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Abstract: This paper proposes a lane-keeping system for trucks with trailer. 
The chosen active steering vehicle model allows to control both steering angles 
of the vehicle’s articulations to pursue a desired trajectory. Thus, a guidance 
module is first implemented to define a bounded path parameter to follow. This 
module takes advantage of the Barrier Lyapunov function to impose constraints 
on the truck’s longitudinal and lateral position and the trailer’s orientation w.r.t 
the truck namely the articulation angle. The applied constraints guarantee a 
safe lane keeping for such type of vehicle while restricting the vehicle position 
inside the lane boundaries. The bounded path parameter is thereafter followed 
by a Robust Integral of Sign of Error (RISE) feedback controller. The proposed 
controller calculates the appropriate truck and trailer’s steering angles to ensure 
the safe lane keeping and compensates the vehicle model uncertainties. 
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1 Introduction 

Recent decades witnessed an outstanding evolution of the transportation system’s 
automation. Lane-keeping systems are among the challenging ones. They may be 
applicable to simple or articulated vehicle models. 

Obviously, additional articulation leads to complex models so a tougher way to 
control it and to avoid the instability phenomena is required. A good understanding of the 
source of the instability helps to reduce its consequences. By focusing only on the 
movements on the yaw plan, one may distinguish two types of instability due to the 
swaying and the jackknifing. The first one is caused by oscillatory motion of the vehicle 
position which may result in a deviation from its main trajectory. The second instability 
type is due to the increased oscillations of the articulation angle separating the truck from 
its trailer. The main factor affecting this instability is the driver’s loss of the control.  
A way to resolve this problem is to assist the driving manoeuvre, by warning the driver 
whenever he lose control and deviates from the safe desired trajectory, or to automate the 
whole lane-keeping manoeuvre using controllers. 

This paper proposes a novel approach to ensure an automatic constrained lane 
keeping for articulated vehicles. This approach is composed of two main modules. The 
first module imposes constraints on the truck’s position to avoid the swaying phenomena 
and limit the trailer’s orientation to prevent the jackknifing of the trailer. The second 
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module ensures the control of the steering angles of both vehicle’s articulations to follow 
a desired trajectory safely. 

1.1 State of the art 

The authors in Pillajo-Quijia et al. (2020) analysed and classified the factors of road 
accidents for trucks using machine learning to further improve road driving safety. One 
way to make driving safer is to support the lane keeping for heavy trucks with a tactile 
feedback in Montiglio et al. (2006). The proposed system generates an additional steering 
torque to avoid lane departure. On another way, Zhang et al. (2019) developed a sliding 
mode based steering and braking control, that calculates the appropriate lateral force and 
yaw moment for each wheel of the multi-axle truck. An optimisation stage is 
implemented to decrease the computation time. In Miao and Cebon (2019), a PID active 
trailer steering controller is studied for tractor-semitrailer, B-double and A-triple vehicle 
models. The authors studied the effect of vehicle speed and road camber and sliding 
surface on the vehicle’s stability. The aforementioned conditions reduce the precision of 
the vehicle position and hence give erroneous trailer steering angles. Zhu et al. (2019) 
studied the offered robustness of different active steering trailer controllers under huge 
lateral accelerations. The simulation results show that the Mu-Synthesis (MS) is the most 
robust to uncertainties caused by the mass or the longitudinal position of the trailer.  
Apart from the yaw stability discussed in the aforementioned paper, the roll stability 
present an important safety factor, in Sename et al. (2019) a linear parameter varying 
controller allows to reduce the rollover effect using the TruckSim© vehicle model. 
Otherwise, the developed approach in Nilsson (2013) combines vehicle and environment 
information to estimate a desired lateral position and define a guiding force to fulfil  
the lane-keeping task, the authors used an adaptive controller to steer the vehicle 
accordingly. In Zhang et al. (2020), the use of exclusive lanes improves the longitudinal 
and the lateral safety for trucks. In fact, the authors compared two controllers in path 
tracking manoeuvre, the sliding mode controller allows a better performance than the 
integral-plus-state feedback controller. In Liu et al. (2020), a lateral controller is 
proposed to perform a robust lane keeping against the external disturbances. The 
developed system is based on an adaptive state estimator and a finite time optimised state 
feedback regulator. Chen et al. (2019) studied the effects of lateral perturbation of 
automated trucks using finite element analysis. All the aforementioned papers considered 
the truck’s lateral control. Otherwise, Shi et al. (2019) proposed a trajectory and velocity 
planner that avoids collision and rollover scenarios for autonomous trucks. 

