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Abstract 

Svenska 
Syftet med examensarbetet är att undersöka tillvägagångssättet att använda modellbaserad reglering 

för dämpningen av leden i en ledbuss. Fokus ligger på situationer då bakdelen av ledbussen kommer i 

svängning. 

Innehållet i examensarbetet innefattar undersökning och utvärdering av en existerande enkel 

fordonsmodell samt design och utvärdering av en regulator vars uppgift är att kontrollera 

leddämpningen. Målet är ett förbättrat beteende än vid användning av nuvarande system i 

Scaniabussar (ACS5). 

Fordonsmodellen utvärderas genom att effekterna av några av de olika approximationerna som gjorts 

undersöks individuellt. Slutsatsen är att de olika approximationerna är godtagbara vid 

fokussituationerna, speciellt då fordonsmodellen inte används på ett sådant sätt att den behöver vara 

exakt. 

Simuleringsmiljön med en utökad fordonsmodell och vägföljningsalgoritm beskrivs. Det diskuteras 

också vad man, utifrån simuleringar, kan och inte kan dra slutsatser ifrån. 

Leddämpningskontrollen testas genom att undersöka olika val av reglerfelsstorheter: ledvinkel, 

ledvinkelhastighet eller en kombination av de båda. Jämförelse sker också med ACS5. Resultatet visar 

att med denna simuleringsmiljö så är reglering utifrån (endast) ledvinkelhastighet det som skapar det 

bästa beteendet av de tre alternativen. Ett bättre beteende än med ACS5 kan också ses. 

Ytterligare idéer och förbättringsförslag presenteras och diskuteras. 

English 
The purpose of this thesis work is to investigate the approach of using model-based articulation 

damping control for an articulated bus. The focus is on situations where rear-section oscillations can 

occur. 

The contents of the thesis work involve investigation and evaluation of an existing simple vehicle 

model and the design and evaluation of an articulation damping controller. The goal is a better 

behavior of the bus than when using the current system used in Scania buses (ACS5). 

The vehicle model is examined by analyzing the effects of some of the various approximations 

individually. The conclusion is that the various approximations are acceptable for the focus situations, 

especially since the vehicle model is not used in such a manner that it needs to be precise. 

The simulation environment, including an extended vehicle model and a road-follow algorithm is 

described. It is also discussed what in the results, based on simulations, can and cannot be used to 

draw conclusions from. 

The controller is tested by examining different control error options, where the control error is either 

the articulation angle, articulation angular velocity or a combination of both. Comparisons are also 

made with ACS5. The results show that, using this simulation environment, control based on 



ii 

 

articulation angular velocity creates the best behavior of the three options; it also seems to work better 

than ACS5. 

Additional ideas and suggestions for improvement are presented and discussed. 
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Table of Definitions 

Word Definition 

ACS Articulation Control System – The system in the bus that is 

responsible for Articulation Control. 

ACS5 The current ACS used in the buses that Scania produces 

today. 

ACS unit The physical electronic unit that hold the ACS. 

Articulation The whole interface between the front section and the rear 

section. 

Articulation Control Controlling of the Articulation. 

Articulation Damping Control Electronic controlling of the Dampers integrated in the 

Articulation. 

Articulation System The Articulation System is responsible for Articulation 

Control. The Articulation System uses both mechanical 

control and electronic control. 

Bus Chassis Control Unit Another control unit, responsible for other things that 

electronic Articulation Control. 

Control Error The difference between measured value and reference value. 

Control Error Option What is used as control error; either articulation angle, 

articulation angular velocity or a combination of the two. 

Control Signal The output from any Controller. 

Control System Both the Controller and Reference Value Generator as one. 

Controller What uses the Control Error to produce a Control Signal. 

Dampers The hydraulic cylinders with controllable valves. 

Damping Percentage The Control Signal quantity. It ranges between 0 to 50%. 

Maximum damping is thus at 50%. 

Driving Case A Driving Case consists of a road, parameterization in terms 

of friction, and a certain constant forward velocity. 

Extensive Vehicle Model The vehicle model that represents a real bus in the simulation 

environment. 

Focus Area The focus area for the thesis work. Countering the rear 

sideway oscillations by articulation damping. High speed lane 

change is the Driving Case. 

Front Section An articulated bus with two sections is defined as having a 

Front Section and a Rear Section. 

Ground Level Damping The level of damping for the ACS5 that is always present 

during drive. It increases with increase vehicle speed. 

Initial Overshoot The first rear section displacement that occurs after a lane 

change. 

Rear Section An articulated bus with two sections is defined as having a 

Front Section and a Rear Section. 

Reference Model The vehicle model that represents a vehicle having the 

reference values. The Reference Model has the wanted 

behavior of a vehicle. 

Reference Value Generator The other part than the Controller that exists in the Control 

System. 

Road-follow The Road-follow is what acts as driver. It outputs a steering 

angle. 
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SSC Scania Sway Control. A function in the ACS5 damping 

control that increases the damping when certain conditions 

are met (regarding measured vehicle speed and angular 

velocity). 

Understeering The situation when a vehicle is not turning as much as the 

driver wants it to. 
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Table of Variables 

Name Definition Symbol Unit 

Articulation Angle The angle difference between the front section yaw 

angle and the rear section yaw angle, positive in counter-

clockwise direction. 

Λ - 

Articulation Angular 

Velocity 

The angular velocity difference between the front 

section yaw angle and the rear section yaw angle, 

positive in counter-clockwise direction. 

Λ̇ s-1 

Front Yaw Angle 

and Yaw Rate 

The yaw angle and yaw rate of the front section.     ̇  s-1 

Steering Angle The angle of the front-most wheel, that which is 

steerable by the steering wheel. Positive in counter-

clockwise direction. 

  - 

Trailer Yaw Rate The yaw angle and yaw rate of the rear section.    ̇  s-1 
Vehicle Forward 

Velocity 

The velocity of the front section front-most wheel. Also 

known as “vehicle speed”. Using the small angle 

approximation, it is the forward speed for both the front 

and rear section as well. 

    
 

 
 

- The distance between the front section mass centre and 

the front-most wheel. 
f1 m 

- The distance between the front section mass centre and 

the rear wheel of the front section. 
b1 m 

- The distance between the front section mass centre and 

the articulation point. 
b11 m 

- The distance between the rear section mass centre and 

the articulation point. 
f2 m 

- The distance between the rear section mass centre and 

the rear section wheel. 
b2 m 

Front Section 

Vehicle Mass 

The mass of the front section of the bus. m1 kg 

Rear Section Vehicle 

Mass 

The mass of the rear section of the bus. m2 kg 

Rear Tire 

Coefficient 

The tire coefficient of the rear section tire. Crear N/rad 

Damping Percentage The requested damping percentage sent from the 

controller. 
- % 

Articulation Angle 

Control Error 

The measured articulation angle minus the reference 

articulation angle. 
 Λ rad 

Articulation Angular 

Velocity Control 

Error 

The measured articulation angular velocity minus the 

reference articulation angular velocity. 
 Λ̇ rad/s 
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Chapter 1 

Introduction 

A great part of the technological development in the last hundred years, in a sense one of the most 

important parts, is the ability for machines to work independently from human interaction. Not only 

because of the effects that this ability has given society today, but because of what it will give in the 

future. If all machines would need some type of human interaction before every action made, it would 

constrain our machines to the limits of ourselves. 

In this project work, a new way of articulation damping control is investigated. The damping control is 

a part of a system in an articulated bus that works independently of any human input during driving. 

The system is called articulation control and its purpose is to protect the articulation in the bus as well 

as to increase the safety of the passengers by improving the behavior of the bus. This system exists in 

all articulated buses with the engine placed in the rear section of the bus. 

1.1 Articulated buses 
An articulated bus is a bus split in two or more sections, one front section and one rear section, with 

the sections connected by a flexible interface, making the bus able to bend. In almost all larger cities 

there are articulated buses, since they are longer than normal buses and therefore have an increased 

passenger capacity. This makes the mass transit system more effective. 

For many of the articulated buses that use two sections, the engine is placed in the rear section. The 

benefit of this is that there is more space for passengers and exit doors, as well as having a lower floor 

throughout the bus, thus making more space and making it easier to enter and leave the bus. 

1.1.1 Hazardous behaviors 

The advantages of articulated buses have already been mentioned, the increased passenger capacity is 

the driving constraint that has pushed the development of them. The advantage over a conventional 

bus with the same passenger capacity is that the articulated bus can utilize roads with sharper turns. 

The major disadvantages of articulated buses with rear-placed engines have to do with the dynamics of 

the bus. There are several driving cases at which the articulated bus has a safety-critical behavior, 

particularly on slippery surfaces: 

- Jack-knifing due to forward drive and continuously high steering angle. 

- Rear section sideway oscillations. 

- Mid-axle displacement due to rear section axle wheel-spin, also resulting in jack-knifing. 

- Jack-knifing due to reverse drive. 

Side note: Rear section sideway oscillations 

The focus area 
(see 1.5.1) 

for this thesis work is regarding the rear section sideway oscillations behavior. 

Low friction might cause the rear section to swing out after a turn, creating a bend in the bus. A bend 

in the bus causes the rear-section, where the engine is placed, to push the rear part of the front section 

sideways. This causes the whole front section to turn. The result is that the whole bus oscillates. This 

behavior occurs primarily at lane change maneuvers or evasive maneuvers. 
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In order to limit and reduce these hazardous behaviors, these articulated buses use control systems. 

1.2 Control Engineering 

 
The practice of controlling certain quantities using control loops is called control engineering. 

The idea is that measurements of the actual value of that which is to be controlled are used to control 

it. The difference between the desired value and the actual value (control error) decides how much the 

system should be affected. 

 

Figure 1.1 A general control theory block diagram. 

This multi-disciplinary field of engineering is used in applications in almost every modern field of 

technology that exists. Wherever you want things to behave in a certain way, automatically, there is 

place for control engineering. Not only in buses, but also in cars, boats, airplanes or satellites, or any 

kind of environment control like air conditioning, or in larger systems like national or global economy. 

The work involved in control engineering usually consists of two steps: To create a model of the 

system that is to be affected, and to create the intelligence that controls the target quantity or quantities 

based on that model; even though systems might seem different, the work done when it comes to the 

controlling itself is usually similar. 

