the system

1 M, 85, M, are necessary [9]. This method is not well suited for systems
= Dcg, g, 1gyts

Ly

By = i 2 s 1+ — with trailers as the potential field usually does not conside

= = (1d) the orientation of the vehicle. This means that the planner
moves the truck and trailer always away from the obstacles
By =D (t_5 _ 38 + 052t5> , (1e) even if a rotation would be more efficient. If little space is
L Ly Lile available like in a loading bay scenario the method is likely
II]ail. Moreover, the issue of introducing appropriate dii@c
switching points if necessary remains unsolved.

where (- )" denotes the derivative with respect to the pat

parameters. The variablesrs and y; describe the position ° A . )
of the reference poinfPz on the rear axle of the trailer Another method of classical robot motion planning applied

and 6, the orientation of the trailer with respect to the © these systems is to use graph based planners like the A*

axis. The angled; denotes the difference between the traileP’ P Path planner [10], [11]. Thereby, the five dimensional
orientation and the tow-bar an@, the angle between the configuration space has to be sampled which leads to a very

tow-bar and the truck. The absolute values of both angld@'9e amount of data for realistic scenarios. By allocatiteg

are constrained by a maximum valu® and 5, cells dynamically, the memory usage can be reduced but still
respectively. The steering angte of themtarTJck serves as these _algorithms are not feasib_le for real-time applicr:m:io_
input « for the system. Its absolute value is constrained by A Widely spread method to find a path for systems with
a maximum steering anglé,... The driving direction is railers is to steer the system using a controller stabiisi
determined byD € {~1,1} and isD = —1 for backward the parking position [12], [13]. By using a controller foreth
and D = 1 for forward driving. The parameters,, Lo, Ls velocity of the truck, the driving direction will be switctie
and M, denote the physical dimensions of the truck-trailef? Order to reach the desired target position but obstacles

as depicted in Fig. 2. In the following, (1) is written in vect cannot be considered at all. .
In [14] the path planning problem is formulated as a

max !

notation
- 2 root finding problem and solved using an ODE solver. State
q = f(a,u) @ constraints as well as simple obstacles (e.g., a line) can be
ith the state vectoq — (. 4. 0. Ba. Bo]T. considered by adding a potential field to the root finding
Wi \ q [I,}., Y3, U3, 63’ /82} problem
B. State of the Art [1l. M OTION PLANNING

Motion planning for vehicles with trailers received a lot of For the truck-trailer system with kingpin hitching, find-
attention in the last decades. The structure of the diffakn ing a path with driving direction switching points is not
equations of such systems does not allow to find an expligiiossible in a global fashion within reasonable computing
solution in a straightforward manner or to calculate amime. Therefore, a different approach is proposed in this
approximate numeric solution with acceptable computationpaper which combines a global and a local planning scheme.
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Compared to the methods presented in the previous secti®,, Initial Path

this path planner is able to handle obstacles as well aspg already mentioned before, the first task is to find a
driving direction switching points with low computational -g|lision free path connecting the parking configuratipn
costs by focusing on the loading bay scenario. This scenakigin a neighbourhood of the starting position. For this, the
is characterised by rather short driving paths in a narroyist motion planner from [15], which respects the system
enyironment where often multiple driving direction swiiteg dynamics (2) and the maximum steering angle... is used.
points are necessary. It is worth noting that a different choice of the initial path

The proposed path planner combines a global with planner can yield better convergence results. Howevehen t
local approach. Due to the local nature driving directiorronsidered scenario the used planner has good convergenc
switching points can be calculated in an efficient way. Theroperties at very low computing costs.
path planning does not depend on a certain starting or The tree-based motion planner applies a randomised input
parking configuration and exhibits low computational costs-¢,,,, < u < d,., Over a certain distance and integrates
and memory requirements. The following subsection wilthe system equations (2) to obtain a new state called node.
present the general idea of the path planner. Thereby, a p&tarting from this node, a new randomised input is chosen
is regarded as a sequence of stafggrametrised in the path and the system is integrated again. If a node is in collision i
parametes. will be discarded and an already existing node is randomly
chosen as a new starting point for integration. Within this
approach it is not possible to account for driving direction
changes in a straightforward way.