In Hac et al. (2008), two active trailer braking approaches are developed to control 
the truck’s yaw dynamics. However, in Chen and Tomizuka (2000), the coordinated 
steering angle and braking of the trailer are laterally controlled using the backstepping 
technique. Keymasi-Khalaji et al. (2015) developed a path tracking controller for a 
tractor with two trailers using a non-model-based PD controller. In Islam et al. (2012), 
the truck’s steering angle is guided using a PID controller. Meanwhile, the Linear 
Quadratic Regulator is used to control the trailer’s front steering wheel. In Khalaji et al. 
(2019), a Robust Adaptive Look-Ahead Kinematic Controller is proposed to compensate 
the vehicle model’s uncertainties and to follow a desired path. The authors use in 
addition an Adaptive Computed torque to stabilise the whole system. Kassaeiyan et al. 
(2019) combined Linear and Non-linear Model Predictive Controllers to avoid the self-
collision and to track a desired trajectory. In Yue et al. (2019), the truck’s parametric 
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perturbations are identified and compensated using the radial basis function neural 
network and the sliding mode controller respectively. In Xu et al. (2019), an optimal 
performance index and a shift register algorithm are conceived to follow a reference 
trajectory and to guarantee the vehicle’s lateral stability. In Shamim et al. (2011), the 
active trailer steering and braking controllers are studied along with the variable 
geometry approach to define the articulated vehicle’s lateral stability. Most of the 
previous works focused on the active trailer front wheel control, however, a Compliant 
Steering system is proposed in Qingyun et al. (2017) to act on the rear active trailer 
wheel while ensuring its lateral stability. 

To model the truck with trailer dynamics, some works adopted the front active trailer 
wheel, the other considered the active rear trailer wheel, while others concerned the 
passive trailer steering wheel. The chosen model is thereafter used to develop either an 
active or a passive trailer steering controller in order to follow a desired trajectory by the 
articulated vehicle. It is noted that the articulated vehicle’s control is a very challenging 
research field due to the unstable motions of the trailer. One way to overcome this 
problem is to impose constraints on the articulated vehicle’s position and orientation 
while ensuring the lane keeping. 

1.2 Contribution 

In order to follow a desired trajectory and avoid the skidding of a truck-trailer 
combination, a Line of Sight (LOS) guidance system along with a RISE controller is 
proposed. An active trailer steering vehicle model is adopted to control the orientation of 
both the truck and its trailer. The guidance system constrains the positions of the vehicle 
inside the lane. In fact, the longitudinal and the lateral truck COG position are bounded 
by a desired longitudinal position and the lane boundaries respectively. Otherwise, the 
articulation angle between the truck and its trailer is limited inside a predefined safe 
interval. Hence, the limitation of the truck’s COG position and the articulation angle 
allows to limit the position of the trailer’s COG. This safe zone prevents the vehicle from 
the jackknifing and the swaying movements. The guidance system is based on the 
logarithm Barrier Lyapunov function which imposes hard constraints on both truck and 
trailer positions in the yaw plane and outputs desired path parameters and vehicle 
orientation. The RISE controller is thereafter used to follow the desired path parameter 
on one hand and compensate the vehicle parameters uncertainties on another hand, i.e. 
the trailer mass and its inertia. 

This paper is divided into five sections: Section 2 presents the articulated vehicle 
dynamic model. Section 3 consists of designing a LOS guidance algorithm and a RISE 
feedback controller that allows a constrained lane keeping. Section 4 illustrates the 
numerical simulation of the developed approach along with a comparative study with the 
computed torque controller. The paper is concluded in Section 5.  

