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Characteristics of Fifth Wheel and its Influence on handling and maneuvering of 

Articulated Heavy vehicles 

  

Master thesis 

RISHABH NIGAM  

Department of Mechanics and Maritime Sciences 

Division of Vehicle Engineering and Autonomous Systems 

Chalmers University of Technology 

 

 

Abstract 

Articulated vehicles have been the subject of study for long. The risks entailed with 

every mistake and accident involving these vehicles, dwarf any other mode of road 

transport. Since, articulated vehicles are used for transporting everything, or nearly 

everything on land, not only are they significant for economic concerns, they also 

impact human safety on the road. These risks escalate with the increasing vehicle length 

and amount of cargo carried.    

Fifth-wheels are an important component of articulated vehicles. Their behaviour has 

been often simplified in the existing literature. In this study, a fifth-wheel model is 

developed to represent its influence on the vehicle behaviour. Tests are conducted to 

capture the interactions at the fifth-wheel under different conditions, commonly 

encountered during everyday driving. These test results are then analysed and a fifth-

wheel model is proposed based on the observations. It is then validated and generalized 

in applicability using two different vehicle models replicating the test scenarios.  

Furthermore, the proposed model is used to simulate the maneuvers commonly 

encountered and the behaviour is compared. It was observed that the articulation angle 

achieved during these manaeuvers shows significant difference from their counterparts. 

This in turn effects the lateral acceleration of the vehicle combination, which can be 

seen in its overall trajectory during the maneuver. 
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1 Introduction 

 
Articulated Vehicles serve to transport everything: from solids to liquids to gases, from 

one point to another, in bulk. Owing to the economies of scale, this reduces the costs 

involved by 23%, can lead to fuel savings of up to 15% and reduce the number of trips 

by 32%; minimizing the prices for customers [1], and making them a lucrative option 

for the manufacturers. According to a study done in Alberta, Canada, it is estimated 

that use of longer combination vehicles (LCVs) showed 40% decrease in road wear, 

29% reduction in transportation costs, 32% reduction in fuel consumption and 

emissions [2]. This prompts countries like Australia, Canada, Brazil to employ long and 

heavy vehicle combinations (HCV’s), with lengths exceeding 50 m and gross weight in 

excess of 100 tons, on designated roads [3].  

In Europe, however, the situation is different. The regulations are based in length and 

weight, instead of performance. For the most part, only the conventional combination 

of maximum length 18.75 m is allowed with maximum weight capped at 40 ton (44 ton 

with an ISO container). The exceptions are found in Sweden and Finland where LCVs 

up to 25.25 m in length and weighing 60 ton are permitted.  

Concerns regarding the safety issues associated with the LCVs are primary inhibitors 

in their widespread use. Nonetheless, in light of the expected increase in the amount of 

transported goods by 55%, by 2020, organizations are bolstering their support for 

European Modular System (EMS). EMS suggests usage of existing load carrying units 

coupled together, to form LCVs, as a possible solution to meet the increasing demand. 

Apart from Sweden and Finland, Netherlands, since 2000, has been carrying out trials 

with LHVs according to EMS [4]. Sweden, currently, is testing even longer and heavier 

combinations, to serve, for instance, the timber haulage industry [5].  

Under EMS, and in general operation, the number of articulation units can be increased 

or decreased, depending on the requirement and regulations, by using either full-trailers 

or semi-trailers. Semi-trailers come with the added advantage of being compatible to a 

variety of towing units; tractors and trucks both, via a convertor dolly.  

 

 
Figure 1 (a) Coupling a Converter dolly with semi-trailer, (b) Coupling a (fixed) dolly with Full-trailer and (c) 

Coupling a Tractor with semi-trailer. 

Whether it is the convertor dolly, or a direct connection to the tractor, a fifth wheel 

and/or turntable is employed to connect the towing units (tractor/truck) and the towed 

units (full-trailer or semi-trailer). The behavior of these coupling devices greatly 

influences that of the resulting combination vehicle. Unfortunately, these devices have 

not been studied in depth and are often considered in their simplified form, while the 

attention is diverted to stabilizing or improving the vehicle performance as a whole, 

which remains incomplete without in-depth understanding of these coupling devices. 
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1.1 Problem motivating the Project 

Converter dollies, in Sweden and Norway, are equipped with a turntable and/or a fifth 

wheel depending on the requirement of the customer.  

 Convertor Dolly: A vehicle designed for the specific purpose of connecting trailers (semi-

trailer and full) to a towing unit. It may have one or two axles depending on the 

configuration, which may or may not have steering capability. If the dolly can be detached 

from its trailer it is called a convertor dolly, else, a fixed dolly. 

 Fifth wheel: A mechanical coupling mechanism primarily used for connecting semi-trailers 

to towing units (Tractors/Trucks) through a kingpin connection. It may be directly mounted 

on the towing unit (as in a tractor semi-trailer configuration) or on the rear of the lead trailer 

(as in a B-double configuration) or used on convertor dolly (as in an A-double 

configuration). The fifth wheel introduces degrees of freedom in yaw and pitch between the 

trailer and dolly. 

 Turntable: A mechanical coupling mechanism primarily used for connecting the body of a 

full-trailer to its (fixed) dolly. They are inherently different from the fifth-wheels due to the 

presence of a large rolling element bearing and the absence of kingpin connection. The 

turntable introduces degrees of freedom in yaw only, all other movements are restricted 

between the trailer and dolly.  

Turntable is selected because it ensures that there is very small resistance yaw torques 

between the dolly and semi-trailer, allowing for the trailer to articulate more easily 

during tight turns or high speed maneuvers at low road friction. The fifth wheel is 

needed for the standardized kingpin connection to the semi-trailer.  

Having only fifth wheel increases the coupling yaw friction, significant contact area 

between trailer and fifth wheel provides resistance to yaw motion, negatively impacting 

the low speed maneuverability. Using only the turntable, reduces yaw friction, the 

bearings with rolling elements (ball or roller) provide virtually no resistance in yaw 

motion. Also, compatibility between units with varying coupling heights is affected.  

 

In contrast to what is found in most of the literature, where vehicle behavior is estimated 

by simplifying the fifth-wheel as frictionless articulation point, on the contrary, this 

coupling does influence the dynamics of the complete vehicle combination and hence, 

such simplification is not a complete representation of the vehicle behavior. Previous 

researches, ex. [6] [7] [8] [9] [10] [11], have modeled the fifth wheel connection as 

being frictionless and having resistance free yawing motion in simulations, 

experimental results are not presented in most of these works and, hence, their validity 

and repeatability needs further investigation, which is the purpose of this study. In 

practical fifth-wheel couplings, there exists a significant friction between the fifth 

wheel and the trailer at the kingpin connection, which is why lubrication at the interface 

plays an important role in proper operation of the vehicle.  