1.2.1 Similarities between Attitude and Articulation Control Systems 

The control systems used by buses to eliminate the hazardous behaviors mentioned in 1.1.1 are called 

articulation control systems. They provide means to control the buses’ stability in two of the three 

dimensions (up-down excluded). Articulation control is similar to the attitude control that exists in 

aircrafts and space crafts, which provides stability in all three dimensions. 

The attitude control of a satellite is the control of its orientation relative to some coordinate system. It 

is needed for all instruments that need to orientate themselves in the direction they want to be looking 

(which is the bulk of all space-based scientific instruments). Also all optical systems or sensors need 

to be pointed at the right direction. The attitude control is built up with sensors (gyros, star/sun 

trackers), actuators (momentum wheels, thrusters) and a programmed control loop, i.e. like any other 

control system. The control loop decides how much the yaw, pitch and roll speed will change (three 

variables for a three-dimensional attitude control system). To make that decision, information is 

needed about certain physical relations and quantities. The reality is generally very complex, and thus 

often a simplified model of the satellite is used for the purpose of attitude control
(1)

. Some parts of the 

model might be dynamic; others may be simplified to kinematic relations. 

Thus articulation control could be said to be a type of attitude control, though in a 2-dimensional 

plane. 
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1.3 Articulation Control 
An articulated bus can be controlled by for example braking, limiting engine torque and by using the 

dampers integrated in the articulation. The latter will be referred to as articulation damping control.  

1.3.1 The dampers 

The interface between the front section and the rear section is the articulation. It allows the bus to 

make sharp turns when it needs to and is able to stiffen the bus when it needs to. The stiffening is 

actuated using two hydraulic cylinders, referred to as the dampers. 

 

Figure 1.2 The articulation system - the interface between the two sections including the ability to control it. This 

particular articulation system is produced by Hübner GmbH and is the system used in Scania buses.[2] 

Figure 1.2 shows the interface between the front and rear section, as viewed from above. The 

hydraulic cylinders can be seen at each side (black). When the bus is to be stiffened, the valve at one 

of the cylinders (left or right) is shut. If the bend in the bus is increasing at that direction (left or right), 

the pressure in the hydraulic cylinder is increased, creating a force along it, resisting the bending 

movement of the bus. More information about the dampers can be found in Appendix B. 
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Side note: The problem at hand 

So if the question is: When to do What, the answer to the What question would be chosen to be 

“activate the dampers”, or correspondingly: “increase the pressure in the cylinders”.  

The When question is answered using sensors in the bus, giving values for variables such as vehicle 

speed or wheel spin. 

1.4 Background 
This master thesis has been done at Scania, a Swedish truck, bus and engine company based in 

Södertälje, Sweden. This section aims to give some background information to why this master thesis 

opportunity was released at this time. The mission statement can be found in Appendix A (Swedish). 

1.4.1 ACS5 

The articulation control used in today’s Scania buses is called ACS5 (Articulation Control System 5) 

and encompasses functions using all of the previously mentioned ways (see beginning of section 1.3) 

to control the bus and reduce risky behavior. Based on the sensor inputs the system tries to identify 

one of certain typical situations 
(see 1.1.1)

 and apply the corresponding counter reaction. 

The ACS5 articulation damping control has a ground level damping (constant damping level always 

active, increasing with increased velocity) and additional damping for three different situations that it 

identifies; End Protection Damping, Wheelspin Damping and Sway Control (for reducing oscillations 

originating from a turn at high speed, such as a lane change or evasive maneuver). The Sway Control 

will be referred to as SSC (Scania Sway Control). 

1.4.2 Scania’s ambitions for a better control system 

According to Scania’s own comparisons, the ACS5 is already ahead of the competitors’ systems, but 

Scania has the ambition to keep the lead. 

Since the bus chassis control unit at the time of the thesis work was being updated with new hardware, 

the ACS unit (which is another control unit but uses identical hardware) was needed to be updated as 

well with the new hardware. The old hardware was being taken out of production and the new 

hardware was expected to be less expensive. 

With the change of hardware including change of operating system, it becomes necessary to update the 

software for compatibility, which in reality means to implement the functions again from scratch. 

This fact is another incentive to take the chance to improve the existing articulation control. 

The goals of the functional advantages are for the system to give the vehicle a safer behavior. 

1.4.3 Vehicle reference model 

For the articulation damping control, it has been proposed by co-workers at Scania to investigate the 

use of a physical model of a bus together with a controller. Rather than using a few cases for when to 

apply damping (thus treating each of these cases identically) the use of a controller using a physical 

model treats each situation differently, based on the real-time sensor values. Using this concept 

successfully will make the articulation control more flexible. The physical model will be referred to as 

the reference model. 

1.5 Goals 
The goal of this thesis work is twofold: 
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- To analyze the reference model in order to determine if it can be used for articulation damping 

control in an advantageous manner, primarily for the focus area. 

- To design a regulator that, utilizing the reference model, controls the articulation damping, 

primarily for the focus area. 

1.5.1 Focus Area and Boundaries 

Focus Area 

The ambition for the articulation damping control is that it will be used for all types of driving, 

however the focus for this thesis work is at forward drive at fairly high velocities (about 50 km/h and 

above, up to reasonable levels), aiming to counter the rear section sideway oscillations
(see 1.1.1)

. 

Boundaries 

As mentioned above, the thesis work is to be done within the focus area. Furthermore, the boundaries 

for the thesis work are: 

- The reference model is to be analyzed as it is; time should not be used striving towards 

improving it. 

- The controller should be optimized only on a conceptual level, not in detail regarding 

parameterization. 

1.6 Previous Relevant Work 
Control systems in vehicles exist in various kinds for various different problems. In this section some 

other works are highlighted, relevant for this thesis work area. 

In [Azad, Khajepour, McPhee, 2005]
[13]

 an active control system is used for removing or decrease the 

“snaking mode” that appear in articulated steer vehicles (where the steering is realized by changing the 

articulation angle only, mostly used in mining vehicles). Since passive methods are not always reliable 

or practical, an “active steering system” is examined. The actuators are electrohydraulic controllable 

valves, and the entity to be controlled is the articulation angle. A PID controller is used together with a 

notch filter. The filter is used to counter some lag in the system originating from pressure-flow 

equations for the hydraulics at the interface between the two vehicle sections. 

The results are positive, removing the snaking mode at the tuned velocity, which was roughly 40kmph. 

Also, the steering response was increased. 

Since the report focuses much on the modeling of the hydraulic at the vehicle interface and not so 

much on the vehicle itself (no tire models are used), little usable information regarding the modeling 

in this thesis work can be gathered. However, it can be said that model-based articulation control, 

using controllable hydraulic vales a PID-regulator has successfully removed the snaking mode of a 

vehicle.  

The use of reference models for the purpose of articulation control has been studied in e.g. the 

following two papers: [Webster, He, Islam, 2010]
[3]

 and [Tabatabaei Oreh, Kazemi, Azadi, 2013]
[4]

. 

However the actuator for the control used are the wheels of the rear section instead of the articulation 

damping. 
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In [Tabatabaei Oreh, Kazemi, Azadi, 2013]
[4] 

an active control system using a reference model is 

examined for the purpose of directional control for articulated heavy vehicles. A non-linear 14 Degree-

of-freedom model, using the Dugoff tire model, is developed for evaluation of the developed control 

system. Three control variables are used: Tractor (front section) yaw rate, tractor lateral velocity and 

articulation angle. The reference value for lateral velocity is set simply to 0. The other two are 

calculated from a linear model, made by geometric and kinematic analysis. The goal for the vehicle in 

this paper is for the rear section wheels to follow the front section rear wheels; the reference value for 

articulation angle is calculated thereafter. 

The actuator for the control system is, as mentioned, steering of the rear section wheels rather than 

using any kind of dampers. The system is using both feedback and feed-forward controllers. 

The driving case simulated with the non-linear vehicle model is a lane change at 80 kmph with a 

friction coefficient of 0.4. The turn is of 3 degree amplitude and 0.5Hz. 

The result is a decrease of articulation angle at the initial overshoot of slightly more than half of what 

it would be without the control system. 

In the report, the vehicle studied is a tractor with a dolly, rather than a bus. The use of active steering 

can surely be successful at smaller articulation angles; however, when the engine is place in the rear 

section, the low speed-high angle problems occurring due to that might be difficult to prevent using 

steering only. 

The modeling of an articulated vehicle without the purpose of any special application can be found in 

several educational textbooks, such as in [Wennerström, 1999]
[5]

 and [Gäfvert et al., 2000]
[6]

.  
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Chapter 2 

Reference Model Analysis 

There are two major part of the reference model analysis. The first one is to examine if the 

approximations made during the derivation of the model equations are valid enough, and if they are 

valid for the focus area. The second one is to examine if the reference model can be used 

advantageously together with a controller.  

2.1 About the Model 

2.1.1 Introduction 

The text presented in this chapter is an analysis of the vehicle model which is supposed to be used for 

the producing of reference values as a part in designing a controller for the articulation damping. The 

list of approximations in this document is the core of the analysis – that which the analysis is built 

upon. The approximations will be put in relation to the general vehicle movement and also in relation 

to the focus area of the thesis work, which is the forward drive at medium speed
(see 1.5.1)

 to high speed. 

2.1.2 Credits 

The model is based on the information from [Engelaar, 1997]
[7]

 and have been re-composed by Scania 

co-workers, where some work has been included that is not directly retrieved from the above paper. 

Only the essential information is re-told in this report. 

2.1.3 Bicycle Model 

The subject of analysis is a model of an articulated bus which is made based on the Bicycle Model 

(BM)
[5]

. The BM simplifies the bus to a vehicle with three wheels, with each wheel placed in between 

where the other wheels on the same axle otherwise would have been. The BM of an articulated bus in 

this model is made up like a bicycle with a stiff trailer behind the bicycle and with the steering of the 

front section front wheel being the only way to maneuver the vehicle. The rear section and the front 

section are connected with a point coupling as the only interface between them. 
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Figure 2.1 Kinematic Bicycle Model for an articulated vehicle. 

2.1.4 Kinematic model 

As stated in the introduction, the existing reference model is a strictly kinematic one, meaning it only 

considers the motion of points, bodies and systems without dealing with the causes for the motions.  

2.1.5 Definitions of quantities relevant for this chapter and further 
Table 2.1 Definitions of quantities for chapter 2. 

