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Abstract:  Articulated vehicles are the popular means of freight and public transportation.
Current trends and development forecasts indicate an increase in their use in the near future,
mainly  for  economic  and  environmental  reasons.  Modular  High  Capacity  Vehicles  or
articulated urban buses are examples of modern transportation solutions that require agile
maneuvering  in  cluttered  spaces.  Since  maneuvering  with  articulated  vehicles,  as  an
inherently nonlinear process, is non-intuitive and burdening for drivers, it seems reasonable
to  equip  such  vehicles  with  systems  which  provide  (semi)  autonomous  maneuvering
capabilities. The aim of the lecture is to provide a unified methodology for designing motion
control  systems  that  could  be  used  in  the  intelligent  articulated  vehicles  to  efficiently
perform  various  types  of  agile  maneuvers  using  a  driver-assistance  system  or  in  an
autonomous mode. In this context, we  discuss the key properties of the so-called N-trailer
kinematics,  and next we address the correspondence between practical motion problems,
which are defined for articulated vehicles, and their formulation in the language of control
engineering. Finally, a modular and highly scalable cascade-like control system is presented
that allows solving various motion control tasks in a unified way for vehicles of different
kinematic structures and any number of segments. Solutions to selected control problems are
illustrated by numerical and experimental results.

Lecture description

The first objective of the lecture is  to introduce the audience to practical  control
problems arising in the context of intelligent guidance and agile maneuvering with automated
vehicles of the tractor-trailers type, and to discuss unique properties of articulated vehicles'
models. The lecture is intended to illustrate, by examples, and justify the need of potential
applications of autonomous or semi-autonomous articulated vehicles in the industrial, public,
and private transportation. Current trends in the development of highly automated tractor-
trailers vehicles will be discussed. The second objective is to show how the various practical
motion  tasks,  defined  for  articulated  vehicles,  can  be expressed in  the control-theoretic
language and effectively addressed by the modular control system design. An emphasis will be
put on a correspondence between practical requirements imposed on the task and its formal
description in a language of control engineering. This part of a lecture shall also reveal the
beauty,  complexity,  and uniqueness  of  tractor-trailers  kinematics  from the perspective of
dynamical  systems  analysis,  where  the  features  like  high  nonlinearity,  instability,
nonminimum-phasiness,  nonholonomy,  and  underactuation  all  together  meet  in  a  single
dynamical  system  of  so  important  practical  meaning.  The  third  objective  concerns
presentation  of  recent  solutions  to the motion control  problems mentioned above in  the
context of a cascade-like control system design, emphasizing its modularity, scalability, and
practical effectiveness for different kinematic structures of articulated vehicles. Finally, one
is also going to draw and discuss selected open research and implementation problems which
have  got  either  theoretical  or  application  meaning  in  the  context  of  maneuvering  with
tractor-trailers vehicles.

The lecture will address the following detailed issues:

A. Introductory and motivating remarks (a general level)

– Current trends in usage of articulated vehicles in modern transportation (High Capacity
Vehicles and road-trains, articulated buses and buses with attached trailers).
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– Illustration of a practical meaning of the agile maneuvering with articulated vehicles
by discussing selected examples of tasks arising in freight transportation, urban buses,
passenger  cars  with  trailers,  transportation  for  logistic  chains  in  factories,  and
agricultural machinery.

– Explanation  of  main  difficulties  related  to  the  maneuvering  problems  and  their
influence on the drivers' comfort, environment conditions and energy consumption, as
well as safety and quality of vehicles' motion.

– Discussion of potential benefits from autonomous (or semi-autonomous) maneuvering
with  intelligent  articulated  vehicles  emphasizing  a  tremendous  help  for  human
operators  in  these burdening and stressful  tasks,  less  energy/fuel  consumption and
lower environment pollution, economic benefits due to less human costs, higher safety
and efficiency of maneuvers. 

B. Kinematics of articulated vehicles and definitions of control tasks (more formal level
but with clear connections to practical applications)

– Description of two hitching types used in tractor-trailer vehicles and their influence on
kinematics  of  articulated  vehicles.  Classification  of  N-trailer  structures  from  the
control perspective distinguishing the Standard N-Trailers (SNT), Generalized N-Trailers
(GNT),  and non-Standard N-Trailers  (nSNT).  Kinematic  decompositions  of  exemplary
articulated vehicles with respect to the hitching types used in their construction.

– Cascade-like  compact  description  of  N-trailer  kinematics  leading  to  a  dynamical
driftless system which is universal for all mechanical structures comprising a tractor
and arbitrary number of N passive trailers with non-steerable wheels.