To obtain a feasible path, provided that one exists without
changing the driving direction, it is required that the last
node is close to the starting configuratigg in all five states

. ) . SR g of the truck-trailer system. The likelihood to obtain such
the parking configurationjp. This initial path respects the a node with a randomised planner is rather small. As the

glﬁeregglee;?llé?tli?r;ss (?;nanneddtihnes!mlrt] (;f \f\t‘: Sttﬁ:}”irt]?slﬁ?geeﬁort is exponentially increasing with the number of state
mars o P W the computing costs are in general quite high. Therefoee, th
of collisions with obstacles. However, the initial path doe . . . . ;
not have to lead exactly to the starting configuratignbut planning of the initial path is considered successful if d&o
to a neighbourhood of the starting position. In admdgitiore this in a rather large neighbourhood of the starting position.
state constraints on the anglés and A, dol not have to The output of the tree-based path planner is an initial
. - . . i < s <

be fulfilled. Under these assumptions, a variety of motioR2th di(s) with the path parameteso,; < s < sg, the

) . — . initial path valuesy ;, and the end valueg ;. The initial
planners are available for generating the initial path imet ath connects the parking confiqurati (S ) with a
efficient way. Henceforth, a tree-based planner, whichss fal2 P 9 '9 mse.1)

. . neighbourhood of the starting position. It is collisiongrand

and has good convergence properties, will be employed, seé ? -
Section I1-B. respects the system dynamics (2) as well as the maximum

o steering anglé,, ... but does not account for the constraints
In the second step, the initial path serves as a referencg, the anglesd; and ..

Beginning from the exact starting configuratigg, the aim

is to find a path which, in the sense of a prescribed objectie Path Following

functional, is locally as close as possible to the initialhpa  In order to obtain a feasible path connecting the starting
under consideration of the system equations (2), obstades and the parking configuration a local path following apptoac
well as the state and input constraints. Finally, the paéil shis proposed. For this the following optimal control problem
reach the parking configuratianp up to a certain numerical (OCP)

A. Principle of the Path Planner

The overall path planning algorithm is divided into two
steps. Firstly, an initial path is calculated beginningniro

accuracy. In general, close to the parking configuratign 51

the initial path is feasible with respect to the state cariists. min J(u(-)) = / lp(q,u)ds (3a)
The further away from the parking configuration the more u(*) , 50

variation of the initial path is needed to account for the st.g’ =f(g,u), d(so)=0do (3b)
state constraints and to correct the deviation between the lu] < dmaz, (3¢)
initial path and the actual startlng .confl.gura}th@. This . B3] < Bars 1Bal < Bovnn s (3d)
may entail the need for several driving direction changes in _

this region. Therefore, the overall path frogy to qp is  With the integral costs

composed of phases of driving in backward and forward Iy = eqTQeq +rper(q) 4)

direction. These sub-paths are determined by repeatedly

solving optimal control problems which, amongst othensy ai is formulated.
at minimising the deviation to the state trajectories of the Thereby, the positive definite matrQY describes a weight-
initial path, cf. Sections II-C and IlI-E. The driving dicéon  ing matrix for the deviatiore, = q — q; between the truck-
changes are determined based on heuristic rules, seersectmailer stateq and the state of the initial patly. The term

I1I-D. cr(q) together with its weighting termy > 0 is used for
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ap

Fig. 3: Avoidable (left) and not avoidable (right) collisio Fig. 4: Repelling spring.

obstacle avoidance as will be explained later in Section Ilforce of corneri is defined as

D. Constraint (3b) accounts for the system dynamics (2) and d;

(3c) for the input constraint. In (3d) the anglgs and 3, Fp, = T rdy (%)

are constrained by a maximum value to avoid self collision '

in a jackknife position. where d; denotes the Euclidean distance between the ref-