In brief, the problem motivating this research is to understand the behavior of fifth-

wheel and find its influence, if any, on overall lateral and roll behavior of the vehicle. 

1.2 Objective  

The aim of this work is, to be able to estimate the forces/torques and moments acting 

on the fifth wheel of the combination vehicle and their effects of the dynamics on the 

vehicle in yaw and roll motion.  

1.3 Deliverables 

1. Vehicle model which includes fifth-wheel: yaw-friction, roll compliance and roll 

lash.  
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2. Factor affecting friction at the fifth-wheel and kingpin interface. The effects of the 

following factors are to be studied:  

 Force/torque levels (Fxy, Fz, My) 

 Temperature 

 Velocity 

 Lubrication 

 Surface Roughness and uneveness  

 Surface Wear  

3. Theoretical and simulated analysis of the influence of the elements in compliant 

fifth wheel to the roll-over performance of:  

 Tractor + Semi-Trailer 

1.4 Limitations  

The rollover calculation is dealing with vehicle units ‘decoupled’ in roll motion and is 

not applicable to the coupled ones. 

1.5 Report Structure  

Chapter 2 presents, in brief, literature review of the relevant previous work done in the 

field. In this chapter, different vehicle models, brief review of several friction models, 

to be used for fifth-wheel friction modeling, is presented.  

Chapter 3 contains the detailed methodology for the development of the model and an 

overview of the strategy to be followed is given Chapter 4. 

The details of the vehicle model developed are introduced in chapter 5. Chapter 6 details 

the experimental setup used in the study. The proposed fifth-wheel model is developed 

and validated in Chapter 7 and Chapter 8 respectively.  

Chapter 9 uses the validated model to analyze the influence of introduction of fifth-

wheel in the vehicle model through simulation studies. 
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2 Literature Review  

The literature review is divided into the following main parts: 
1. Vehicle models 

2. Tire Models 

3. Friction models  

The review provided here will serve as the basis on which the vehicle and friction model 

(potentially) will be subsequently developed. The vehicle models are discussed in 

section 2.1 along with tire models, in brief, in 2.2, the existing friction models are 

described in section 2.3.  

2.1 Vehicle Models 

There are numerous methods available in the literature to represent a vehicle. Some 

may use Newtonian equations or Lagrangian equations to describe the motion of the 

vehicle. Others may be use quarter car, half car or full car representation. The models 

may have a 2-D or a 3-D approach. The section introduces vehicle models used for 

analysis of vehicle behavior. 

 

2.1.1 VTM (Volvo Transport Model) 

 
Figure 2 Schematic representation of Tractor-Semitrailer Multi-body Model in VTM 

VTM is the in-house two-track multi-body modelling platform used by VOLVO GTT, 

to simulate articulated vehicles and buses. The model is based on MATLAB® and uses 

SimulinkTM SimMechanics for representing vehicle bodies. Flexibility of the frame is 

included in the model by torsional joints. Vehicle parameters like mass, inertia come 

from existing VOLVO truck designs. Simulink is used for wheel rotation, torque and 

steering actuation. Wheels are connected to the bodies and are capable simulating wheel 

lift-off, essential for simulating roll over scenarios. Pacejka tire model is employed for 

representing tire forces. The axle suspensions are included in the model. The system  is 

modular in nature and units (e.g. dollies, semi-trailer) can be attached or detached from 

the existing vehicle combinations.  
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2.1.2 One Track model  

A one-track model (bicycle model) is a simplified model, used to describe the lateral 

vehicle dynamic behavior, used primarily when studying sideslip angles and axle 

characteristics is the prime objective. It is also known as the single-track model [12]. It 

can be represented as in Fig. 1 

 
Figure 3 Single Track or Bicycle Model [13] 

The model can be represented mathematically by the following equations: 

𝑚(𝑣̇𝑦 + 𝑣𝑥. 𝑟) = 𝐹𝑦1 + 𝐹𝑦2 + 𝐹𝑦𝑒                                            (1) 

𝐽𝑟 . 𝑟̇ = 𝑙𝑓 . 𝐹𝑦1 − 𝑙𝑟 . 𝐹𝑦2 +𝑀𝑧𝑒                                (2)       
where,   

𝑟̇     − Yaw acceleration  
𝐽𝑟    − Yaw moment of inertia  
𝑙𝑓    − Front base  

𝑙𝑟    − Rear base  
𝐹𝑦1 − Front axle lateral force  

𝐹𝑦2 − Rear axle lateral force  

𝛿    − Wheel steering angle  
𝑚   − Mass of vehicle  
𝑣𝑥   − Longitudinal Velocity 
𝑣̇𝑦   − Lateral acceleration 

2.1.3 Two Track Model 

Unlike the single track model, two track model does not lump together the left and right 

wheel of the axle and, hence, the behavior of each wheel during a maneuver can be 

studied separately. This is especially useful in case of maneuvers with high lateral 

acceleration which may eventually lead to wheel lift-off. The assumptions and other 

details of the model can be found in Chapter 5.  As this is the chosen model for 

extension to include friction at the fifth wheel and turntable. 

2.1.4 Roll plane model  

The roll plane (y-z plane) is used for studying the lateral load transfer due to the roll 

motion. During handling maneuvers on smooth roads, vehicle roll motion is primarily 

induced by centrifugal forces caused by lateral accelerations. The roll motion of the 

vehicle body can be presented by a roll model including the roll angle. For more 
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explanation regarding this model, refer to section 5.3.3.2 as it is being used in 

estimating the lateral load transfer of the vehicle.  

2.2 Tire Models 

Tires are an important part of any vehicle model as they responsible for generating 

almost all the controlling forces imposed on the vehicle, primarily longitudinal and 

lateral forces.  

Tire models are developed to understand how the tire behaves and consequently affects 

vehicle performance. The tire forces are results of ‘slip’ existing in longitudinal and 

lateral direction. The ‘slip’ for longitudinal forces is the difference between the velocity 

of the tire and the velocity of the ground at the point of contact, which is dimensionless 

when normalized with either wheel or wheel hub velocity, then called the longitudinal 

slip. For lateral force as well as for the aligning torque the ‘slip’ is the slip angle, which 

is the angle between the velocity vector of the tire and the wheel plane.  