– Discussion  of  selected  properties  of  N-trailer  kinematics  which  are  crucial  from  a
control perspective and resulting fundamental control limitations they imply; we will
address  in  particular:  inherent  high  nonlinearity  of  agile  maneuvering  processes,
instability  of  articulation  dynamics  and  jackknife  effect,  nonminimum-phasiness  in
some motion  conditions,  nonholonomy,  underactuation,  kinematic  singularities,  and
differential flatness or its lack.

– Description of practical maneuvers characteristic for tractor-trailer vehicles in terms of
formal control tasks stated for the N-Trailer kinematics, i.e., mathematical description
of selected practical maneuvers leading to such problems like the trajectory-tracking
task (e.g., synchronization of a combine-harvester with a trailer position), the path-
following task (e.g., precise spraying the plants on a field), the set-point control task
(e.g., docking with a trailer in a logistic center or precise positioning a pantograph of
an electric articulated bus to the power source station), the lining-up task (e.g., when
preparing a multi-body kinematic chain to more advanced parking maneuvers), and the
averaged-path-following task with off-track minimization for long articulated vehicles
(e.g., the so-called High Capacity Vehicles and the road-trains).

C.  Modular  cascade-like  control  scheme for  N-Trailers  and  its  applications  (more
formal level but with clear connections to practical applications)

– Description of a modular and highly scalable cascade-like control strategy for the N-
Trailer vehicles, its properties, benefits and limitations. 

– Presentation  of  selected  results  of  autonomous  agile  maneuvering  with  a  3-Trailer
vehicle  using  the  cascade-like  controller  for  various  control  tasks.  The  results  of
numerical simulations as well as laboratory experiments will be presented in the form
of animations and movies.

– Short discussion on alternative control solutions existing in the literature for the N-
Trailer vehicles and their qualitative comparison to the cascade-like control concept.

– Explanation how to use the proposed control system in a form of the active or passive
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Advanced  Driver  Assistance  Systems  (ADAS)  if  the  semi-automated  (assisted)
maneuvering with a tractor-trailers vehicle is considered.

– Short  presentation  of  open  research  and  application  problems  from  the  control
perspective  in  the  context  of  maneuvering  with  articulated  vehicles  in  real-life
scenarios  (unsolved  control  problems,  the  need  of  reliable  state  measurements,
addressing the presence of state and control constraints).

D. Final remarks (a general level)

– General summary of the lecture.
– Exploration of current endeavors/projects in autonomization of articulated vehicles,

and practical examples of intelligent articulated vehicles.

The lecture will  be prepared in a way to be relatively  easily accessible to a wide
audience interested in the fields of feedback control,  robotics, autonomous vehicles, and
intelligent transportation systems. Intended audience will encompass the doctoral students
and newcomers in the field, to experienced researchers and developers who would like to
contribute  in  the  area  of  articulated  vehicles  control.  This  effect  will  be  obtained  by
appropriately balancing the level of a mathematical/theoretical content with engineering and
application side of the presentation. The audience from the industry should also benefit from
the lecture. 

The main threads of the talk shall be accessible to most of the scientific-engineering
audience  typically  attending  the  meetings  like  IAV  Symposium.  Hence,  any  special
prerequisite knowledge will not be necessary to understand the main message provided during
the lecture. However, to fully appreciate some more formal details and a beauty of control-
theoretic  aspects  of  the lecture the basic  knowledge and/or research experience will  be
helpful in the areas of kinematics of mobile robots and tractor-trailer vehicles, properties of
basic control tasks formulated for dynamical systems (especially for nonholonomic wheeled
vehicles), Lyapunov-like stability concepts, stability of zero-dynamics, and a general paradigm
of a cascade control system. 

Selected references

1. M. M. Michałek: Cascade-like modular tracking controller for non-Standard N-Trailers, IEEE Transactions 
on Control Systems Technology, 25(2), pp. 619-627, 2017

2. M. M. Michałek, M. Kiełczewski: The concept of passive control-assistance for docking maneuvers with N-
trailer vehicles, IEEE/ASME Transactions on Mechatronics, 20(5), pp. 2075-2084, 2015

3. M. M. Michałek: A highly scalable path-following controller for N-trailers with off-axle hitching, Control 
Engineering Practice, 29, pp. 61-73, 2014

4. M. Michałek, M. Kiełczewski: Cascaded VFO set-point control for N-trailers with on-axle hitching, IEEE 
Transactions on Control Systems Technology, 22(4), pp. 1597-1606, 2014

5. M. Michałek: Lining-up control strategies for N-trailer vehicles, Journal of Intelligent & Robotic Systems, 
75(1), pp. 29-52, 2014

6. M. Michałek: Non-minimum-phase property of N-trailer kinematics resulting from off-axle 
interconnections, Int. Journal of Control, 86(4), pp. 740-758, 2013

7. M. Michałek: Application of the VFO method to set-point control for the N-trailer vehicle with off-axle 
hitching, Int. Journal of Control, 85(5), pp. 502-521, 2012