Name Definition Symbol Unit 

Articulation Angle The angle difference between the front section yaw 

angle and the rear section yaw angle, positive in counter-

clockwise direction. 

Λ - 

Articulation Angular 

Velocity 

The angular velocity difference between the front 

section yaw angle and the rear section yaw angle, 

positive in counter-clockwise direction. 

Λ̇ s-1 

Front Yaw Angle 

and Yaw Rate 

The yaw angle and yaw rate of the front section.     ̇  s-1 

Steering Angle The angle of the front-most wheel, that which is 

steerable by the steering wheel. Positive in counter-

clockwise direction. 

  - 

Trailer Yaw Rate The yaw angle and yaw rate of the rear section.    ̇  s-1 
Vehicle Forward 

Velocity 

The velocity of the front-most wheel.     
 

 
 

- The distance between the front section mass centre and 

the front-most wheel. 
f1 m 
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- The distance between the front section mass centre and 

the rear wheel of the front section. 
b1 m 

- The distance between the front section mass centre and 

the articulation point. 
b11 m 

- The distance between the rear section mass centre and 

the articulation point. 
f2 m 

- The distance between the rear section mass centre and 

the rear section wheel. 
b2 m 

 

Table 2.1 contains the definitions and symbols for the relevant quantities for chapter 2. The quantities 

are defined so that they will remain consistent throughout the report. That is why the distances are 

defined relative to the mass centres, even though the mass does not affect the behavior of the 

kinematic reference model. 

2.1.6 Input quantities and wanted output quantities 

In order to make a controller for the model, the wanted reference values are the articulation angle and 

the articulation angular velocity. The input values are those that the driver can control, namely the 

vehicle velocity     and the steering angle  . 

2.1.7 Derivation of the reference value 

- Since no kind of slip is existent in the model, the rear section tires as well as the front section 

rear tires are assumed never to move sideways. This means that the lateral velocity at those 

points is zero, and that the lateral velocity at the front section front tire is equal to 

        
(see fig. 2.1)

. 

 
 ̇  

       

     
  

 

2.1 

 
 ̇  

      Λ     

     
 

          Λ        

              
 

 

2.2 

- The articulation angle Λ is defined as       , and so Λ̇ is defined as  ̇   ̇ . 

 
Λ̇  

       

     
 

      Λ     

     
 

          Λ        

              
 

 

2.3 

The resulting equation for the articulation angle and angular velocity turns out to be non-linear. In 

order to get a simple solution for the equation, the small-angle approximation is used for both the 

articulation angle and the Steering Angle: 

        
 

2.4 

        
 

2.5 

    Λ    
 

2.6 

    Λ  Λ  
 

2.7 
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The simplified equation: 

 
Λ̇  

    

     
 

   Λ

     
 

            

              
 

 

2.8 

Formulated in terms of   and Λ(see 2.1.6)
.     is assumed constant (no acceleration) and so   is the only 

variable,       . 

 
Λ̇    Λ   (

   

     
)      (

   

     
 

           

              
) 

 

2.9 

2.2 Analytical Examination and Discussion 
Several more or less important analytical examinations and examinations by simulation have been 

made to approve this model, however only the most important ones are presented in this report. 

2.2.1 Small steering angle and small articulation angle approximation 

The error due to the small angle approximation is easy to study, both analytically and by simulation. 

The error percentage for the cosine approximation can be described by 

 |      |

    
     

 

2.11 

and the error percentage for the sine approximation can be described by 

 |      |

    
     2.12 

The graph below
(see fig. 2.2)

 illustrates the error due to the small angle approximation and it can be seen 

that for the cosine approximation the error is below 1% for angles with a magnitude less than 

 
       (

 

    
)         

 
2.13 

and for the sine approximation the error is below 1% for angles with a magnitude less than 

                    
 

2.14 

Since 
(eq. 2.3)

 also includes the expression         , that expression would also be reasonable to 

investigate. The error percentage for the            approximation is equal to: 

 |          |

        
     

 

2.15 

For errors less than 1% the angle would have to have a magnitude less than 

                       
2.16 
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Figure 2.2 Cosine and sine approximation error. 

The small angle approximation, plotted in Figure 2.2, clearly shows a border where the model in terms 

of angle starts to deviate. For sharp turns at low velocities the articulation angle can be as high as up to 

45 degrees (the maximum articulation angle is 54 degrees), at which the model would deviate far too 

much. 
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Chapter 3 

Simulation environment 

For the purpose of simulating the behavior of an articulated bus, a simulation environment has been 

created. The simulation environment consists of an extensive vehicle model that represents the bus’ 

real behavior in the same manner as the previously mentioned reference model, meaning it outputs 

values for all kinematic parameters for the bus such as angular velocities or accelerations, using inputs 

of vehicle speed and steering angle. The values used in the simulations can be found in Table 3.1.  

The simulation environment also includes a road-follow algorithm, whose purpose is to make the 

vehicle keep driving along a specified road. This chapter will give a short description to the simulation 

environment in order for the reader to understand what can be deduced from the simulations and what 

cannot. 

3.0.1 Definitions of constants relevant for this chapter and further 
Table 3.1 Definitions of quantities for chapter 3. The values are taken from a Scania articulated transit bus. 

Name Definition Symbol Unit Value 

- The length between the front section mass centre 

and the front-most wheel. 
f1 m 1.944 

- The length between the front section mass centre 

and the rear wheel of the front section. 
b1 m 3.306 

- The length between the front section mass centre 

and the articulation point. 
b11 m 5.128 

- The length between the rear section mass centre 

and the articulation point. 
f2 m 4.777 

- The length between the rear section mass centre 

and the rear section wheel. 
b2 m 0.163 

Front Section 

Vehicle Mass 

The mass of the front section of the bus. m1 kg 8100 

Rear Section 

Vehicle Mass 

The mass of the rear section of the bus. m2 kg 8556 

 

3.0.2 Simulink 

The program used for making the vehicle simulations is Simulink
TM

 version 7.8, developed by 

MathWorks and closely related to Matlab
TM

. Simulink is a graphical programming language tool, 

usable for signal processing and control theory simulations. Simulink has been chosen since the 

simulation environment exists as a Simulink model file, and since it is the preferred development tool 

at Scania for the projects connected to this thesis work. 

3.1 Extensive Vehicle Model 
To distinguish between the two vehicle models they will be referred to as reference model and 

extensive vehicle model, whereas the extensive one is the one described in this section. The extensive 

vehicle model has been developed by co-workers at Scania. 

The bulk of the model is basically a state-space matrix that represents the lateral vehicle dynamics. As 

in the reference model, the forward acceleration is assumed zero. 
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It uses the same two inputs as the reference model, namely vehicle speed and steering angle, but also 

values for front section torque and rear section torque. The two values for torque originate from the 

damper model, a model representing the two hydraulic cylinders
(see fig. 1.2)

 in the articulation. The torque 

represents the effects that any applied damping has on the bus. More information on the model of the 

dampers can be found in Appendix B. 

The outputs includes continuous values for all of the vehicle’s lateral speeds and accelerations (for 

both front and rear section) as well as all angles and angular velocities (front and rear yaw, and 

articulation), which is everything necessary for the analysis of the articulation control-related 

behavior. The vehicle’s position is also derivable from the extensive vehicle model. 

An important feature that is used in this model is that the friction coefficients can be changed, one for 

the front section and one for the rear section. Lower friction for the rear section creates the sideway 

oscillations
(see 1.1.1)

 that are to be reduced using articulation damping control. 

3.1.1 Limits and constraints 

The extensive vehicle model is not a complete model of an articulated bus. Just as for the reference 

mode, the extensive vehicle model is not without simplifications. The most important ones are 

discussed in this section 
(section 3.1)

. 

Lateral dynamics and bicycle model 

The vehicle model does not include any dynamics in the direction along the vehicle. Intuitively, this is 

a simplification whose error increases with increased articulation angle. When using the bicycle 

model, the forces along the direction of the vehicle are negligible for each separate section (front or 

rear), and the longitudinal forces from one section affect the other only when the articulation angle is 

different from zero. For higher articulation angles, the direction of the front section and the rear 

section differ too much for the forces to be negligible. 

Linear Tire Model 

Modeling the tires of a vehicle is a subject of research in itself. The friction force between the road and 

the rubber of the tire is very complex and difficult to model since the rubber in the tire is not rigid. For 

this vehicle model, the most simple tire model is used: the linear tire model. It assumes that the lateral 

force on the tire is proportional to the slip angle. The linear tire model also includes longitudinal slip 

forces (as opposed to lateral) but since the extended vehicle model only deals with lateral dynamics, 

the longitudinal slip force is neglected. 

For more information on the linear tire model, see Appendix C. More information on tire modeling in 

general can be found in [Pacejka, 2005]
[8]

. 

Pushing Force due to engine placement 

The fact that the vehicle is driven forward using an engine is not existent in the state-space matrix; as 

mentioned before it uses the vehicle speed as an input, rather than including the acceleration or the 

force from the engine. In order to also add the change in behavior due to the fact that the engine is 

placed in the rear section, the vehicle model has been crudely modified so that the pushing force 

originating from the rear section is modeled with an added torque on the front section. This together 

with the linear tire model for example makes the jack-knifing due to mid axle wheel spin 
(see 1.5.1)

 

behavior almost non-existent. The rear section sideway oscillations (that is the focus case) are not 

modeled correctly due to this limitation; however they are still deemed accurately enough modeled for 

the purpose of comparing articulation damping control systems. 
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3.2 Road-follow Algorithm 
In order to analyze the actual behavior of the vehicle as well as to have a more realistic behavior of the 

vehicle in terms of steering, the simulation environment has been complemented using a Road-follow 

algorithm, developed by the author, as opposed to having pre-defined inputs for the steering angle. 

The Road-follow uses a list of points in the horizontal plane that represents the road, and also the 

current vehicle position and yaw angle, in order to determine the steering angle. 

3.2.1 Steering angle calculation 

 
Figure 3.1 Finding road vector elements. 

 
Figure 3.2 Wanted steering angle. 

 
Figure 3.3 Method 1 steering angle (number 10). 

 
Figure 3.4 Method 2 steering angle (number 11). 