“Physical tire models are more complex and are applied to derive quantitatively correct 

tire performance based on the detailed description of tire structure and material 

properties while the empirical tire models are based on an approach in which 

experimental results are used to find parameters to tune a certain mathematical 

description.” [12] 

2.2.1 Magic Formula (Pacejka Model) 

The Magic Formula is an empirical tire model that uses a mathematical relation to 

define forces and moments accurately. It is called the magic formula because there is 

no physical explanation for the model but, nevertheless, it agrees with the experimental 

data to a high degree. The underlying principle behind the magic formula is that the 

evolution of longitudinal and lateral force with respect to ‘slip’ both follows a general 

relation that can be expressed by:  

 

𝑦(𝑥) = 𝐷. 𝑠𝑖𝑛[𝐶. 𝑎𝑟𝑐𝑡𝑎𝑛{𝐵. 𝑥 − 𝐸. (𝐵𝑥 − 𝑎𝑟𝑐𝑡𝑎𝑛𝐵𝑥)}] + 𝑆𝑣𝑦        (3)  

 
 Where y(x) then represents longitudinal force and lateral force for longitudinal slip 

and slip angles respectively. Coefficients 𝐵, 𝐶, 𝐷, and 𝐸 describe the tire 

characteristics [14]: 
1. B: It determines the slope at the origin and is also called the stiffness factor 

2. C: shape factor, which controls the limits of the range of the sine function and thereby 

determines the shape of the resulting curve 

3. D: peak factor 

4. E: the curvature factor, it regulates the value of the slip at which the peak of the curve 

occurs 

5. BCD: the product corresponds to the slope at the origin (x = y = 0). For lateral force, 

this factor corresponds to the cornering stiffness. 

6. 𝑆𝑣𝑦=horizontal shift 

These coefficients are further dependent on sub-coefficients which are extracted 

directly from tire testing.  

2.2.2 The Brush model  

In the brush model [15], the tire treads are approximated by the brush made of tread 

elements. The carcass is assumed to be rigid, and the forces are generated by the 
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deformation of the brush elements. The deflection range of the brushes is limited, 

depending on the coefficient of friction µ, vertical force distribution and the stiffness 

of the element. This model is further categorized into three more categories:  
1. Pure lateral slip = For this case, the brush elements deflect in the direction 

perpendicular to the wheel plane  

2. Pure longitudinal slip = For pure longitudinal slip the tread elements are deflected in 

the longitudinal direction.  

3. Combined slip = In this case, when the tire is subjected to both longitudinal load and 

lateral load, then the combined slip situation occurs. 

2.2.3 Burckhardt model  

Burckhardt model defines slips in the direction of wheel velocity vector (longitudinal 

slip sl) and perpendicular to this direction (side slip ss). The resultant of both the slips 

(sres) gives the direction of the resultant force. The tire model contains five empirical 

parameters: 

 

𝐹 = (𝑐1. (1 − 𝑒
−𝑐2𝑠𝑟𝑒𝑠) − 𝑐3. 𝑠𝑟𝑒𝑠)𝑒

−𝑐4.𝑠𝑟𝑒𝑠.𝑣(1 − 𝑐5. 𝐹𝑍𝑇
2 )          (4) 

 

But can be simplified to:  

 

𝐹 = (𝑐1. (1 − 𝑒
−𝑐2.𝑠𝑟𝑒𝑠) − 𝑐3. 𝑠𝑟𝑒𝑠)                                              (5) 

 

The model assumes equal tire characteristics in both directions which influences its 

accuracy [4]. 

2.2.4 Dugoff’s Tire model  

It is a simple model capable of describing forces under pure cornering, pure 

(acceleration/braking) and combined (acceleration/braking) cornering maneuvers. The 

simplicity of the model is its ability to include all the tire properties in just two 

constants, known as the longitudinal and lateral stiffness of the tire.  A simplified and 

robust Dugoff’s tire model has been presented assuming pure slip conditions with 

negligible longitudinal slip to estimate the lateral tire forces. This model is as follows: 

 

𝐹𝑦̅ = −𝐶𝛼. tan (𝛼). 𝑓(𝜆)                                                       (6) 

Where 𝑓(𝜆) is given by: 

 

𝑓(𝜆) = {
(2 − 𝜆),          𝑖𝑓 𝜆 < 1
1                      𝑖𝑓 𝜆 ≥ 1

                                           (7) 

𝜆 =
𝜇𝑦.𝐹𝑧

2.𝐶𝛼.|tan (𝛼)|
                                                               (8) 

Where,    

𝐶𝛼 −  Cornering stiffness  

𝜇𝑦 −  Coefficient of friction  

𝛼  − Tire slip angle  

𝐹𝑧  −   Normal tire load  

The assumption of keeping the longitudinal slip negligible reduces the accuracy of the 

model for the current study; hence this model will not be used. 
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2.3 Friction Models 

Friction refers to the resistance to the relative motion between contacting surfaces. It is 

nearly omnipresent in all physical phenomena. In most of the cases, the presence of 

friction forces is not desirable as it causes loss of power, undesired increase in 

temperature, wear etc. This warrants a detailed study into friction existing in the system, 

its influence and possible control.  

Several studies have been conducted to study and model friction occurring in different 

fields but, so far, there exists no single model which can explain friction in its entirety. 

The earliest works date back to Leonardo Da Vinci and since then many different 

models have been suggested and are used by the industry based on what satisfies their 

needs the best.  

Coulomb’s friction law was a milestone of the evolution of the friction force models 

and still forms the basis, in one way or the other, of nearly all the friction models. 

However, the model is not continuous, resulting in numerical instability during a 

dynamic simulation and several other models have been developed to better explain the 

experimental observations. 

The existing models for friction in the literature can be broadly classified into [16]: 
1. Static models: They describe the steady state behavior of friction 

2. Dynamics Models: They use extra state variables making the model not only more 

complex but also more flexible in representing friction. 

Most of the dynamic friction models are based on the physical interaction between the 

surfaces asperities, such as the Dahl model [17], bristle model [18], the reset integrator 

[18], the LuGre [19], among others. Generally, these approaches consider an extra state 

variable related to the bristle deflection and very small displacements between 

contacting surfaces. For practical purposes, the measurement of bristle deflection on 

the test track, on a truck-trailer, is a little impractical for this study and such models 

will not be considered further. 

2.3.1 Coulomb Model  

Probably, the most well-known model is the so-called Coulomb friction model. Even 

though it greatly over simplifies the frictional phenomena, it is widely used, when 

dynamic effects are not considered. Also, the Coulomb model forms the foundation of 

all (or nearly all) more advanced models. The Coulomb friction force is a force (𝐹) of 

constant magnitude, acting in the direction opposite to motion, independent of the 

relative velocity (𝑣). 

 

𝐹 = {
𝐹𝐶 . 𝑠𝑔𝑛(𝑣)                           𝑖𝑓 𝑣 ≠ 0

min(𝐹𝑒𝑥𝑡, 𝐹𝐶) 𝑠𝑔𝑛(𝐹𝑒𝑥𝑡), 𝑖𝑓 𝑣 = 0
                                  (9) 

where, 

𝐹𝑐 = 𝜇𝑘. 𝐹𝑁                                                                           (10) 

 

in which 𝐹𝑁  is the normal force, 𝐹𝑐  is the magnitude of Coulomb friction, 𝜇𝑘  is the 

kinetic coefficient of friction, 𝐹𝑒𝑥𝑡 is the external tangential force, and 𝑣 is the relative 

velocity of the contacting bodies. Coulomb friction is often referred to as dry friction, 

but the model is used for dry contacts as well as boundary and mixed lubricated 

contacts. 
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Figure 2: Coulomb Friction Model 

2.3.2 Coulomb Model with Viscous Friction 

The model in its essence is the modification of Coulomb’s friction model by adding a 

viscous friction component. The viscous friction component models the friction force 

as a force proportional to the relative velocity, although there may be other approaches. 