8. M. M. Michałek: Motion control with minimization of a boundary off-track for non-Standard N-Trailers 
along forward-followed paths, 2015 IEEE Int. Conference on Automation Science and Engineering (CASE), 
pp. 1564-1569, Gothenburg, Sweden, 2015 

9. M. Michałek: Geometrically motivated set-point control strategy for the standard N-trailer vehicle, Proc.
IEEE Intell. Vehicles Symp., pp. 138–143, Baden-Baden, 2011

3/4 Update: Mar 8, 2018



10. C. Altafini: Following a path of varying curvature as an output regulation problem, IEEE Transactions on 
Automatic Control, 47(9), 1551–1556, 2002

11. C. Altafini: Some properties of the general n-trailer, Int. J. Control, vol. 74, no. 4, pp. 409–424, 2001

12. P. Bolzern, R. M. DeSantis, and A. Locatelli: An input-output linearization approach to the control of an 
n-body articulated vehicle, ASME J. Dyn. Syst., Meas., Control, vol. 123, no. 3, pp. 309–316, 2001

13. P. Bolzern, R. M. Desantis, A. Locatelli, and D. Masciocchi: Path-tracking for articulated vehicles with 
off-axle hitching, IEEE Trans. Control Syst. Technol., vol. 6, no. 4, pp. 515–523, 1998

14. W. Chung, M. Park, K. Yoo, J. I. Roh, and J. Choi: Backward-motion control of a mobile robot with n 
passive off-hooked trailers, J. Mech. Sci. Technol., vol. 25, no. 11, pp. 2895–2905, 2011

15. F. Jean: The car with N trailers: Characterization of the singular configurations, ESAIM Control, Optim. 
Calculus Variat., vol. 1, pp. 241–266, 1996

16. J.-P. Laumond: Controllability of a multibody mobile robot, IEEE Trans. Robot. Autom., vol. 9, no. 6, pp. 
755–763, 1993

17. D. A. Lizárraga, P. Morin, and C. Samson: Chained form approximation of a driftless system. Application 
to the exponential stabilization of the general N-trailer system, Int. J. Control, vol. 74, no. 16, pp. 
1612–1629, 2001

18. P. Rouchon, M. Fliess, J. Lévine, and P. Martin: Flatness, motion planning and trailer systems, Proc. 32nd 
Conf. Decision Control, pp. 2700–2705, San Antonio, TX, USA, 1993

19. O. J. Sørdalen: Conversion of the kinematics of a car with n trailers into a chained form, Proc. IEEE Int. 
Conf. Robot. Autom., pp. 382–387, 1993

20. O. J. Sørdalen and K. Y. Wichlund: Exponential stabilization of a car with n trailers, Proc. 32th Conf. 
Decision Control, pp. 978–983, 1993

21. A.P. Aguiar, J.P. Hespanha, P.V. Kokotovic: Path following for nonminimum phase systems removes 
performance limitations, IEEE Transactions on Automatic Control, 50(2), pp. 234–239, 2005

22. R.W. Brockett: Asymptotic Stability and Feedback Stabilisation, Differential Geometric Control Theory, 
eds. R.W. Brockett, R.S. Millman, & H.H. Sussmann, Boston: Birkhauser, pp. 181–191, 1983

23. M. Vendittelli G. Oriolo: Stabilization of the general two-trailer system, Proc. IEEE Int. Conference on 
Robotics and Automation, pp. 1817–1823, San Francisco, CA, 2000

24. M.Werling, P. Reinisch, M. Heidingsfeld, K. Gresser: Reversing the general one-trailer system: Asymptotic 
curvature stabilization and path tracking, IEEE Trans. Intelligent Transportation Systems, vol. 15, no. 2, 
pp. 627–636, 2014

25. P. Morin, C. Samson : Motion control of wheeled mobile robots, Springer Handbook of Robotics, pp. 799-
826, Springer, 2008

26. J. Minguez, F. Lamiraux, J.-P. Laumond: Motion planning and obstacle avoidance, Springer Handbook of 
Robotics, pp. 827-852, Springer, 2008

27. A. Eskandarian (Ed.): Handbook of intelligent vehicles, Springer-Verlag, London, 2012

28. EU transport in figures, Statistical pocketbook 2017, Luxembourg EU, 2017

29. HTAS EMS project consortium: Greening and safety assurance of future modular road vehicles. Book of 
requirements, NL Innovative, 2014 

30. G. Leduc: Longer and heavier vehicles. An overview of technical aspects, JRC Scientific and Technical 
Reports, European Commission Joint Research Centre Institute for Prospective Technological Studies, 
2009

Publications of the author can be found at:  http://maciej.michalek.pracownik.put.poznan.pl
E-mail address:  maciej.michalek@put.poznan.pl

4/4 Update: Mar 8, 2018