1.3 Problem statement 

The ultimate objective of this work is to guarantee a safe and a robust lane keeping for 
trucks with trailer. As the truck’s position and the articulation angle with respect to the 
trailer are well bounded, one may be sure that the articulated vehicle is following  
a desired trajectory safely. Hence, the goal is to steer both the vehicle’s articulations 
while constraining the lateral and the longitudinal positions in the first place and the 
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articulation angle the a second place. Therefore, the truck’s COG position  1 1,x y  should 

follow the desired path parameter  1 1( ), ( )d dx y  . Thus, the tracking longitudinal and 

lateral errors e  and s  must converge to zero. In addition, the articulation angle   must 

converge to the desired d  to ensure that the trailer’s COG follows the truck’s COG 

directly and the desired path parameter indirectly. Applying hard constraints on the 
position errors e  and s , and the articulation error = dq    guarantees the non-

violation of the lane envelop while proceeding the lane keeping task. The aforementioned 
errors are shown in the Figure 2. In addition, a robust controller is used to compensate 
the vehicle model’s uncertainties. The whole system is presented in Figure 1.  

Figure 1 Trailed truck’s lane keeping bloc diagram 

 

2 Dynamic model 

In this paper, a dynamic truck with trailer model is adopted to simulate the articulated 
vehicle’s position and motions. A few assumptions are considered to simplify this vehicle 
modelling. In fact, the right and the left wheels on the same axes will be assumed as one 
wheel which leads to a bicycle double track model, also the sideslip angle is not 
considered in this work. The vehicle’s position is defined from a geometrical relationship 
as presented in Figure 2. However, the dynamic parameters are parameterised using the 
Newton dynamic laws. 

   1 1 1 1 1= cos sinx U V   

   1 1 1 1 1= sin cosy U V   

1 1= r  

2 2= r  



   

 

   

   
 

   

   

 

   

   38 K. Osman, J. Ghommam and M. Saad    
 

    
 
 

   

   
 

   

   

 

   

       
 

where  1 2,x y  denotes the position of the truck’s COG, 1U  and 1V  are the longitudinal 

and the lateral truck velocities, 1  and 2  are the truck and the trailer heading angle, 

respectively, while 1r  and 2r  present the truck’s and trailer’s yaw rates. The truck’s 

dynamics are expressed as follows:  

 1 1 1 1
1

1
= sin( )x yU F F V r

m
   

 1 1 2 1 1
1

1
= cos( )y y yV F F F U r

m
     

 1 1 1 2 2
1

1
= cos( )y y yr F d F S F S

I
   

Figure 2 Vehicle’s applied forces 
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And the trailer’s dynamics are parameterised as in Islam et al. (2012):  

 2 3 2 2
2

1
= sin( ) cos( ) sin( )y t x yU F F F V r

m
       

 2 4 3 2 2
2

1
= cos( ) sin( ) cos( )y y t x yV F F F F U r

m
       

 2 4 6 3 5
2

1
= cos( ) cos( ) sin( )y y t y xr F S F S F e F e

I
       

where 2U  and 2V  present the trailer’s velocities, 1m , 2m , 1I , 2I  denote the truck and 

trailer mass and inertia respectively.   and t  are the steering angles of the truck and 

the trailer, respectively. The articulation angle   is equal to the difference between 1  

and 2 . The applied forces are defined as 1 1
1 1

1

=y

V dr
F C

U

 

 
 

, 1
2 2

1

=y

V dr
F C

U

 
 
 

, 

2 6
3 3

2

=y t

V S r
F C

U

 

 
 

 and 2 6
4 4

2

=y

V S r
F C

U

 
 
 

. 

In this paper, the RISE feedback controller is applied to control the truck and the 
trailer’s steering angle. For this, the vehicle’s dynamic model has to be linearised on the 
basis of a few assumptions.  

Assumption 1: To simplify the adopted vehicle model, one may suppose that the truck’s 
and the trailer’s longitudinal velocities 1U  and 2U  are constants and equal. As the 

developed system is designed for highway road, the truck steering angle   and the 
articulation angle   are assumed small.  