It, too, poses the same problem as that of coulomb model; inability to handle zero 

velocity. It can be represented as:  

 

𝐹 = {
𝐹𝐶 . 𝑠𝑔𝑛(𝑣) + 𝐹𝑣 . 𝑣             𝑖𝑓 𝑣 ≠ 0

min(𝐹𝑒𝑥𝑡, 𝐹𝐶) 𝑠𝑔𝑛(𝐹𝑒𝑥𝑡), 𝑖𝑓 𝑣 = 0
                                (11) 

 

where, 𝐹𝑣is the viscous friction coefficient 

 
Figure 4 Coulomb Friction+ Viscous Friction 

2.3.3 Coulomb Model with Stiction and Viscous Friction 

Studies have shown that the friction force at zero velocity is higher than the kinetic 

friction, and hence presented the necessity of introducing a friction model, which 

includes two friction coefficients. This modification in Coulomb’s approach has a 

similar behavior except in the vicinity of zero velocity. It is also a multivalued function, 

but is capable of representing the higher friction force, and can be described as follows 

[20]:  

𝐹 = {
𝐹𝐶 . 𝑠𝑔𝑛(𝑣) + 𝐹𝑣 . 𝑣             𝑖𝑓 𝑣 ≠ 0

min(𝐹𝑒𝑥𝑡, 𝐹𝑆) 𝑠𝑔𝑛(𝐹𝑒𝑥𝑡), 𝑖𝑓 𝑣 = 0
                               (12) 

where, 

𝐹𝑆 = 𝜇𝑆. 𝐹𝑁                                                                          (13) 

Where, 𝐹𝐶 is the magnitude of Coulomb friction given by (10), 𝐹𝑆 is the magnitude of 

static friction, and 𝜇𝑆 is the static friction coefficient which is higher than the kinetic 

coefficient, 𝜇
𝑘
. 
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Figure 5 Coulomb friction+ Viscous friction+ Static friction 

2.3.4 Model with Stribeck Effect 

The above mentioned models have a discontinuity when the nature of friction changes 

from static to kinetic friction. The friction force will vary with the sliding speed 

depending on the extent to which the interacting contact surfaces are running under a 

given extent of lubrication (ranging from boundary, mixed to full film).  

Even dry contacts show some behavior similar to that of lubricated surfaces in that they 

have a higher 𝜇𝑆  than 𝜇𝑘 . In lubricated sliding contacts, the friction decreases with 

increased sliding speed until a mixed or full film situation is obtained, after which the 

friction in the contact can either be constant, increase, or decrease somewhat with 

increased relative velocity due to viscous and thermal effects, see figure 6, this is called 

Stribeck effect [21] and ensures that the transition from static to kinetic friction is 

continuous function. Thus, the friction force during relative motion is expressed as a 

continuous function of velocity as:  

 

𝐹 = {
𝐹(𝑣)                                       𝑖𝑓 𝑣 ≠ 0

min(𝐹𝑒𝑥𝑡, 𝐹𝑆) 𝑠𝑔𝑛(𝐹𝑒𝑥𝑡), 𝑖𝑓 𝑣 = 0
                              (14) 

 

where, 𝐹(𝑣) is an arbitrary function that depends on the relative velocity. It is 

generally accepted as defined by Bo and Pavelescu [22]: 

 

𝐹(𝑣) = (𝐹𝐶 + (𝐹𝑆 − 𝐹𝐶)𝑒
(
|𝑣|

𝑣𝑆
⁄ )

𝛿

) 𝑠𝑔𝑛(𝑣) + 𝐹𝑣 . 𝑣        (14.1) 

where vs is the Stribeck velocity and δ is a factor that relies on the geometry of the 

contacting surfaces, which is often considered 2 as suggested by Armstrong-Hélouvry 

[23] but may be different for different applications. 

 
Figure 6 Coulomb Friction+ Viscous Friction+ Static Friction+ Stribeck Effect 
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2.3.5 Karnopp Model 

Previous models are all having multivalued functions for zero velocity, presenting 

difficulties with capturing their static behavior in a simulation. Karnopp [24] proposed 

a model where the velocity is considered zero, for a specified range, to eliminate this 

difficulty. Thus, when the velocities are within this interval, the system’s state can 

change and the model’s response will be the same as when the relative velocity is zero.  

 

𝐹 = {
𝐹(𝑣)                                     𝑖𝑓 |𝑣| > 𝐷𝑣
min(𝐹𝑒𝑥𝑡, 𝐹𝑆) 𝑠𝑔𝑛(𝐹𝑒𝑥𝑡), 𝑖𝑓 |𝑣| ≤ 𝐷𝑣

                           (15) 

 

where, 𝐷𝑣 is the tolerance range for null velocity.  𝐹(𝑣) is defined as in (14.1). The 

accuracy and validity of the model is highly dependent on the appropriate selection of 

a suitable range of the null velocity. Nevertheless, this null velocity range does not 

represent the real behavior. 

 
Figure 7 Karnopp Model 

2.3.6 Threlfall Model 

In static models described above, friction force at zero velocity is multivalued, and is a 

function of the external tangential force. In order to simplify and ensure computational 

efficiency, the discontinuity at zero velocity is replaced by a finite slope model (figure 

8). Threlfall in [25] presented a model that avoids the discontinuity associated with the 

Coulomb’s law, and is written as 

 

𝐹 = {𝐹𝑐(1 − 𝑒
−𝑘|𝑣|

𝑣0
⁄  )𝑠𝑔𝑛(𝑣)                         𝑖𝑓 |𝑣| ≤ 𝑣0

𝐹𝑐 . 𝑠𝑔𝑛(𝑣)                                                 , 𝑖𝑓 |𝑣| > 𝑣0
    (16) 

 

where, 𝑣0 is the velocity at which friction is to be velocity independent. 

 and k = 3, a factor to ensure that at 𝑣 = 𝑣0 : 

F  ~ ±  0.95 FS. 