 

The Road-follow algorithm’s purpose is to make the vehicle follow a certain defined road. The 

functions of it can be described by a few steps: 

- Two points are defined in the horizontal plane. The first point is the vehicle’s position plus an 

additional vehicle speed-dependent distance in the direction of the vehicle (1). The other point 

is defined the same way but with a longer distance from the vehicle (2). 
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- The closest element in the road vector for each of the two points is found. Those two points 

are the wanted positions (3) and (4). 

- Two different steering angles are then calculated using the two different points and then one of 

them is chosen: 

Method 1 

For the point farther away from the vehicle, the steering angle is calculated using the vehicle’s current 

position, the point coordinates, and the wanted steering angle (5) at that point. The wanted steering 

angle is the same as the tangent line of the road at the same point. The idea is that for the vehicle to: 

- reach that position, 

- having the wanted steering angle at that position, and also, 

- having a constant steering angle until reaching that position, 

the vehicle needs the following steering angle: 

 
         (

               

               
)            

 

3.1 

where (                     ) is the point coordinates (4) and (         ) is the vehicle 

coordinates (6). (7) is the line going through the vehicle’s front axle position (6) and the wanted 

position (4), the angle of that line is       (
               

               
). Angle (8) is the difference between 

angle (5) and the angle of the line (7). Angle (9) is the angle of the line minus angle (8), which gives 

the steering angle. Angle (10) is the steering angle in the vehicle’s coordinate system. 

Method 2 

For the point close to the vehicle, the steering angle is calculated simply by using the vehicle’s current 

position and the point coordinates for the closer point, with the steering angle equal to: 

 
        (

                

                
)   

 

3.2 

where                          is the point coordinates (3). (11) is the resulting angle in the 

vehicle’s coordinate system. 

The steering angle that is chosen is the one that is closest to the angle of a line (7) between the 

vehicle’s position and the point farther away from the vehicle, 

 
       (

               

               
)   

 

3.3 

This proved to make the road-follow choose the best method at the right time. 

The reason for calculating two angles and choosing one is that individually they both have 

disadvantages at certain times, but together they complement each other. Method 1 generally works 

well, except for some cases when the vehicle starts to turn, i.e. when the steering angle goes from 

stable 0 degrees to something else. Method 2 works well at those times, but makes the vehicle steer 

too much if, for some reason, it gets away from the road, like after a lane change during the 

oscillations 
(see 1.1.1)

. 
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The road-follow also includes a function that makes the vehicle steer more if the steering angle is 

higher than the actual direction of movement of the front-most point (where the steering wheel is at), 

in order to counter low friction at the steering wheel tire. This behavior works well in the simulation 

environment using the linear tire model (see Appendix C), but would work less well in reality, 

sometimes even worsening the behavior. 

3.2.2 Limitations 

The limitations for this algorithm come down to the differences in behavior between a real driver’s 

behavior and the road-follow algorithm’s behavior. A driver can look far away and predict different 

situations and choose the steering angle thereafter, while the road-follow only looks a comparably 

short distance ahead. This makes the road-follow behavior more oscillatory during some cases where a 

normal driver would not try to get the vehicle back at the track as fast as the road-follow tries to do. 

Another un-realistic feature of the road-follow algorithm is that there is no limit to the rate of change 

of the steering angle. This proved difficult to implement in the simulation environment successfully 

but affects the driving mostly in very extreme cases in the simulation environment like at sharp turns 

at high speed. 

3.3 Simulation Environment Discussion and Analysis 
Due to the linear tire model and lateral dynamics 

(see 3.1.1)
 it becomes difficult to draw any conclusions 

about the vehicle’s behavior as a whole (with both the front section and the rear section interacting 

with each other). In turn, the effect that any damping has on the front section will probably not be seen 

or distinguished in this simulation environment, however those effects are greater at higher angles. 

The tire model makes the steering of the vehicle in the simulation environment unrealistically easy 
(see 

3.2.2)
. However, even if the tire model is not correct for the steering wheel tire, it might still be correct 

for the other two tire pairs, since the slip angle for them is less, which can be seen in Appendix E. 

Comparisons between different concepts of damping might not be trusted wholly, since the internal 

modeling of the dampers (fluid dynamics and such) is made in a very simple fashion. 

Comparisons between different concepts of damping can be done with a fairly high level is trust when 

it comes to the force-to-behavior part, since the damper geometrical model is relatively free of 

approximations (which makes the modeling more accurate). The damper model is presented in 

Appendix B. 

By making different simulations with different road-follow parameters it can be seen that the 

parameters have a large effect on the vehicle’s behavior. This is a hint of that the behavior is probably 

not equivalent to reality. However, comparisons can still be made as long as the road-follow is kept 

consistent, i.e. that the parameters are not changed between simulations. 
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Chapter 4 

Reference Model Analysis continued 

In order to continue examining the reference model, examinations are made using the simulation 

environment, rather than analyzing it analytically. Some changes in the model are also presented in 

this chapter.  

4.1 Changes to the model 

4.1.1 Discretizations 

Returning to equation 2.9; it is noticed that it’s a differential equation. Computers cannot solve 

differential equations continuously, since they operate at fixed sampling rates. The sampling rate that 

has been used in the simulation for the discretization is 50 Hz, which is half of what’s used in the 

actual control unit (ACS5 unit) today. 

The bilinear transform has been used to express the equation in a way so that it can be solved non-

continuously. The bilinear transform includes the discretization approximation from s-plane to z-

plane: 

 
  

 

 
       

 

 
(
   

   
) 

 
4.1 

This is true for small (
   

   
), but that approximation will not be discussed in this report.  

More information about this transform can be found in [Oppenheim, 2010]
[9]

. 

4.1.2 Complementary gain factor 

Due to the kinematic property of the reference model, the differences between it and the actual 

behavior increases with increased vehicle speed. The forces that affect the vehicle increases with 

increased velocity, and this is not a behavior exclusively for larger steering or articulation angles. A 

higher forward velocity generally means higher directional stability for the vehicle
[10]

. 

To include this behavior in the kinematic model, one could start by examining the transfer functions 

for both of the models, from steering angle (driver input) to articulation angle (impact on the bus). 

From the bode-plots it can be deduced that the gain for the extended vehicle model is lower at higher 

velocity, while for the reference model it is almost the same. 
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Figure 4.1 Bode plot for the transfer function at 10 km/h. The green line is for the reference model and the blue line is 

for the extensive vehicle model. 

 
Figure 4.2 Bode plot for the transfer function at 100 km/h. The green line is for the reference model and the blue line is 

for the extensive vehicle model. 
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Figure 4.1 shows that the reference model and the extensive vehicle model have a very similar 

behavior in gain for frequencies up to 10 radians/s. The frequency axle represents how fast the driver 

is turning the steering wheel back and forth, which means that the frequencies of interest are those up 

to around 2 Hz, or around 13 radians/s. This means that the deviations between the reference model 

and the extensive vehicle model for higher frequencies are out of interest. 

For Figure 4.2, it can be seen that the reference model gain and the gain for the extensive vehicle 

model do not match anymore. In fact, the difference between them increases with increased velocity 

(Bode plot for other velocities have been examined, but are not shown). 

There are also other features of the Bode-plots that are worth mentioning: 

- The increase in gain for the extensive vehicle model at 100 km/h, found at a frequency of 

about 4.5 radians/s (or about 0.7 Hz), represents that which is to be removed by damping, 

namely the rear sideway oscillations 
(see 1.1.1)

. The interval of frequencies at which this behavior 

occurs represents the area of interest for this report in terms of steering angle/articulation 

angle frequency, between 0.08 Hz and 2 Hz. 

- The difference in phase between the reference model and the extensive vehicle model, 

especially around the frequencies of interest, is an important feature of the reference model. 

This is an effect of the difference in behavior between a real vehicle with a directional stability 

and a reference model vehicle that acts instantly on the driver’s command. 

By matching the gain of the reference model to the extensive vehicle model at low frequencies by 

adding a gain factor for the reference model (based on vehicle velocity), the similarities in gain can be 

enhanced. The new transfer function for the reference value at high velocity is shown below. 
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Figure 4.3 Adjusted Bode plot for the transfer function at 100 km/h. The green line is for the reference model and the 

blue line is for the extensive vehicle model. 

Figure 4.3 shows a preferred behavior in the gain plot for the area of interest, with the reference model 

showing a behavior the same as the extensive vehicle model would have had without any rear sideway 

oscillations. 

4.2 Driving Case 
For all simulations using this simulation environment, a driving case is used. The driving case is 

composed of a list of road coordinates that the vehicle should follow, the vehicle forward velocity, and 

the two inputs for front and rear friction coefficients. 

The road for all driving cases made is 3 meters wide (shown by the outer green lines). The other lane 

to which the bus makes a lane change is 3.25 meters away in the Y-direction. 

For the simulations whose purpose is to examine the reference model the following driving case has 

been used: 

- The road is a lane-change maneuver with the lane change spanning over 25 meters in half a 

cosine-period fashion. 

- The vehicle velocity is 50 km/h. 

- Both of the friction coefficients are set to 1, representing a high friction surface. 
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The reasons for the choice of driving case is firstly that the velocity is low but still within the focus 

area and the friction coefficients are high, so that the forces affecting the bus are fairly low which 

includes that the reference model is fairly close to reality. Secondly the lane change is over a short 

distance so that the resulting articulation and steering angles become fairly high so that the 

approximations are shown better. 

 
Figure 4.4 The position of the front section front wheel 

(red). The middle green line is the road the bus is supposed 

to follow. 

 
Figure 4.5 Steering angle (degrees) VS Time (seconds). 

 

The red line in Figure 4.4 shows the position of the front section front wheel and green line is the road 

that the bus is supposed to follow. The driving case is representing a lane change from the right lane to 

the left. This driving case road more in detail can be found in Appendix D. 

The steering angle that the road-follow creates for this driving case is shown in Figure 4.5. As can be 

seen in Figure 2.1 the steering angle is relative to the vehicle’s coordinate system. A positive steering 

angle is equivalent to steering left; a negative steering angle is equivalent to steering right. The little 

dip in the steering angle at about 21.2 seconds is due to the change between the two methods of 

calculating the steering angle 
(see 3.2.1)

.  

4.3 Analysis with the Help of Simulations 

4.3.1 Small angle approximation 

Using the built-in differential equation solver in Simulink, it is possible to get a solution for the non-

linear differential equation 
(eq. 2.3)

 and compare it with the approximation 
(eq. 2.9)

. 