The compact linear model is hence developed in the state space form as:  

=Mz Dz Bu   (1) 

where the matrices M, D and B are expressed in Appendix, the state 1 1= , , ,
T

z V    
    

and the control input  = ,
T

tu   .  

Assumption 2: M  is symmetric and positive definite inertia matrix that respects the 
inequality below, 4z    

2 2m z z Mz m z      

where m   and m  , are respectively the minimum and maximum eigenvalues  

of M.  

3 Dynamic controller 

The control objective in this paper is to converge the lateral and the longitudinal tracking 
errors e  and s  to zero and to converge the articulation angle   to the desired 
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articulation angle d  such that the articulation error q  goes to zero. Although the 

tracking and articulation errors go to zero, some constraints are applied to limit the truck 
with the trailer’s position to stay within the lane boundaries. It is worth to mention that 
the trailer’s position may be monitored using the following relations:  

   2 1 1 2= cos cosx x d e    (2) 

   2 1 1 2= sin siny x d e    (3) 

3.1 Guidance 

As the truck follows a reference trajectory, the longitudinal and the lateral tracking errors 
are presented as:  

1 1 1 1

1 1 1 1

cos sin ( )

sin cos ( )

T

p p d

p p d

x xs

y ye

  
  

     
          

 (4) 

where  = arctan ( ), ( )p p py x     and  1 1( ), ( )p px y   are the trajectory tangential angle 

and the coordinates of the tracked reference point respectively. From Osman et al. 
(2019), the expression of the derivative of the tracking errors are established as:  

  
   

 

1 1 1

2 1 1 1 1 1

2 2
1 1 1 1 1 1

cos 1

sin sin

cos ( ) ( )

p p

p p d d

e

V s

s e V x y

  

    

     

  

   

     


 



 (5) 

with 1  and 2  defined as follows:  

 1 1 1 1= sind d pV    (6) 

 2 1 1 1= cosd d pV    (7) 

1dV  is the desired longitudinal truck velocity. The truck’s orientation error is calculated 

as 1 1 1= d    and the truck’s linear velocity error is expressed as 1 1 1= dV V V . The 

derivative of the articulation angle error denotes  

1 1 2 1 2

1 2 2

=

=

=

d

d d d

d

q  

    

  



   

 

 
    
  

 (8) 

where 1 2=d d d   , the values of 1d  and 2d  are determined later using the 

logarithm Barrier Lyapunov Function (BLF). In addition to the applied constraints on the 
truck’s COG position that should follow a desired trajectory, the articulation angle 
between the truck and the trailer must be limited within a predefined interval which  
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indirectly bounds the position of the trailer’s COG. The truck-trailer vehicle’s position 
may be bounded by limiting the tracking errors e  and s , and the articulation error q  

such as:  

| ( ) |< , | ( ) |< , | ( ) |<e s qe t C s t C q t C  (9) 

Proposition 1: The equilibrium point    , , 0,0,0z e s q
    is rendered asymptotically 

stable if the following guidance laws are selected as:  

 

   

log
1 1 1 1 1

log

'2 '2

1 1

2 2 log

cos

arctan

p p

d d

d p

d q

e
V k s e s

s

x y

e

k q

  


 

 

 

 
     

 


     
 






 (10) 

where 1k , qk  and   are positive gains. 

Furthermore, if the initial conditions are  3(0) :| | zz z z D   , where 

  2 (0)
= max , , 1

Vt
z e s qD C C C e

 , then the constraints  are satisfied. Hence, the guidance 

system is Locally Exponentially Stable (LES).  
To achieve this task, the BLF is used as:  

22 2

2 2 2 2 2 2

1 1 1
= log log log

2 2 2
qs e

t
s e q

CC C
V

C s C e C q
 

  
 (11) 

Hence the derivative of the Lyapunov function is calculated as:  

 
   

    
 

2 2 2 2 2 2

log 1 1 1

'2 '2
1 1 log 1 1 1

2 1 1 1 1 1

log 1 2 2

=

= cos

( ) ( ) cos 1

sin sin

t
s e q

p p

d d

p p

d

ss ee qq
V

C s C e C q

s e v

x y e

V s

q

  