Threlfall argues that unlike other static models, where the instantaneous change in the 

friction force from +F to –F, or vice versa, causes the integration routine some 

‘distress’. A simple linear transition of finite gradient will aid in the computational 

process. He also claimed that the model will not “self-jam” rather “creep through the 

jamming position at very low velocity.” 
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Figure 8 Threlfall Model 

2.3.7 Bengisu and Akay Model 

Bengisu and Akay [26] proposed an approach capable of modeling the Coulomb 

friction as well as Stribeck effect, and is defined as: 

𝐹 = {
(−

𝐹𝑠

𝑣0
2 (|𝑣| − 𝑣0)

2 + 𝐹𝑠) 𝑠𝑔𝑛(𝑣)          𝑖𝑓 |𝑣| < 𝑣0

(𝐹𝐶 + (𝐹𝑠 − 𝐹𝐶)𝑒
−𝜉(|𝑣|−𝑣0))𝑠𝑔𝑛(𝑣)    𝑖𝑓 |𝑣| ≥ 𝑣0

      (17) 

in which ξ is be a positive parameter representing the negative slope of the sliding state 

(figure 9). They demonstrated using a three mass system with one frictionless contact 

surface and contact with friction, that the model could eliminate the discontinuity at 

zero relative velocity. However, when the slope at zero velocity is too large, a small 

step size is needed, which slows down the simulation. 

 
Figure 9 Bengisu and Akay Model 

2.3.8 Ambrósio Model 

Ambrósio suggested the use of models where a compromise between accuracy and 

computational efficiency has to be reached. In light of the above mentioned limitations 

he proposed a modified Coulomb friction law defined as: 

 

𝐹 = {

0                                                  𝑖𝑓 |𝑣| < 𝑣0
 |𝑣|−𝑣0

𝑣1−𝑣0
𝐹𝐶 . 𝑠𝑔𝑛(𝑣)                  𝑣0 < |𝑣| < 𝑣1  

𝐹𝐶 . 𝑠𝑔𝑛(𝑣)                                       |𝑣| ≥ 𝑣1

               (18) 

 

Where, v0 and v1 are the tolerances for the velocity.  
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This prevents the friction force from reversing when the relative velocity is close to 

zero eliminating the numerical instability. However, it does not describe the stick-slip 

motion and the null velocity range does not represent the real behavior. 

. 

 
Figure 10 Ambrósio Model 

2.3.9 Awrejcewicz Model 

The previously mentioned friction models are either dependent on sliding velocity 

(relative velocity between the contact surfaces) or on the externally applied force 

(tangential to the moving surface). Awrejcewicz et al. [27] developed a more complete 

and complex static friction model for dry contact which takes into account both 

tangential force and relative velocity. They suggest that during the stick phase the 

friction force will depend on v but may not depend on Fext. The model has 4 equations, 

one for sliding, two for the transition from stick to slip, and one for sticking mode and 

are defined as:  

 

𝐹 =

{
 
 

 
 𝐹(|𝑣|)𝑠𝑔𝑛(𝑣)                                              𝑓𝑜𝑟 𝑉1

𝐹𝑆. 𝑠𝑔𝑛(𝐹𝑒𝑥𝑡)                                               𝑓𝑜𝑟 𝑉2
(2𝐴 − 1). 𝐹𝑆. 𝑠𝑔𝑛(𝑣)                                 𝑓𝑜𝑟 𝑉3

𝐴(−𝐹𝑒𝑥𝑡 + 𝐹𝑆. 𝑠𝑔𝑛(𝑣)) + 𝐹𝑒𝑥𝑡               𝑓𝑜𝑟 𝑉4

        (19) 

where,  

 

V1: |𝑣| > 𝜖; 

 V2 : [(0 ≤ 𝑣≤ 𝜖)∩( 𝐹𝑒𝑥𝑡>𝐹𝑆)]∪ [(-𝜖 ≤ 𝑣≤ 0)∩( 𝐹𝑒𝑥𝑡<-𝐹𝑆) ],    
 V3: [(0 ≤𝑣≤ 𝜖)∩( 𝐹𝑒𝑥𝑡<-𝐹𝑆)]∪ [(-𝜖 ≤ 𝑣≤ 0)∩( 𝐹𝑒𝑥𝑡>𝐹𝑆) ], 
 V4: [(|𝑣|≤ 𝜖)∩(| 𝐹𝑒𝑥𝑡|<𝐹𝑆)] 

 

            F(|𝑣|) =FC  [28] 

 

and,  𝐴 =
𝑣

𝜀2
(3 − 2

|𝑣|

𝜀
)                                                                          

            𝜖 −  velocity tolerance 
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Figure 11 Awrejcewicz Model 

The tolerance velocity defines the limit for sliding state. Below this tolerance, the 

friction force is also calculated as a function of the external tangential force. 
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3 Methodology 

 

In this project, following steps are taken to achieve the objectives:  

 

 Defining the problem 

The first step in modeling a dynamic system is to describe the system adequately. Since 

the aims of the project are itself vast, it would be easier to divide the work into 

activities. Then, after modeling all the activities, one can integrate them into a complete 

model of the system.  

 

 Identifying System Components  

The second step in the modeling process is to identify the system components. The 

focus here is mainly to identify the components to be considered like bushing, fifth-

wheel, turntable etc.. 

 

 Modeling the System with Equations  

The third step in modeling a system is to formulate the mathematical equations that 

describe the system. For each phase, the model equations are selected which goes hand 

in hand with the estimation techniques. 

  

 Implementation  

Once the decided strategies are theoretically proved from the literature research, then 

only it is worth to implement. After the analytical validation of the chosen models and 

estimation techniques, the implementation of the selected strategies is performed in 

MATLAB/Simulink. 

 

 Validation  

Once the model has been successfully implemented, its validity can be measured 

against experimental results and the model can be tuned till the desired level of 

accuracy is achieved. 
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4 Strategy Overview 

To achieve the above mentioned objectives the following strategy will be followed: 

 

Step-1: Selection of Vehicle Model 

 The primary objective is to include a fifth-wheel model in the VTM. Since, VTM is 

Volvo’s internal platform and is not available for public access, a simplified 

representative vehicle model (RVM) will also be developed to represent these effects 

and to generalize the applicability of the fifth wheel model. For this purpose, after 

literature review, a non-linear two track model has been selected to represent VTM.  

 Both vehicle models take into account the effects of combined slip and load transfer 

(due to roll). 

 In RVM, tires will be modeled using the magic formula (Pacejka Model). It has been 

selected due to the availability of the data required for the model and to keep the tire 

forces and moments same as in case of VTM. 

Step-2: Selection of Friction Model 

 Due to the empirical nature of the friction, no initial selection for friction model is being 

made. It can be assumed to resemble Coulomb Friction+ Viscous Friction+ Static 

Friction± Stribeck Effect, but in the absence of measurements a different model may 

be selected, should the measurement warrant it.  

 The assumed model is the most descriptive friction model and will present a 

comprehensive representation of the interaction.  

 The model will be validated against test results using both RVM and VTM. 

 The friction model will be generalized in its application using the vehicle model from 

RVM and VTM. 

Step-3: Modelling fifth-wheel roll compliance  

 The model will be extended to account for roll compliance. This step will be solely 

performed in VTM and the vehicle model from Step-1 will not undergo any extension. 