Avoiding the discretization so that the angle approximation error (the difference between equation 2.3 

and 2.9) is distinguishable, the error for this driving case becomes as in Figure 4.6 and 4.7. 

-4 -3 -2 -1 0 1

280

285

290

295

300

305

310

315

320

Road plot

Y

X

20 20.5 21 21.5 22 22.5 23 23.5 24 24.5

-4

-2

0

2

4

6
Steering Angle plot

Time

A
n
g
le

 (
D

e
g
re

e
s
)

 

 

Steering Angle



28 

 

 
Figure 4.6 Angle Error (degrees) VS Time (seconds). 

 
Figure 4.7 Angular Velocity Error (degrees/s) VS Time 

(seconds). 

 

As can be seen Figure 4.6 and 4.7, the difference for the angle is around           at most, which is 

an error of about 0.07%. For the angular velocity the error is at most 0.12%. Clearly for this driving 

case (with max articulation angle of      and max articulation angular velocity of       ) the error is 

very much negligible. This simulation also shows that the error for the whole equation 
(eq. 2.3)

 is less 

than that for the cosine and sine approximations themselves 
(see 2.2.2)

. 

4.4 Difference between Reference Model and Extensive Vehicle Model 

4.4.1 Simulations  

In these plots the reference model is compared to the extensive vehicle model. Different lengths are 

chosen for the lane change driving cases 
(see section 4.2)

, the friction coefficients remain 1 for both front 

and rear section. The velocities are either 50 km/h or 100 km/h. The purpose of this comparison is to 

examine the difference both due to change in velocity and lane change length. Both a greater forward 

velocity and a faster lane change are suspected to add to the difference between the models since the 

dynamics of the vehicle are then suspected to be increased.  
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Articulation angle discrepancies between the reference model and the extended vehicle model. 

 
Figure 4.8 Angle difference at 50 km/h and slow lane 

change. 

 
Figure 4.9 Angle difference at 50 km/h and fast lane 

change. 

 
Figure 4.10 Angle difference at 100 km/h and slow lane 

change. 

 
Figure 4.11 Angle difference at 100 km/h and fast lane 

change. 

 

The slow lane change shown in Figure 4.8 and 4.10 spans over a time of about 10-12 seconds, which 

is a frequency of about 0.09 Hz. The fast lane change shown in Figure 4.9 and 4.11 spans over a time 

of about 2 seconds which is a frequency of about 0.5 Hz. 

The lane change span of the four driving cases is approximately: 100 m for Fig 4.8, 11 m for Fig 4.9, 

250 m for Fig 4.10 and 50 m for Fig 4.11. 
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Articulation angular velocity discrepancies between the reference model and the extended vehicle model. 

 
Figure 4.12 Angular Velocity difference at 50 km/h and 

slow lane change. 

 
Figure 4.13 Angular Velocity difference at 50 km/h and 

fast lane change. 

 
Figure 4.14 Angular Velocity difference at 100 km/h and 

slow lane change. 

 
Figure 4.15 Angular Velocity difference at 100 km/h 

and fast lane change. 

 

The Figures 4.12 to 4.15 is the corresponding angular velocity for the angle in Figures 4.8 to 4.11. 

4.4.2 Observations of the plots 

Figure 4.8 and 4.12 represents a preferable behavior of the bus, with low dynamics. 

Comparing Figure 4.8 and 4.10, the difference between the two models due to velocity change 

dynamics can be deduced. The reference model curve in Figure 4.10 is similar in shape to the curve in 

Figure 4.8, which is a good thing. The same lane change type should produce similar behavior. The 

higher frequency oscillations in articulation angle seen in Figure 4.10 are the effect of increased 

dynamics by increased velocity. The “higher frequency” of those oscillations is around 0.7 Hz to  

1.0 Hz, whose gain can be traced back to Figure 4.3, where it can be seen that they are within the area 

of high gain (higher than the reference model). 
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Comparing Figure 4.8 and 4.9 the increased dynamics can be seen as a higher articulation angle for the 

two peaks. Also, a slight phase difference can be observed, but not big enough to change the overall 

difference in shape between the two curves. 

The same two comparisons can be made for the articulation angular velocity plots, however the 

difference between the curves are greater. Comparing Figure 4.12 and 4.14 one can see that the 

similarities between the reference model curve in Figure 4.14 is not so similar to that of Figure 4.12, 

both regarding phase and gain. However, the high frequency oscillations (0.7 Hz to 1 Hz) are still 

large in comparison to the reference model curve and thus the un-similarities between the reference 

model in Figure 4.14 and 4.12 matters less. 

Comparing Figure 4.12 and 4.13 a significant phase difference can be observed. In contrast to Figure 

4.9, the shape of the two curves is not at all as similar. 

4.5 Conclusive Discussions about the Reference Model 

4.5.1 The reference model approximations 

Going back to the beginning of chapter 2, the first major part of the reference model analysis is to 

examine if the approximations are acceptable. The not surprising conclusion is that the approximations 

are acceptable within the border of the focus area 
(see 1.5.1)

, which includes small angles. 

The simulations in section 4.4 show that the difference between the reference model and the extensive 

vehicle model is far more different than the difference between the reference model and a reference 

model without approximations. The impact that the approximations has on the reference model drowns 

in comparison to the impact of effects of dynamics. 

4.5.2 The reference model usability 

In order to answer this question, one has to know what the reference model is supposed to represent. 

Taking into account that it’s a kinematic model, the answer can be visualized by imagining a very 

slow bus driving the wanted route. If a higher speed is wanted, the slow bus is simply fast forwarded 

so that the wanted speed is achieved. There is no difference in behavior between the slow bus and the 

fast-forwarded bus. The reference model represents such a bus; a bus with 100% tire grip all of the 

time and no mass. 

The behavior of such a bus is clearly favorable. However, that does not mean it’s as favorably utilized 

as a part in a controller. 

When examining Figures 4.8 to 4.11, the reference model behaves favorable. For both increased 

velocity and increased steering angle frequency, the control finds the unwanted behavior (the 

increased gain in Fig 4.9 and the high frequency oscillations in Fig 4.10) while still showing a 

preferable behavior itself. Therefore, for the two combined unwanted behaviors which are seen in 

Figure 4.11, the reference model is deemed to work well. Figure 4.11 represents an extreme case of the 

focus area. 

When examining Figures 4.12 to 4.15, the reference model behaves fairly favorable when it comes to 

the high frequency oscillations in Figure 4.14, but not as obviously favorable for Figure 4.13. The 

reference articulation angular velocity is closely correlated with the steering angle. In practice, this 

means that since the driver controls the steering angle, he or she also controls the reference articulation 

angular velocity. A big part of the reference angular velocity is proportional to the steering angle, 
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which can also be seen in the equation 
(eq. 2.9)

. If the control error (the difference between the measured 

value and the reference value) was to be based on the articulation angular velocity, this would mean 

that the driver also controls the control error by controlling the steering angle. The control error does 

not become positive until the measured value is larger than the reference value, which does not happen 

until the driver starts to turn the steering wheel the other way, when looking at the beginning of Figure 

4.13, at about t = 6 seconds. Using the road-follow to steer the vehicle, the simulations results 

regarding the regulation might still be favorable, however the effects in reality would have to be 

examined if this control error is to be used in a real vehicle. 

Even with this flaw, the overall unwanted behavior (large control error) is still detected in Figure 4.15 

(the extreme case of the focus area), which means that the dampers would activate. 
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Chapter 5 

The Control System and the Controller 

The control system is defined as what controls the articulation angle, including the use of all actuators 

and including both the controller and the reference value generator. The control system is in charge of 

articulation control (ACS = Articulation Control System). 

The controller is defined as in Figure 1.1: the task of the controller is to, by the use of available signals 
(see Table 5.2)

, apply a damping signal to the hydraulic dampers in the articulation. The controller is 

separated from the reference value generator, and in this project the only actuators it’s using are the 

two dampers.  The controller together with the reference model is in charge articulation damping 

control; the output of the controller controls the damping level. Two additional quantities are defined 

for tis chapter, found in Table 5.1. 

Table 5.1 Definitions of additional quantities relevant for this chapter and further. 

Name Definition / Description Symbol Unit Value 
Rear Tire 

Coefficient 

The tire coefficient of the rear section tire Crear N/rad 1375760 

Damping 

Percentage 

The requested damping percentage sent from 

the controller 
- % - 

5.1 About the Control 

5.1.1 Controlling the damping 
Table 5.2 List of the input signals used by the controller. 

Name Symbol Source 

Articulation Angle Control Error  Λ Reference Model 

Articulation Angular Velocity Control Error  Λ̇ Reference Model 

Vehicle Speed     Sensor 

Steering Angle   Sensor 

 

 

Figure 5.1 The sensors and ACS unit placement in the bus. 
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Table 5.2 lists the measures values that are used by the controller. These values are measured in real-

time using sensors in bus. How the sensors are placed in the bus can be seen in Figure 5.1. 

The output signal from the controller is a value of requested damping. In reality it controls the current 

feeding the proportioning valves for each of the dampers (see Appendix B).  

This section explains how the controlling works using an arbitrary control error. 

- A value of torque is calculated, proportional to the control error (1)
(see Figure 5.2)

 for both control 

errors. More about this in (5.1.2). 

- The torque value is transformed into a value of damping percentage (2)
(see Figure 5.2)

, ranging 

from 0 to 50%. The reason that the limit is not set to 100% has to do with the electronic 

configuration in the bus, and is really only a question of definitions. The limit for the damping 

during the simulations during this thesis work is set to 34% (in order to get a fair comparison 

with the ACS5, whose maximum damping is also set to 34%). 

Since the dampers only can reduce the movement in the cylinders, the damping is only applied when 

the requested torque is in the opposite direction of the articulation angular velocity. A constant 

damping of 3.5% is always present, due to electronic and mechanical constraints. 

- The value of requested damping percentage is fed into the damper model, which is a part of 

the extensive vehicle model. 

- To simulate how the dampers affect the bus, the damper model transforms the requested 

damping percentage back into values of torque for the front and rear section of the bus (3)
 (see 

Figure 5.2)
, as defined by the state-space matrix equations. Those values are fed into that matrix 

and thus the behavior of the vehicle changes. 
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Figure 5.2 Block diagram of the simulation environment, representing the damping control part of the control unit 

(ACS unit) and the vehicle. 

5.1.2 The control error options 

For the controller, there are three different control error options that are examined in this project 

work: 

- The articulation angle control error. 