     

    

  

 
  

 

    

   

  

  



 

 

 

 (12) 

where log 2 2
=

s

s
s

C s
, log 2 2

=
e

e
e

C e
 and log 2 2

=
q

q
q

C q
 From (12), we confirm the 

selection of the update laws (10) in Proposition 1. Replacing  , 1d  and 2d  with their 

functions leads to the following expression:  
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1 log 1
1 log log2 2 2 2

1 1
1 12 2 2 2

2
1 1 1 log 1 log

=

cos 1 sin

sin

d d
t

d d

p q

V e e V e
V k s s e

e e

V e V

e e

V k q q

 

  


      


  

   

   



 

 

 (13) 

As 1 = 0lim
t



  and 2 = 0lim

t



 , one may assume that 

 1

01 1

sin
=1lim









, 
 1

01 1

cos 1
= 0lim












. 

It follows that  ( ) (0) | (0) | max , , > 0t e s qV t V z C C C t    . Thus, we infer that:  

 2 2 20.5log / (0)s s tC C s V   

 2 2 20.5log / (0)e e tC C e V   

 2 2 20.5log / (0)q q tC C q V   

Taking exponentials on both sides of all the inequalities and rearranging, we ultimately 

obtain that   2 (0)
| | max , , 1

Vt
e s qz C C C e

  .  

3.2 RISE feedback controller 

Based on the compact dynamic trailed truck model, one may define the auxiliary error as:  

1e ez z    (14) 

2      (15) 

where 1  and 2  are positive constants. 1 1, , ,
T

ez V          , 1 1 1= dV V V .  

 
 

  

2

1 2

1 2 1

e e

e e e e

M M

M z z

M z z z z

Q S t

   

  

  

 

  

   

  



 

  
 (16) 

where dQ Mz   while  1 2( , ) eS D z z M z       . However  

   

   20

1 ( ) 1 (0)

1 ( ) sgn ( )

s s

t

s

t Bu

k t k

k d

 

      



    

  

 (17) 
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The closed-loop system is therefore expressed as:  

 1 sgn( )d sM A A k z           (18) 

= and =dA S A Q    (19) 

From the Mean Value Theorem in Osman et al. (2019), A  can be upper limited:  

 A          (20) 

where 3, ,ez  
        and (.) 0   is invertible function. Also by assuming that 

the uncertain vector ( , )D z z  is bounded, the following inequalities are proved:  

1 2,d dA A       (21) 

where 1 2,   are positive constants. The controller in (17) confirms the restriction applied 

on the system signals and ensures the convergence of the pursuit error ez  to zero when t 

goes to infinity. The controller gains are defined according to the following conditions 
(Osman et al., 2019) in a way that the control system is asymptotically stable.  

1 2

1 1
> , > , >

2 2 d dA A          (22) 

Theorem 1: Given a smooth reference trajectory  ( ) = ( ), ( )d d dp x y    and d . The 

origin of the tracking error  , , , , ,es e q z    becomes asymptotically stable by choosing 

the guidance and the control laws as in (9) and (18) respectively.  

The analysis is carried out by viewing the closed-loop system made of the guidance 
kinematics and the dynamic subsystem as a cascaded interconnection of two subsystems 
as shown in the following two equations:  

 

1

, , ,

0
( , , ) 0

e

s e q ze

s

e f s e q
z

q





 
               





  

 

1

2 2

1 sgn( )

e e

d s

z z

M A A k

 
   

    

 
  
      




 
  

where   1 log 22 2
, , ( , ) , ,d

p p q

v e
f s e q k s e s e r k q

e
   


 

       
 

    and  = sin ,p      

   
2 2 2 2

cos 1 sin
,1,0d dv e v

e e

 
 

  
   

     

 
 

. In this regard, since we showed that  
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2  is asymptotically stable, by showing that 1  is Input-to-State Stable (ISS) with 

respect to ez . Thus the whole system is asymptotically stable.  