 Fifth wheel compliance and roll lash at the fifth-wheel and kingpin interface will be 

taken into account. 

 The model will be validated against results previously obtained.  

Step-4: Comparative analysis using the extended model 

 When the model is validated in Step-2, it will be able to represent vehicle behavior 

taking into account the friction at fifth wheel and trailer interface. 

 This model will now to be used to compare the performance of selected vehicle 

combination by analyzing their behavior under the selected maneuvers (simulated in 

VTM).  

 Effects of factors influencing friction will be studied by varying their values and 

analyzing its effects on the vehicle performance (sensitivity analysis). 
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5 Representative Vehicle Model 

 

The chapter details the representative vehicle model (called RVM hereafter) for a 

Nordic Combination which is: Rigid Truck-Trailer, convertor dolly, and semi-trailer. 

All the vehicle models used in the study can be derived from this combination. The 

assumptions of the models are listed in section 5.1, reference frames are detailed in 5.2. 

In section 5.3 equations of motion for each vehicle unit are derived. Section 5.4 details 

the constraint between units. Tire forces for the detailed in 5.5. Section 5.6 presents the 

load transfer calculations. Vehicle states of interest are listed in 5.7. 

5.1 Model Assumptions 

The model developed in the following section is a non-linear two-dimensional model, 

which is extended to include the effects of roll through changes in vertical loads on the 

tires. Equation of motions will be developed for the Nordic combination from which 

the equations for tractor-semitrailer (used later in Chapter 9) can be derived by suitable 

manipulation of parameters. 

As with any other real system, certain assumptions have been made to facilitate with 

the formulation of the equations of motion. Following assumptions have been made for 

the purpose of this study: 

1. Steering inputs are applied through the tractor front axle tires only.  

2. System parameters such as masses and inertias are always taken as constant. 

3. No steering compliance is considered, steering for the tractor wheels is given 

through direct values of steering angle. 

4. Suspension compliance is not considered. 

5. There is no bending of bodies along the vehicle’s length, i.e. they are rigid. 

6. Significant angular motion occurs in yaw plane only, such that pitch and roll 

motion will not dominate the vehicle behavior at any point in the analysis, and 

allow for semi-static load transfer to account for the effects of roll. 

7. Aerodynamic effects have not been considered. 

8. The motion is considered on a flat road, i.e. no banking grade. 

9. The vehicle is not subject to hard braking and acceleration and as such load 

transfer due to pitch motion is neglected.  

10. The mass of the fifth-wheel is neglected. 

5.2 Coordinate Systems  

Nordic combination has a large number of degrees of freedom and, hence, choosing of 

coordinate systems, for easy formulation of equations of motion, is of great importance. 

The approach taken here is similar to that of Mikulkcik [29]. 

Each unit in the combination will have two co-ordinate systems (ISO). First, an inertial 

reference frame with the origin positioned at the center of tractor front axle. The second 

frame (local frame) is attached to the center of mass of each unit and can both translate 

as well as rotate with the respective unit. Euler rotation angles will be used to relate the 

local and inertial frame of reference through a transformation matrix. Also, it has been 

assumed that significant angular motion is in yaw only the transformation matrix can 

be reduced to: 
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[
𝑋𝑖
𝑌𝑖
] = [

cos (𝜙𝑖) −sin (𝜙𝑖)
sin (𝜙𝑖) cos (𝜙𝑖)

] [
𝑥𝑖
𝑦𝑖
] 

 

[Xi, Yi]
T are inertial co-ordinates, [xi, yi]

 T are local coordinates, 𝜙𝑖 is the yaw angle of 

the ith unit as seen from the inertial frame. 

5.3 Equation of Motion 

Equation of motion for each unit of the combination will be derived separately, and 

then related through the coupling points in the combination. Truck will be considered 

as the first unit in the combination and the trailer as the last unit and the numbering will 

represent the same. Twin tires have been reduced to single tire. Their effect is, 

however, included. Unless stated otherwise, the subscripts x, y, z will represent 

standard ISO directions. The nomenclature, shown in Table 1, follows the same pattern 

as [29]. So, F2x represent force on tractor front left tire in x-direction of the local frame. 

Number  

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 
 

Location 

Truck, left front  

Truck, right front  

Truck, left rear-axle 1 

Truck, right rear-axle 1 

Truck, left rear-axle 2 

Truck, right rear-axle 2 

A-dolly, left front 

A-dolly, right front 

A-dolly, left rear 

A-dolly, right rear 

Trailer, left front 

Trailer, right front 

Trailer, left middle 

Trailer, right middle 

Trailer, left rear  

Trailer, right rear 

Truck, pintle hook 

Dolly, pintle hook 

Dolly, kingpin 

Trailer, kingpin 
 

Table 1 Nomenclature for force and moments 

5.3.1 Equations in Yaw Plane 

For each vehicle unit Newtonian equations of motion will be derived based on its free 

body diagram, called FBD hereafter. 

5.3.1.1 Truck 

From figure 12, applying force and moment balancing we get: 
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    𝑚1(𝑣̇𝑥1 − 𝑣𝑦1𝜔1) = 𝐹1𝑥𝑐𝑜𝑠𝛿 − 𝐹1𝑦𝑠𝑖𝑛𝛿 + 𝐹2𝑥𝑐𝑜𝑠𝛿 − 𝐹2𝑦𝑠𝑖𝑛𝛿 + 𝐹3𝑥 + 𝐹4𝑥 +

                                            𝐹5𝑥 + 𝐹6𝑥 + 𝐹17𝑥                                                             (20) 

 

    𝑚1(𝑣̇𝑦1 + 𝑣𝑥1𝜔1) = 𝐹1𝑦𝑐𝑜𝑠𝛿 + 𝐹1𝑥𝑠𝑖𝑛𝛿 + 𝐹2𝑦𝑐𝑜𝑠𝛿 + 𝐹2𝑥𝑠𝑖𝑛𝛿 + 𝐹3𝑦 + 𝐹4𝑦 +

                                           𝐹5𝑦 + 𝐹6𝑥 + 𝐹17𝑦                                                            (21) 

 

 
Figure 12 Truck FBD in Yaw Plane 

    

      𝐼1𝜔1̇ = (𝐹1𝑦𝑐𝑜𝑠𝛿 + 𝐹1𝑥𝑠𝑖𝑛𝛿 + 𝐹2𝑦𝑐𝑜𝑠𝛿 + 𝐹2𝑥𝑠𝑖𝑛𝛿)𝑏1 −

                     (𝐹1𝑥𝑐𝑜𝑠𝛿𝐹1𝑦𝑠𝑖𝑛𝛿−𝐹2𝑥𝑐𝑜𝑠𝛿 + 𝐹2𝑦𝑠𝑖𝑛𝛿)𝑑1−(𝐹3𝑥 − 𝐹4𝑥)𝑑2 −

                     (𝐹3𝑦 + 𝐹4𝑦)𝑏2−(𝐹5𝑥 − 𝐹6𝑥)𝑑3 − (𝐹5𝑦 + 𝐹6𝑦)𝑏3 − 𝐹17𝑦𝑏9 +

                      𝑀1𝑧 +𝑀4𝑧 +𝑀3𝑧 +𝑀4𝑧 +𝑀5𝑧 +𝑀6𝑧                                               (22) 

 

where, 𝑀𝑖𝑧 (for i=1,2..16) is the restoring moment arising from the tires at the ith 

position.  