- The articulation angular velocity control error. 

- A combination of those two. 

The control error is the difference between the measured value and the reference model. For the 

simulations, the “measured” value is the one taken from the extensive vehicle model.  

5.1.3 The controller 

This section explains how the controller works, in more detail. That is, how to get from a control error 

to a control signal, for all three control error options. 

The equations that calculates the desired torque originates from a simplified dynamic model of an 

articulates bus, found in several papers
[7][11][12]

, more or less modified. 

The definition of the desired torque is what torque would have to be applied in the articulation point in 

order to neutralize the control error dependent ( Λ     Λ̇) torque at the rear section wheel, assuming 

the front section not being affected by the torque. In reality the front section is of course affected; this 

is discussed more in section 6.1. 
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The equation for torque for the two different control errors, deduced (see Appendix E) using the 

dynamic model in [Skarped, 2008]
[11]

 is: 

    Λ                
 

5.1 

for the articulation angle error ( Λ), and 

 
  

 Λ̇               
 

   
 

 

5.2 

for the angular velocity error ( Λ̇ .     is the rear section forward velocity in the rear section 

coordinate system, approximated to     using the small angle approximation for the articulation angle. 

      is the rear section tire coefficient 
(see Table 5.1)

, using the linear tire model for lateral slip. The unit 

for it is [    ⁄ ]. The value for       is taken from [Skarped, 2008]
[11]

, based on a Scania articulated 

transit bus. 

For conversion from articulation point torque to damping percentage, a lookup-table is used. The 

lookup-table is created using a damper model existing at Scania, made for the purpose of the reverse 

conversion. The principle is that for a certain articulation angle, the dampers can provide a certain 

amount of maximum torque. The requested articulation point torque is divided by that maximum 

torque for the current articulation angle in order to get the wanted damping percentage. 
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5.2 Simulations 
The foremost purpose of making these simulations is to choose which of the three methods to use for 

the controller. As in the simulations for the examination of the reference model, a defined driving case 

is studied. 

5.2.1 Driving Case 

For the simulations whose purpose is to examine the vehicle behavior using different control error 

options for the controller, the following driving case has been used: 

- The road is a lane-change maneuver with the lane change spanning over 60 meters in half a 

cosine-period fashion. 

- The vehicle velocity is 100 km/h. 

- The front section friction coefficient is set to 1. 

- The rear section friction coefficient is set to 0.2. 

More about the driving case can be found in Appendix D. 

The reasons for the choice of driving case is to get a plausible behavior in the simulation, representing 

the sideway oscillations that would occur in reality. The low rear section friction coefficient makes the 

magnitude of the oscillations greater, and thus easier to see and analyze, though still plausible for a 

real situation. 

Since the behavior of the front section of the bus and the interactions between the rear section and the 

front section cannot be trusted to represent reality due to the simulation environment 
(see 3.1.1)

, the front 

section friction coefficient is set to 1. Though it is not realistic o have such different values for the 

front and rear section friction coefficients, the driving case is still deemed acceptable for the purpose 

of examining the damping. Since the purpose of the damping is to affect the rear section, what affects 

the front section are only seen as side effects, and are not studied in this project, though they do still 

occur even if the front section friction coefficient is set to 1.  
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Figure 5.3 Front section front wheel position (red), front section rear wheel position (blue) and rear 

section wheel position (cyan) for the driving case without damping. The green lines are representing 

the road. The outer ones are 1.5 meters outside of the inner one to represent a 3 meters wide road. 

The X and Y axis units are in meters. 

 
Figure 5.4 Steering Angle (red) and Articulation Angle (cyan) for the driving case without damping. 
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For Figure 5.3 and 5.4, (1) is the initial turn, (2) is the overshoot resulting from the initial turn. (3) is 

the turn to get back on the road lane, (4) is the overshoot resulting from that turn. After that there are 

additional oscillations that decrease over time. (4) is called the initial overshoot since it is the first of 

the oscillations along the road where the section is supposed not to oscillate. The overshoot at (2) 

happens only once in every driving case. 

During the simulations, the full road plot will not be shown, but rather a zoomed-in plot where the 

initial overshoot and remaining oscillations are better shown: 

 
Figure 5.5 The area that is zoomed (continues further 

along the x-axis outside of the plot). 

 
Figure 5.6 This zoomed-in plot better shows the 

oscillations of the rear section. 

 

5.2.2 Calibration 

After running the simulation using the different control error options, it was quickly realized that the 

damping levels were too high. That is, the physical constraints for the dampers regarding the 

maximum torque 
(see 5.1.3)

 did not match up to the equations for wanted torque
(eq. 5.1 and 5.2)

. 

In order to make the damping levels closer to the levels of the previous system (ACS5), whose 

damping levels are tested for real buses, a gain factor is applied on the wanted torque signal before the 

transformation to damping percentage. The gain factor is decided using another driving case. 

The driving case used for calibrating the gain factor is: 

- The road is a lane-change maneuver with the lane change spanning over 200 meters in half a 

cosine-period fashion. 

- The vehicle velocity is 100 km/h. 

- The front section friction coefficient is set to 1. 

- The rear section friction coefficient is set to 0.2. 

The driving case is the same type of lane change maneuver as for the other simulations in this 

chapter
(5.2.1)

, except that the vehicle makes the lane change over a larger distance. This is a driving case 

that resembles a normal (low dynamics) case of lane change. The damping level for this driving case is 

decided to be maximum 13.5%, since that is the ground level damping 
(see 1.4.1)

 that the ACS5 requests 

at that speed. 
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Running the simulation with the three different control error options results in the following gain 

factors, seen in Table 5.3: 

Table 5.3 Control error options gain factor table. 

Control Error Option Gain factor 

1. Articulation Angle 0.130 
2. Articulation Angular Velocity 0.565 

3. Combination Both of the above for each of those option, times an 

additional 0.605 for the combined damping. 

                                    

 

Equations 5.1 and 5.2 for wanted torque were derived analytically. However, with the introduction of 

gain factors the connection to the dynamic model disappears, since the constants representing the 

vehicle’s mass (the tire coefficients) and lengths are lumped together into some overall constant. 

Thus, the solution is no longer analytical. This is discussed more in (6.1.2). 
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5.2.3 Control Error Options 

This section of the report describes more in detail the three different control error options. The signals 

used in all of the three options originates from the same sensor, the difference is how they are treated 

in the controller. 

Option 1, using the difference between the reference articulation angle and measured 

articulation angle as control error: 

Using the equation from the dynamic model
(eq. 5.1)

 and lumping together the constants with the gain 

factor, the actual equation for requested torque becomes: 

               Λ         Λ              

 
5.3 

where                                      . 

Figure 5.7 illustrates when and how much damping (relatively) is applied for Option 1, using an 

example driving case. The damping curve at the bottom of the graph is not in scale. The damping is 

proportional to the difference between measured articulation angle and reference articulation angle. 

The damping also also has a saturation limit (set to 34% 
(see 5.1.1)

) which can be seen. 

 

Figure 5.7 Articulation Angle VS Time, showing when in time and how much damping is requested using Option 1. 

Notice the Damping curve is not in scale. The vertical black lines are not part of the damping curve; they are there so 

that the connection between the damping curve and the articulation angle curves can be seen more easily. 
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Option 2, using the difference between the reference articulation angular velocity and 

measured articulation angular velocity as control error: 

Using the equation from the dynamic model
(eq. 5.1)

 and lumping together the constants with the gain 

factor, the actual equation for requested torque becomes: 

 
             

 Λ̇         Λ̇             

   
 

 

5.4 

where                 
                          . 

Figure 5.8 illustrates when and how much damping (relatively) is applied for Option 2, using an 

example driving case. 

 

Figure 5.8 Articulation Angular Velocity VS Time. The plot shows when in time and how much damping is requested 

using Option 2. Notice the Damping curve is not in scale. 
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Option 3, using a combination between the two already mentioned options 

Option 3 adds the requested torque of both Option 1 and Option 2 and multiplies it with the gain factor 

0.605 to keep the same level of damping as the other two options. In order to get equal contribution 

from Option 1 and 2, the gain factor for each option is kept. 

                    (                         ) 

 
5.5 

Notice it’s the value of torque for Option 1 and 2 that is added, not the damping. This is since the 

torque curves can also go negative. This is not seen for Option 1 or 2 since the damping cannot go 

negative, however for Option 3, the added or removed torque for the two options can cancel each other 

out. 

5.2.4 Control error option comparison simulation 

In order to compare the three options, the driving case mentioned in (5.2.1) is ran and the results are 

analyzed. For each run one of the three control error options are used in the controller. 
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Figure 5.9 The zoomed-out road plot showing the position of the rear section wheel. The timestamps are added for 

easier comparison with the other plots. The axis units are meters. 

 
Figure 5.10 The zoomed-in road plot showing the position of the rear section wheel. 
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Figure 5.11 Articulation Angle (degrees) VS Time (seconds). 

 
Figure 5.12 Articulation Angular Velocity (degrees per second) VS Time (seconds). 
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Figure 5.13 Damping percentage (%) VS Time (seconds). 

 
Figure 5.14 Torque (Nm) VS Time (seconds). The plot shows added torque for the rear section (see signal (2) in Figure 5.2). 

The added torque for the front section is the negative of the added torque for the rear section. 
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Already, looking at Figure 5.9 and 5.10, it can be seen that Option 1 seems to be working worse than 

the other two, i.e. the behavior of the bus is not as good. The initial overshoot (4) (see Figure 5.4 and 5.3)
 is 

larger and the subsequent oscillations continue farther. The same behavior can also be seen in Figure 

5.11 showing the articulation angle. 

The main reason that Option 1 is worse than the other two can be seen in the Torque plot
(Figure 5.14)

. 

The torque represents what is actually affecting the vehicle (in comparison to the damping, which is 

nothing but the request for change). In the torque plot it can be seen that the biggest difference 

between Option 1 and the other two is at      and      seconds. Both the first overshoot (2) and 

the initial overshoot (4) is a result of the steering occurring at (3) and (1) 
(see Figure 5.4 and 5.3)

. Note that 

Figure 5.3 and 5.4 does not use the same driving case as this simulation; the (x) number only 

represents the event (steering or overshoot). 