4 Numerical simulation 

In this section, the efficiency of the developed approach is validated for lane-keeping 
scenario. The vehicle model under study is simulated by introducing some uncertainties 
on its parameters. For sake of clarity, random numbers are added to the vehicle’s  
mass and inertia as follows: 1(kg) = 6825 100rand(.)m  , 2 (kg) = 5460 100rand(.)m  , 

1 = 21.693 rand(.)I   and 2 = 12.540 rand(.)I  , where (.)rand  presents a random 

number between 0 and 1. The vehicle’s length and the wheels’ cornering stiffness are 
parameterised as in Osman et al. (2019). The chosen gains for the proposed controller are 

= 0.2 , 2 = 18k , 1 = 3 , 2 = 5  and = 4.5sk ; The applied constraints on the 

longitudinal and lateral position tracking are presented respectively by = 10Ce  and 
= 3Cs . Otherwise, = 2Cq  denotes the articulation angle error bound. 

Multiple road scenarios are illustrated to validate the proposed system. Figure 3 
shows a straight lane-keeping scenario. The truck’s and the trailer’s COG 1xy  and 2xy  

are following the desired truck and trailer trajectory 1dxy  and 2dxy , respectively. The 

lateral and longitudinal truck’s position errors and the articulation angle error are 
converging to zero in Figure 4. It is shown in Figure 5 that the truck and its trailer are 
following the desired circular trajectory. We notice a small gap between the desired and 
the travelled trajectories in this circular scenario due to the neglecting of the sideslip 
angle in the vehicle mathematical modelling. This gap is clearer in this scenario w.r.t the 
straight lane case because of the increased path curvature. Since the circular trajectory is 
based on a periodic signal, the tracking and articulation errors are converging to zero 
with a periodic peak reflecting the starting point of the desired path in Figure 6. The 
following scenario concerns a curved road. Even by starting from different initial 
conditions, the truck and trailer’s positions follow the desired trajectory. From Figure 7, 
one may notice that the trailer position follows the truck position but with small time gap 
due to the distance separating the trailer’s COG from the truck’s COG. In addition, the 
desired orientation is obviously followed by the vehicle’s heading angles 1  and 2  in 

Figure 8. The control inputs   and t  allowing the desired path following are presented 

in Figure 9. A comparison study with the Computed Torque Controller (CTC) is 
thereafter implemented. In fact, the CTC torque expression is defined as follows:  

 = d d e p eM z K z K z Dz       (23) 

where pK  and dK  are 4 4X  diagonal positives matrices. 
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Figure 3 Truck and trailer position in a straight lane case  

 

Figure 4 Tracking and articulation errors in a straight lane case 
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Figure 5 Truck and trailer position in a circular lane case  

 

Figure 6 Tracking and articulation errors in a circular lane case 
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Figure 7 Truck and trailer position in a curved lane case  

 

Figure 8 Truck and trailer’s heading angle in a curved lane case  
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Figure 9 Control inputs in a curved lane case 

 

Figure 10 A comparison between the RISE and CTC tracking errors in a curved lane case  
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It is noticed that the lateral rs , the longitudinal re  and the articulation angle rq  errors 

are converging to zero. Also, the predefined errors constraints eC , sC  and qC  are 

respected as illustrated in Figure 10. Otherwise, it is shown that the tracking errors cs , 

ce  and the articulation error cq  of the CTC exceed the aforementioned bounds and 

present an oscillatory behaviour due the model parameter uncertainties.  

5 Conclusion 

In this paper, an active trailer steering model is used to simulate the articulated vehicle’s 
dynamic in the lane-keeping scenario. A LOS guidance algorithm is developed to limit 
the articulated vehicle’s position inside the lane boundaries. The Barrier Lyapunov 
function is thus used to impose constraints on the truck position and the articulation angle 
errors. In order to follow the desired constrained trajectory, a RISE feedback controller is 
designed while compensating the vehicle model’s uncertainties. A numerical simulation 
is finally illustrated to prove the efficiency of the developed approach in various 
scenarios. In addition, a comparative study with the computed torque controller is 
presented. In future work, the sideslip angle will be considered in modelling the 
articulated vehicle. 
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