 

5.3.1.2 Dolly 

Proceeding as above in Figure 13: 

 
𝑚2(𝑣̇𝑥2 − 𝑣𝑦2𝜔2) = 𝐹7𝑥 + 𝐹8𝑥 + 𝐹9𝑥 + 𝐹10𝑥 + 𝐹18𝑥 + 𝐹19𝑥                              (23) 

 

𝑚2(𝑣̇𝑦2 + 𝑣𝑥2𝜔2) = 𝐹7𝑦 + 𝐹8𝑦 + 𝐹9𝑦 + 𝐹10𝑦 + 𝐹18𝑦 + 𝐹19𝑦                             (24) 

 

       𝐼2𝜔2̇ = −(𝐹7𝑥 − 𝐹8𝑥)𝑑4 + (𝐹7𝑦 + 𝐹8𝑦)𝑏4−(𝐹9𝑥 − 𝐹10𝑥)𝑑5 − (𝐹9𝑦 + 𝐹10𝑦)𝑏5  +

                     𝐹18𝑦𝑏10 − 𝐹19𝑦𝑏11 +𝑀7𝑧 +𝑀8𝑧 +𝑀9𝑧 +𝑀10𝑧 +𝑀19                         (25) 

 

𝑀19 , is the frictional moment at the kingpin position 
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Figure 13 A-Dolly FBD in Yaw Plane 

5.3.1.3 Semi-Trailer 

From Figure 14, we get: 

 

 
Figure 14 Semi-Trailer FBD in Yaw Plane 

𝑚3(𝑣̇𝑥3 − 𝑣𝑦3𝜔3) = 𝐹11𝑥 + 𝐹12𝑥 + 𝐹13𝑥 + 𝐹14𝑥 + 𝐹15𝑥 + 𝐹16𝑥 + 𝐹20𝑥         (26) 

 

𝑚3(𝑣̇𝑦3 + 𝑣𝑥3𝜔3) = 𝐹11𝑦 + 𝐹12𝑦 + 𝐹13𝑦 + 𝐹14𝑦 + 𝐹15𝑦 + 𝐹16𝑦 + 𝐹20𝑦       (27) 

 

            𝐼3𝜔3̇ = −(𝐹11𝑥 − 𝐹12𝑥)𝑑6 − (𝐹11𝑦 + 𝐹12𝑦)𝑏6 − (𝐹13𝑥 − 𝐹14𝑥)𝑑7 − (𝐹13𝑦 +

                         𝐹14𝑦) −  (𝐹15𝑥 − 𝐹16𝑥)𝑑8 − (15𝑦+ 𝐹16𝑦)𝑏8 + 𝐹20𝑦𝑏12 +𝑀11𝑧 +𝑀12𝑧 +

                         𝑀13𝑧 +𝑀14𝑧 +𝑀15𝑧 +𝑀16𝑧 +𝑀20                                                    (28) 

 

𝑀20 , is the frictional moment at the kingpin connection. 
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5.4 Constraint Relations 

The equations of motion derived for the individual units need to be related to represent 

the vehicle as a whole. For this purpose the velocity and acceleration constraints will 

be derived using angular transformations to allow for transfer from one frame (local) to 

another.  

The articulation angles between two units is defined as: 

 

∠ between truck and dolly:    𝜙12 = (𝜙1 − 𝜙2)                                                        (29)       

∠ between dolly and trailer:  𝜙23 = (𝜙2 − 𝜙3)                                                        (30)  

5.4.1 Force and Moments Constraints 

These articulation angles will be used to form the transformation matrices.  
1. Transformation matrix from the truck to the dolly will be: 

 

𝑇1 = [
𝑐𝑜𝑠𝜙12 −𝑠𝑖𝑛𝜙12
𝑠𝑖𝑛𝜑12 𝑐𝑜𝑠𝜑12

]                                                              (31.1) 

 

The forces at the coupling point can be related as  

 

[
𝐹18𝑥
𝐹18𝑦

] = −𝑇1 [
𝐹17𝑥
𝐹17𝑦

]                                                                   (31.2) 

 

2. Transformation matrix from the dolly to the trailer will be: 

 

𝑇2 = [
𝑐𝑜𝑠𝜙23 −𝑠𝑖𝑛𝜙23
𝑠𝑖𝑛𝜙23 𝑐𝑜𝑠𝜙23

]                                                        (32.1) 

The forces at the fifth wheel and first trailer kingpin can be related as  

 

[
𝐹20𝑥
𝐹20𝑦

] = −𝑇2 [
𝐹19𝑥
𝐹19𝑦

]                                                                   (32.2) 

 

Moments at coupling positions are assumed to be equal and opposite in nature. Therefore: 

𝑀20 = −𝑀19                                                                     (33)                                                   

5.4.2 Velocity and Acceleration Constraints 

The velocity and acceleration constraints are obtained by equating the velocities and 

accelerations of the coupling points. This approach is proposed and shown to work by 

Hibbeler in [30], and the same has been adopted here. Using the transformation matrix 

derived above the following constraints can be derived: 

1. Truck and dolly: The velocity of the coupling point between truck and dolly, in their 

respective coordinate system is shown in Fig. 15 and Fig. 16 respectively. 

 
The velocity at the coupling point can be found using: 

 

𝑣𝐶𝑃1 = 𝑣𝐶.𝑜.𝐺 + 𝑣𝐶𝑃1 𝐶𝐺𝑖⁄                                                         (i) 

 

where 𝑣𝐶𝑃1 is the absolute velocity at the coupling point in the respective axis and 

𝑣𝐶𝑃1 𝐶𝐺𝑖⁄  is the relative velocity of the coupling point w.r.t C.o.G of the ith unit. Using 

(i) with regards to truck and dolly, the following relation can be derived. 
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[
𝑣𝑥2
𝑣𝑦2

] = 𝑇1 [
𝑣𝑥1

𝑣𝑦1 − 𝑏9𝜔1
] + [

0
−𝑏10𝜔2

]                             (34.1) 

 

 
Figure 15 Velocities at coupling point in Truck CS 

 
Figure 16 Velocities at coupling point in Dolly CS 

The acceleration at the coupling point can be found by differentiating (i) w.r.t time, in 

their respective axis, i.e. 