Initially, the OCP (3) is being solved beginning fromerence pointPr on the rear axle of the trailer and the
the starting configuration in backward driving direction bycorresponding cornerof the obstacle and, > 0 is a small
settingqy « 0s andsy < so. It is not solved globally distance to avoid singularities dt = 0. The function (5) has
for the whole path but only locally for a certain distance? large slope close to the obstacle corner while decreasing
S = s1 — so. From a computational point of view, this is quickly to —1 further away from the obstacle. The spring
more efficient than solving the OCP for the whole path aforce of all corners of all obstacles are summed up in the
once. Additionally, this allows to introduce heuristic gal t€rm
for driving direction changes as will be explained in the cr(Q) = ZFpi (6)
following subsection. After solving the OCP, the truck with i

the trailer is moved forward for a distanegy < S and gnd added to the integral costs (4) weightedrby> 0.

the OCP is solved again from the new configuratipn<— If the deviation from the initial path is too large the
A(s0 + s5),50 < so + 85,51 ¢ 51+ ss for the distance yepelling spring may not push the path away from the
S. This process is iteratively repeated until the parkingpstacle. Looking at the example on the right hand side of
configuration is reached. Thus, the path planning task isg. 3, a repelling spring at the corner of the obstacle would
performed in a receding horizon fashion. rather exhibit a totally wrong behaviour by pushing thelémai

D. Collision Avoidance and Driving Direction Changes towards the obstacle.

As long as the end configuration of the initial path is in To account for such .CO||ISI(.)FIS, a collision chegk IS exe-
- . . - cuted for the next configuration after each solution of the
the vicinity of the starting configuratiogs and no obstacles

o . . OCP. If this point is in collision, the last solution of the
are close to the initial path, the recursive solution of tHgRO I L S o o
(3) yields a feasible path. If there are obstacles close ¢o thCP is discarded and a driving direction switching point is

initial path, small deviations from the initial path mayedy inserted instead. The subsequent forward driving is expect

lead to collisions. These collisions can in turn be avoidgd FO improve the configuration of the truck-trailer system

. .. In order to increase the chance of passing the obstacle.
deforming the path away from the obstacles. If the deV|at|01Ehe forward driving strategy will be explained in the next
between the starting configuration and the initial path & tosubsection

large, a feasible pa_th that avoid_s the coII_is_ion V\.Iith (_)Uesac_ Changes. in the driving direction are not only necessary
may not be found without changing the driving direction..Fig r collision avoidance but also to allow for converaence
3 shows two examples, on the left hand side a scenario Wi[ﬂ 9

an avoidable collision and on the right hand side a situatioi? the initial path in case the starting configuration is too

where a driving direction change is necessary to be able f a\t/vr;l_y frofn:hthte |_r|1|t||9al p%th' :2 partli:ular erdrors in the
pass the obstacle. The initial path of the trailer is depicte”" ¢ ation of In€ trailevs and in the ang ess and 5, may
as the dashed line. not be correctable while driving backward as this can lead

At first, the avoidable collision will be treated. In the © a jackknife position. Therefore, the behaviour of a human

OCP, we refrain from doing an exact collision check as thigriver should be imitated similar to the presented car payki

would entail too high computing costs. Moreover, includingDath pla_nnlng approach n [16]

an exact collision test as additional constraint in the O8)P ( For this, the cost function

may lead to numerical difficulties for the solver. Instead, a _ aTRe

path deformation strategy is pursued by suitably designing V=eRe, R>0 @

the cost function (4). To this end, a repelling spring ids introduced, containing the deviati@ = [z3 — z3,,y3 —
introduced at each corner of the obstacles, see Fig. 4. Thage, 65 —03,]" between the trailer states and the trailer states
springs deform the path away from the obstacles. The sprimg the initial path.
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As a heuristic rule, the driving direction is changed if Plan initial path