The torque for Option 1 is added later than for the other two options; this can also be seen in the 

damping plot, where the damping is also requested later for Option 1. This clearly shows the 

difference between using angle as control error
(Figure 5.7)

 and angular velocity as control error
(Figure 5.8)

. 

Even with the phase difference 
(see 4.5.2)

 the control based on angular velocity acts faster than that based 

on angle. 

Due to how the dampers are working 
(5.1.1)

, the damping can only be applied in the opposite direction 

of the articulation angular velocity. That is why the angle-based damping stops as the same time as the 

damping for Option 2 and 3. As can be seen in Figure 5.7, the damping stops at the local min/max of 

the “measured” articulation angle, since that’s where the articulation angular velocity changes sign. 

The same kind of difference between the options can also be seen at other parts in the torque plot, due 

to the same reason as mentioned. 

The remaining choice after having ruled out Option 1 stands between Option 2 and 3. Since Option 2 

only deals with one variable and since the initial overshoot is slightly smaller, it has been chosen as 

the one to be used by the controller. 

5.2.5 ACS5 comparison simulation. 

The same driving case
(5.2.1)

 has been used for the comparison with the current system. The same plots 

are analyzed as in the previous simulation
(5.2.5)

. 
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Figure 5.15 The zoomed-in road plot showing the position of the rear section wheel. 

 
Figure 5.16 Articulation Angle (degrees) VS Time (seconds). 
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Figure 5.17 Articulation Angular Velocity (degrees per second) VS Time (seconds). 

 
Figure 5.18 Damping percentage (%) VS Time (seconds). 

9 10 11 12 13 14 15 16 17 18
-15

-10

-5

0

5

10

15

20

Angular velocity plot

Time

A
n
g
u
la

r 
v
e
lo

c
it
y
 (

D
e
g
re

e
s
 p

e
r 

s
e
c
o
n
d
)

 

 

ACS5 Damping

Option 2

No Damping

9 10 11 12 13 14 15 16 17

0

5

10

15

20

25

30

Damping plot

Time

D
a
m

p
in

g
 p

e
rc

e
n
ta

g
e

 

 

ACS5 Damping

Option 2

No Damping



50 

 

 
Figure 5.19 Torque (Nm) VS Time (seconds). 

 

The road plot
(Figure 5.15)

 and angle plot
(Figure 5.16)

 suggests that Option 2 has a considerable advantage over 

the ACS5 damping for the driving case studied. 

However the reasons are separate to those that differentiate Option 1 and Option 2. From the torque 

plot
(Figure 5.19)

 one can see that the damping at      seconds are relatively similar for both ACS5 and 

Option 2. The difference can rather be seen at       and      seconds. 

The reason is that the SSC function 
(see 1.4.1)

 does not activate until certain conditions are met; when it 

“identifies” a fast lane change (based on measured vehicle speed and measured articulation angular 

velocity). 

Since the damping is lower for       and      seconds for the ACS5, the articulation angle at 

     becomes higher than for Option 2. When the rear section of the bus then swings the other way, 

towards the initial overshoot, it gets a boost in momentum since it starts from a higher angle. This can 

be seen as a higher angular velocity at        seconds in Figure 5.17. 

Thus the initial overshoot at        seconds and the remaining oscillations become higher for ACS5 

since it started its SSC damping as late as        seconds. 
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The simulation producing the Figures 5.20 and 5.21 uses the same driving case but at 130 km/h 

instead of 100 km/h. This driving case makes the SSC activate also for the overshoot from the first 

turn (2). 

 
Figure 5.20 The zoomed-in road plot showing the position of the rear section wheel. 130 km/h. The 

five dots are between t=9 and t=14 seconds. 

 
Figure 5.21 Damping percentage (%) VS Time (seconds). 130 km/h. 
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Both of the damping control options apply maximum damping for about the same time, between about 

    and        seconds, which results in only a small change in the behavior between the two 

damping alternatives. 

This driving case is unrealistic since that articulated buses seldom drive faster than 85 km/h, however 

it makes it clearer to understand the differences between the two damping alternatives. 

From the damping plot
(Figure 5.21)

 is can be seen that the damping for Option 2 is still applied before that 

of the ACS5. Though looking at the road plot
(Figure 5.20)

, it can be seen that that damping does not make 

much difference. What makes a difference though is that the damping for Option 2 also continues 

during a longer time; until      seconds. 

The greatest difference between the two damping options, ACS5 and Option2, is that Option2 is error-

based (damping based on control error) and ACS5’s SSC function is condition-based (damping based 

on measured values directly). 

5.3 Considerations Regarding the Control 
Using the new proposed damping control method, there are a few more considerations to take into 

account. For two cases, the articulation damping control is predicted to benefit from additional 

measured values/updated parameterization. 

5.3.1 Change in mass and mass centre placement 

Two parameters that are kept constant during the simulations are the mass and mass centre 

placements. However in reality, when passengers enter or leave the bus, these parameters will change. 

To examine the effect of these changes, more simulations are made, with: 

- An increased rear section mass m2. 

- A mass centre placement of the rear section placed further back, meaning higher f2 and lower 

b2. 

If the bus is empty except for all of the rearmost 21 seats, the rear section mass is increased by 

approximately                  and the mass centre is moved about 0.33 meters back. 

Table 5.4 Updated values for rear section mass and mass center placement. 

Name Definition Symbol Unit New 

Value 

- The length between the rear section mass centre 

and the articulation point. 
f2 m 5.107 

- The length between the rear section mass centre 

and the rear section wheel. 
b2 m -0.167 

Rear Section 

Vehicle Mass 

The mass of the rear section of the bus. m2 kg 10131 

 

Figure 5.22 to 5.25 shows the difference in behavior, using the lane change driving case 
(see section 4.2)

, 

without damping but with changed values of rear section mass and mass center placement. 
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Figure 5.22 The zoomed-out road plot showing the position of the rear section wheel. 

 
Figure 5.23 The zoomed-in road plot showing the position of the rear section wheel. 
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Figure 5.24 Articulation Angle (degrees) VS Time (seconds). 

 
Figure 5.25 Articulation Angular Velocity (degrees per second) VS Time (seconds). 
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It can be seen that both the change in mass and change in mass centre placement has an effect on the 

vehicle’s behavior. It can also be seen that the effect of changed mass and mass centre placement has a 

very similar effect on the vehicle oscillations; the amplitude becomes higher but the frequency 

becomes lower. 

The increased amplitude in the road plots
(5.22 and 5.23)

 suggests that the controller should request more 

damping if the mass is higher.  

However, with increased amplitude in angle and rear section displacement (seen in the road plots), the 

requested damping would also increase, since the control error (angular velocity) would then increase, 

so one would think that the need for increased damping is already taken care of. 

But with lower frequency, the control error is lowered again (lower frequency of angle oscillations 

means lower angular velocity). By comparing Figure 5.24 and Figure 5.25 one can see that, especially 

for the initial overshoot at about       second, the relative difference between the curves is greater 

for Figure 5.24 than for Figure 5.25. 

5.3.2 Understeering 

Understeering is when the vehicle turns less than what commanded by the driver. Using the 

definitions of this report, it is when the steering angle is higher than the slip angle (see Appendix C) at 

the front section front tire. Understeering causes a problem for the control, since the control system 

uses the input from the steering angle sensor, and thus the control system does not know how the bus 

really moves, only what the driver commands The actual result of this is that the reference model gives 

a higher value for articulation angle and articulation angular velocity than otherwise, since the 

reference model equation
(eq. 2.9)

 is closely dependent on steering angle. This has the effect of reduced 

damping since the control error is defined as                     . 

To illustrate this, the following driving case has been simulated: 

- The road is a lane-change maneuver with the lane change spanning over 25 meters in half a 

cosine-period fashion. 

- The vehicle velocity is 50 km/h. 

- The front section friction coefficient is set to either 1 or 0.7. 

- The rear section friction coefficient is set to 0.7. 

The reasons for the choice of driving case is to get a view of the understeering effect, therefore the 

lower front friction is used. The reason that it is not even lower is since the simulation environment 

has problems simulating correctly for low front friction 
(see section 3.3)

. 
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Figure 5.26 Steering Angle (degrees) VS Time (seconds). It can be seen that the steering angle for the driving case 

with lower front friction is higher (see 3.2.1, steering angle correction). 

 
Figure 5.27 Without understeering: Reference Angular Velocity VS Measured Angular Velocity for front section 

friction = 1. 
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Figure 5.28 With Understeering: Reference Angular Velocity VS Measured Angular Velocity for front section 

friction = 0.7. 

 

For the case showing understeering (Figure 5.28), it can be seen that the amplitude of the reference 

value is generally higher than in Figure 5.27 and that the damping activates later (the red dot shows 

when the measured value is higher than the reference value). For the normal case it happens at 

        seconds, for the understeering case it is at         seconds. 

5.3.3 Use of more input values 

For both of these cases the damping could be improved by the use of additional information in order to 

compensate for the increased need of damping
(5.3.1)

 and the lowered control error
(5.3.2)

. 

For the increased need of damping
(5.3.1)

 the control system can make use of sensor values for mass and 

mass center placement. 

In order to prevent the unwanted damping effects due to understeer, the control system needs 

information about when the vehicle is understeering. 
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Chapter 6 

Final Discussions and Conclusions 

6.1 Discussions and Conclusions about the Control 

6.1.1 Goal statement 

The goal statement
(section 1.5)

, the first part: Analysis of the reference model in order to determine if it 

can be used for articulation damping control. 

The analytical examinations about the reference model as well as using it in the controller concludes 

that the kinematic reference model can indeed be used for articulation damping control. 

- The approximations made are deemed acceptable for the focus area. 

- Using the model in the controller has proved successful for the focus area driving case, 

making the controller apply damping at fairly correct times; improving the vehicle’s behavior. 

6.1.2 Calibration and division by forward velocity 

Regarding the calibration mentioned in (5.2.2): With the introduction of an additional gain factor, the 

constant’s relation to the dynamic model disappears. The actual equation
(eq. 5.4)

 is 

 
             

 Λ̇         Λ̇             

   
 

 

5.4 

   is just a constant to be calibrated. Since the solution is no longer analytical, but now empirical, it 

can be changed to what fits best using it in articulation control. There are two things that could 

immediately be changed with this equation. 