V> EVinin, ®) from gp to g
with a suitable constarit > 1. V,,,;,, = min, V (s) denotes
the minimum cost value along the path so far. With this Go =4ds
rule, the driving direction is changed if the truck-trailegy = q(so + ss) S0 = So,1

system moves further away from the path, in the sense f= sg + sg
(7), compared to the closest configuration reached so far.= si + ss| Backwards drivingqo = q(so + sr)
For example, this can occur if the trailer position is clos

to the path but the angle$; and 5, do not correspond to solve OCP (3) |so =50+ sr
the initial path. In the next iterations, the trailer pasiti s1 =381t sF
_cannot be kep_t clo_se to the initial pgth. Continuing driving checkq(s) for col-
in backward direction would further increase the anglgs checkq(so + s5) lisions, s € [sp, s]
and 3, of the truck-trailer system most likely leading to a for collision if true sp = so
jackknife configuration. However, by changing the diretio No Yes
and driving forward the angles can be improved with respect T
to the initial path yielding a configuration of the truckitea sp = S°—|_> o
system with higher manoeuvrability. In extensive simaiati Forwards driving
studies, jackknife configurations could be prevented using V (s0 4 55) > kViin solve OCP (9)
this heuristic rule. j

No Yes P =50

E. Forward Driving

As mentioned before, the purpose of forward driving is tq Vinin = min (Vinin, V(so + ss))
improve the position of the truck-trailer system to be able Reached
to follow the initial path more precisely and to allow for r
the avoidance of obstacles under consideration of thersyste_ | o Yes Path planning
constraints. Additionally, the forward driving has theeeff of successful
preventing a jackknife configuration. Therefore, the fava
driving strategy intends to bring the truck-trailer systgmo
a position where it can get closer to the initial path. Fos thi
purpose, again an OCP

Fig. 5: Flow chart of the path planning algorithm.

TABLE I: Parameters of the truck-trailer system.

Ly | Lo | Ls | My | max | B3pas | B2inas

min Jp(u(-)) = ro,€2 +/‘F1 ds (9a) 3m | Im | L8m | 12m | 30° | 75° | 40°
u() v sp
st.q =f(q,u), d(sp)=0d(so) (9b)

[u] < dmaz, (9¢) F. Path Planning Algorithm

B3] < Ba,ns |Bal < Bons (9d) Fig. 5 summgrises the proposed path planning algorithm
for the truck-trailer system in form of a flow chart. Thereby,
is formulated, withrg, > 0 and ey, = 03(sr) — 03,(sp)  the collision checking block after the forward driving ckec
denoting the difference between the trailer an@ésr) at  all configurationsq(s), s € [sp, sr] of the forward driving
the final points = sp of the optimisation horizon and the path for collision. If a collision occurs the method returns
trailer angleds, (sp) of the initial pathq; at the starting point true as well as the last path positio: along the forward
s = sp of the optimisation horizon. The OCP is carried oudriving path which is not in collision. The termination con-
starting from the current path positiep to a free but limited  dition is applied if the parking configurationy is reached
path end position . The starting configuration correspondswithin a small numerical tolerance.
to the stateq(sg) at the current path position.
The aim of the OCP (9) is to align the angle of the IV. SIMULATION STUDIES

trailer 65(sr) with the angle of the initial patifs, (sp) by To show the feasibility of the path planner, several sim-
minimising the driving distance necessary for this maneoeuv ulation studies were carried out usingaM.AB on an Intel
at the same time. The latter is taken into account by th@ore i7 3.4 GHz machine where only one core was used for

integral term in the cost functional (9a). the calculation. The corresponding parameters of the truck
The new configuration increases the manoeuvrability dfailer system are given in Table I.
the truck-trailer system by decreasing the anglesnd 5s. In order to solve the OCPs (3) and (9), a full discretisation

After solving the OCP (9) a collision check is carried outwith N, discretisation points is employed and the resulting

If a collision occurs at any position of the forward drivingstatic optimisation problems are solved by means of the SQP-
path, this position is taken as end point of the forward solver of the numeric software package SNOPT [17]. The

driving distance. parameters of the OCPs are shown in Table II, where(diag
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TABLE II: Parameters of the OCPs. marked with a vertical line. Mainly in the forward driving

re | do S segment quick changes of the steering angle can be observed
diag(1,1,13,05,0.5) | 10 | 0.Im | [5.5,6.5]m Although rapid changes in the steering angle can be realised
k o, | Np | R by a slower driving speed, a further path smoothing, as
15 1 20 | diag(1, 1, 13)

for instance the strategy applied in [18] to cars, can be
considered to avoid fast steering. Both anglgsand 3, are

20 ] smooth and well below their constraints for the whole path.
S 0
15 U 1 2 20
~
+ QN 0
10 . & —20
-40
[EER=
5
oL—
0 5 10 15 20

Fig. 6: Simulation environment for the loading bay.

denotes a diagonal matrix. It turns out that the convergence 0 5 10 15 20 25
behaviour of the OCP (3) can be improved by considering s/ m

a free path length constrained by a small set. Collisiopig. 8: Difference angle$; and 3, and steering anglé for
checking is done using the Minkowski-sum [4]. the loading bay scenario.

In the following, two different simulation studies for

the loading bay scenario are presented. The first one is|j the second simulation study, a 2m long quadratic obsta-
depicted in Fig. 6. Therebyi0" runs are simulated with ¢l is placed inside the working space. Fig. 9 demonstrates
a random starting configuration where the reference poifiie simulated scenario again with the initial and final path i
Pr lies inside the shaded area. It is presumed that thge left subfigure and the animated path to the right. Here,
truck is directed upwards at the starting configuration 8o thihe system cannot pass the obstacle in the first backward
the tree-based path planner is able to find an initial paifriving segment. After repositioning with a forward drigin
without driving direction changes. The ranges of the anglegsgment the path planner manages to find a feasible path intd
for the starting configuration aré; < 90° + [~30°,30°],  the loading bay. For different starting configurations more
P € [-15°,15°] and 3, € [-15°,15°]. A possible starting than 2 driving direction switching points may be necessary
configuration is shown in Fig. 6 where the corresponds hich is not presented in this paper due to page restrictions
to the reference poinP. In this simulation scenario, the Nevertheless, the path planner manages to find a path with
tree-based path planner finds an initial path9m5% of  an arpitrary number of direction changes.
all considered cases and the path planning is successfully
completed i7.5%. The average calculation time of ai* V. CONCLUSIONS
runs amounts tdc = 0.2s. Due to the random character In this paper, a path planning approach for a truck-trailer
of the initial path planner a recalculation of the failedhmat system with kingpin hitching was presented. Thereby, an
for a second time yields success rates of the path planniiigtial path obtained by a tree-based planner is followed
greater thar99%. locally in a receding horizon fashion using an optimal

Fig. 7 presents one representative of the planned patleantrol problem. Repelling springs push the path away from
The left subfigure shows the path of the trailer, where thebstacles. Based on the local behaviour of the planner, two
solid line corresponds to the initial path and the dasheal lirheuristic rules for direction changing were introduced.
to the final path. The forward driving path is highlighted by Monte Carlo simulation studies demonstrate the high con-
the bold line. The remaining figures depict the animated finalergence rate at low computational costs for the proposed
path with a backward, forward and another backward paghlanner. Even for starting positions with high discrepasci
from the left to the right. The truck is illustrated as a dashein the angles in a narrow loading bay scenario, feasiblespath
and the trailer as a solid rectangle. The shade of grey getan be found. However, several questions still remain to be
darker with increasing path parameter answered in future work.

In Fig. 8, the steering anglé as well as the angles First, a different strategy for calculating the initial patill
B3 and B, are plotted over the path parameterfor the be investigated to be able to handle more complex scenarios,
path presented in Fig. 7. Driving direction changes arBor example a combination of the tree-based planner with
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a holonomic path planner may lead to an improvement[o]
Furthermore, scenarios with a longer driving distance as
well as realistic conditions in terms of parameter and sensg
uncertainties will be examined in more detail. The receding

horizon character of the proposed path planner also allows
a recurrent replanning which may be initiated by sens\év

uncertainties or dynamic obstacles.
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