Firstly, since the difference between Λ̇          and Λ̇         is high at high velocities 
(see Figure 4.15)

 

(due to the increased dynamics at higher velocities) the division by     should be removed. The 

dynamic model originally used to produce the values for requested torque assumes the articulation 

angular velocity to be proportionally increasing with forward velocity. However, the control error, 

 Λ̇         Λ̇          , does not have the same relation. Since the behavior of the control error 

changes so much with velocity 
(see Figure 4.13 and 4.15)

, a change that is not comparable to a division by 

velocity, that division loses purpose. 

If the control system is to be used for lower velocities and larger turns, two disadvantages can be 

found: Firstly, with larger turns, the approximations made in the reference model will affect the 

vehicle more and thus the control error will become either too large or too small, depending on the 

effect of the approximations. Secondly (at lower velocities), if a division by velocity was also present, 

any addition to the control error (from for example small angle approximation error) would be 

amplified so that the resulting requested damping would probably be higher than wanted. 

6.1.3 Change in equation 

During the calibration the velocity was kept at 100 km/h, the same velocity used in all simulations 

regarding the focus area, which resulted in no unforeseen high damping or likewise. If one has the 

ambition to make a controller working outside a specific focus area, the change in damping due to 



60 

 

different velocities would have to be examined, and perhaps calibrations for other velocities would 

have to be made. Due to the removal of the division by velocity and the conclusions made about 

changed mass
(5.3.1)

, the immediate changed equation would be: 

           (Λ̇         Λ̇         )       

where   is a new calibrated constant and    is the mass of the rear section. 

6.1.4 Differences with ACS5 

Finally, the differences between the previous system and the new proposed model-based system can 

be concluded: 

- The level of damping in the new system changes according to the measured fault, as opposed 

to the current system where the damping levels are static and are applied when certain 

conditions are met. The damping levels in the ACS5 do not change continuously according to 

the situation, except for an increase in the ground level damping based on forward velocity. 

- The damping in the new system activates as soon as the control error is noticed, no threshold 

is needed to be surpassed before extra damping is to be added, as for the SSC function. 

- Since the new damping system’s damping levels are so closely related to the steering angle, 

there is a risk for situations where the damping doesn’t reach the wanted levels, such as when 

the vehicle is understeering. 

6.2 Future Work 

Immediate work 

- For continued development of a complete model-based articulation control system, also 

including other types of driving cases, primarily an improved simulation environment is 

needed. A good simulation environment is imperative in order to draw the correct conclusions 

from any simulation made. The tire model is one of the things that have a large effect on the 

vehicle’s behavior; the state-space matrix should be changed into using a less simple tire 

model. 

- The reference model gain factor 
(see 4.1.2)

 is a result from examining the change between the 

transfer functions between steering angle and articulation angle for the reference model and 

the extensive vehicle model. Since the control error used is the change in articulation angular 

velocity, not articulation angle, the gain factor should be evaluated based on the change of the 

transfer function between steering angle and articulation angular velocity. 

Long-term work 

- The future work within the development of ACS6 should include detection of special cases, 

like for example understeering, mentioned in this report. Instead of using solely model-based 

articulation damping control, it is advantageous in terms of time and simplicity to use a 

simpler model-based damping controller, complemented with functions similar to those that 

the ACS5 is composed of 
(see 1.4.1)

 for cases where the model-based controller does not 

successfully deal with the situation on its own. 

- Model-based articulation control can also be used together with other actuators than the 

dampers, for example braking of individual wheels (similar to ESC (Electronic Stability 

Control)), or the steering of individual wheels. Combining different actuators for articulation 
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control is already in use in ACS5, but improvements can surely be made with the use of 

different actuators together with a common reference model. 
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Appendix A 

Mission Statement 

“Uppdragsdirektiv 

Bakgrund 

Vid halka är ett vanligt scenario att en ledbuss får hjulspinn vilket leder till att bussen inte kan hålla 

sig inom sin fil i en rondell eller efter en skarp sväng. Ett sådant beteende är inte önskvärt eftersom det 

kan orsaka stor skada på övriga trafikanter.  

Detta beror på att motorn är placerad längst bak för att kunna ha lågt golv genom hela bussen. Med 

motorn placerad längst bak driver den på bakhjulen och i scenariot ovan, med hjulspinn på mittaxeln 

och med bakhjul som driver på, börjar bussen vika ihop sig. Också i torrt väglag och höga hastigheter 

bidrar motorns placering till ett instabilt fordonsbeteende.    

För att undvika dessa potentiellt sett farliga situationer finns ett ledkontrollsystem som styr två 

hydraulcylindrar enligt den högre bilden ovan, systemet har i uppgift att lägga ett dämpande moment 

på leden och ge bussen ett stabilt och säkert beteende vid alla väglag. Arbetet har påbörjats med att ta 

fram nästa generations ledkontrollsystem med undersökningar om vilka förbättringar som kan göras 

ifrån dagens system.  

Uppdrag 

Syftet med exjobbet är att undersöka potentiella funktionsförbättringar som kan göras på dagens 

ledkontrollsystem. 

 

Uppdraget består i att ta fram en algoritm för vilket dämpande moment som ska appliceras på leden i 

olika körsituationer. Detta genom att utgå ifrån en approximativ modell av ledbussen och att 

nödvändiga sensorer finns. 

Arbetsmoment 

-Teoretisk analys 

 Kan befintlig modell över fordonet användas, redogöra för hur den fungerar/är uppbyggd och 

vilka approximationer som gjorts 

 Jämföra modellen med andra fordonsmodeller och utvärdera 

 Vilka begränsningar finns 

 Vilka sensorer är nödvändiga 

 Vilka sensorer är önskvärda 

-Utformning av algoritm 

 Ta fram en algoritm för hur stort dämpande moment som ska appliceras på leden utifrån 

fordonsmodellen och kända inparametrar: 

o Rattvinkel 

o Ledvinkel 

o Fordonshastighet 

o Hjulhastigheter 
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o Fler? 

-Utvärdera algoritm 

Göra en utvärdering av hur bra algoritmen är genom att testa på simulerade körfall. Implementera och 

testa i fordon i mån av tid. 

-Skriva rapport 

Rapport  

Arbetet avslutas med en skriftlig rapport som beskriver den utredning som har gjorts av 

ledkontrollsystemet och den framtagna algoritmen. ” 
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Appendix B 

Description of the Articulation System 

This Appendix will give a deeper look into how the dampers and articulation is modeled, as well as an 

overview of the articulation system itself. The aim is to describe how the damping percentage (which 

is the input into the damper model) is converted into the torque affecting the bus sections (in the 

simulation environment). 

 

Figure B.1 A concept picture of the articulation system (red) inside a bus.[2] 

Figure B.1 shows how the articulation system is placed inside a bus. The main physical interface 

between the front section and the rear section is through the articulation system, meaning that’s where 

the bulk of the forces exchanged between the two sections are transferred. 
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Figure B.2 The articulation system. The articulation system is defined as the combination of the physical interface (the 

articulation) as well as the ability to control it.[2] 

A structural stop will be hit by a cylinder when the articulation angle reaches maximum, which is 54 

degrees. At that point the articulation system risks breaking. 

In the model, the requested damping percentage is converted into a force along the dampers, based on 

a lookup table and the current piston velocity (The dampers can only resist the movement of the 

articulation, it cannot increase the movement. If the piston velocity is 0, the force is also 0.). The 

lookup table is based on a physical model of the hydraulic cylinders and will not be discussed in this 

report. The force along a damper is directly transferred to each bus section through the respective pivot 

points. 
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Figure B.3 The model of the articulation system. R is the distance between the articulation point and the front section 

pivot points. Yrear is the distance in y between the rear section pivot points and the middle of the rear section of the 

bus. Xrear is the distance in x between the rear section pivot points and the articulation point. 
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Figure B.3 shows how the mechanical part of the articulation system is modeled in the simulation 

environment. A list of statements can be made to increase the understanding of how the model is 

defined: 

- The front section pivot points are attached to the front section and the rear section pivot points 

are attached to the rear section. 

- The dashed circle around the articulation point represents the interface where the front and 

rear section are attached to each other.  

- The articulation angle is equal to the angle between the line going through the front section 

pivot points and the line going through the rear section pivot points.  

- The dampers’ length’s changes accordingly when the articulation angle changes. 

- The derivative of a damper’s length is equal to its respective piston velocity. 

 

Figure B.4. The principles of how the torques are derived, showed by an example. This figure shows the x-axis 

components for the right damper. 
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The purpose of Figure B.4 is to give an overview of how the torque for each bus section is calculated, 

provided the force along each cylinder is known. 

An example is given calculating the front torque resulting from a force in the right damper. Having a 

known force F originating from the right damper, the component forces that affect the front section 

are: 

            and            

 
B.1 

The components of that force affecting the front torque are the orthogonal components: 

                                                     

 
B.2 

The angles are defined as: 

 
            

 

   
 

 

B.3 

 
           

     

        
 

 

B.4 

       and       are changed depending on the articulation angle, but their default values are    . 

The total torque for the front and rear sections are thus: 

       (                                                 

                                              )  √(   
    ) 

 

B.5 

       (                                                                     

                      )  √(          
       

 ) 

 

B.6 
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Appendix C 

Tire Modeling 

Since the tires are the only contact a vehicle has with anything outside of itself, save for the drag, 

modeling the tires becomes an important part in the modeling of any vehicle with tires. One of a tire 

model’s foremost purpose is to give the relation between force and slip. In the simulation environment 

used in this thesis work, one of the simplest models has been used; the linear tire model. 

Two of the most common ways to model tires are the Pacejka Formula
(8, 12)

 and the HSRI Tire 

Model
(12)

. The force-slip relation for these models can be seen in Figure C.1 and C.2. 

 

Figure C.1 The force-slip relation for the Pacejka Formula. Notice the unit for the slip is radians. 



72 

 

 

Figure C.2 The force-slip relation for the HSRI Tire Model. 

In the two plots there is a somewhat linear region for the lower degrees. Especially in Figure C.2 it can 

be seen that there is a region between 0 and 1.5-3 degrees slip angle that the force-slip relation in 

linear. That property has been used in the creation of the linear tire model, in which that linear 

relationship is the only one existing. Naturally, when the slip angle increase above the turning point 

(where the lateral force almost saturates), the linear tire model is no longer very correct. 

The equation for lateral force for the linear tire model is 

 

       C.1 

where    is the lateral force and   is the slip angle. The constant    is estimated from 

experiments.  
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