 
𝑑𝑣𝐶𝑃1

𝑑𝑡
=

𝑑𝑣𝐶𝐺𝑖

𝑑𝑡
+
𝑑𝑣𝐶𝑃1 𝐶𝐺𝑖⁄

𝑑𝑡
                                                 (ii) 

if, 
𝑑𝑣𝐶𝑃1 𝐶𝐺𝑖⁄

𝑑𝑡
= 𝑎𝐶𝑃1 𝐶𝐺𝑖⁄ , then: 

𝑎𝐶𝑃1 𝐶𝐺𝑖⁄ = (𝑎𝐶𝑃1 𝐶𝐺𝑖⁄ )𝑛𝑖̂ + (𝑎𝐶𝑃1 𝐶𝐺𝑖⁄ )𝑡𝑗 ̂                            (iii) 

 

(𝑎𝐶𝑃1 𝐶𝐺𝑖⁄ )𝑛 = 𝜔𝑖
2𝑟𝐶𝑃1 𝐶𝐺𝑖⁄                                                    (iv) 

 

(𝑎𝐶𝑃1 𝐶𝐺𝑖⁄ )𝑡 = 𝜔̇𝑖𝑟𝐶𝑃1 𝐶𝐺𝑖⁄                                                      (v) 

 

where, 𝑟𝐶𝑃1 𝐶𝐺𝑖⁄  is the distance between 𝐶𝑃1 and 𝐶𝐺𝑖. Using (iii), (iv), (v) in (ii) for 

dolly and truck we obtain: 
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[
𝑣̇𝑥2
𝑣̇𝑦2

] = 𝑇1 [
𝑣̇𝑥1 − 𝑣𝑦1𝜔1 + 𝜔1

2𝑏9
𝑣̇𝑦1 + 𝑣𝑥1𝜔1 − 𝜔1̇𝑏9

] − [
−𝜔2

2𝑏10 − 𝜔2𝑣𝑦2
𝜔̇2𝑏10 + 𝜔2𝑣𝑥2

]       (34.2) 

 

 

 

2. Dolly and Semi-Trailer: Proceeding as above 

 

[
𝑣𝑥3
𝑣𝑦3

] = 𝑇2 [
𝑣𝑥2

𝑣𝑦2 − 𝑏11𝜔2
] + [

0
−𝑏12𝜔3

]                            (35.1) 

 

[
𝑣̇𝑥3
𝑣̇𝑦3

] = 𝑇2 [
𝑣̇𝑥2 − 𝑣𝑦2𝜔2 + 𝜔2

2𝑏11
𝑣̇𝑦2 + 𝑣𝑥2𝜔2 − 𝜔2̇ 𝑏11

] − [
−𝜔3

2𝑏12 − 𝜔3𝑣𝑦3
𝜔̇3𝑏12 + 𝜔3𝑣𝑥3

]         (35.2) 

 

5.5 Tire Forces  

Tire forces will be modeled using the Magic Formula (Pacejka Tire model). It allows 

the tire forces to modeled, nonlinearly, as a function of vertical load (see 5.6), 

longitudinal slip (𝜅) , slip angle (𝛼) , camber (𝛾), and longitudinal velocity (𝑣𝑥𝑖). The 

model is selected to closely represent the tire forces generated by VTM and provide a 

common ground for comparison.  

 

𝐹𝑖,𝑥 = 𝑓(𝐹𝑖𝑧 , 𝜅, 𝛼, 𝛾, 𝑣𝑥𝑖)                                                      (36)  

 

𝐹𝑖,𝑦 = 𝑓(𝐹𝑖𝑧, 𝜅, 𝛼, 𝛾, 𝑣𝑥𝑖)                                                      (37) 

  

𝑀𝑖,𝑧 = 𝑓(𝐹𝑖𝑧 , 𝜅, 𝛼, 𝛾, 𝑣𝑥𝑖)                                                     (38)  

 

In the current study the model is given an initial velocity which is then kept constant, 

i.e. 𝜅 = 0, also camber angle is set to zero. The tire model will operate under the 

condition of combined slip. The slip angles for the tires are derived as:  

 

𝛼𝑖 =
𝑣𝑦𝑖

𝑣𝑥𝑖
 

 

which gives the following relations for the slip angels at the wheels: 

 

𝛼1,2 = 𝑡𝑎𝑛−1
𝑣𝑦1+𝑏1𝜔1

𝑣𝑥1±𝑑1𝜔1
− 𝛿                                                    (39) 

 

𝛼3,4 = 𝑡𝑎𝑛−1
𝑣𝑦1−𝑏2𝜔1

𝑣𝑥1±𝑑2𝜔1
                                                           (40) 

 

𝛼5,6 = 𝑡𝑎𝑛−1
𝑣𝑦1−𝑏3𝜔1

𝑣𝑥1±𝑑3𝜔1
                                                           (41) 

 

𝛼7,8 = 𝑡𝑎𝑛−1
𝑣𝑦2+𝑏4𝜔2

𝑣𝑥2±𝑑4𝜔2
                                                           (42) 

 

𝛼9,10 = 𝑡𝑎𝑛−1
𝑣𝑦2−𝑏5𝜔2

𝑣𝑥2±𝑑5𝜔2
                                                          (43) 
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𝛼11,12 = 𝑡𝑎𝑛−1
𝑣𝑦3−𝑏6𝜔3

𝑣𝑥3±𝑑6𝜔3
                                                        (44) 

 

𝛼13,14 = 𝑡𝑎𝑛−1
𝑣𝑦3−𝑏7𝜔3

𝑣𝑥3±𝑑7𝜔3
                                                        (45) 

 

𝛼15,16 = 𝑡𝑎𝑛−1
𝑣𝑦3−𝑏8𝜔3

𝑣𝑥3±𝑑8𝜔3
                                                        (46) 

 

5.6 Vertical Load and Load Transfer 

The determination of vertical load on the tires at any time during a maneuver is of great 

importance. As discussed earlier, tires are responsible for nearly all the controlling 

forces of interest for vehicle control, these forces are predominantly effected by the 

vertical loads acting on them.  

Two types of loading conditions is considered for this study: 

 
1. Static Loading 

2. Semi-static load transfer 

Static load will determine the load acting on each tire at standstill condition. While the 

latter shall account for the effects of roll motion. Hence, the total load acting on the tire 

will be the sum of both these loads. It should be noted that, though there is indeed load 

transfer due to pitching of the vehicle it is neglected here as we are focused more on 

the investigation of lateral behavior which permits the omission of effects of pitch. 

5.6.1 Static Loading  

To calculate the static loads the vehicle is assumed to be at standstill on a plane surface. 

Also, loading on left and right sides is taken to be equal.  

 
Figure 17 Static Loading 

where, B7 and B2 are the distances of equivalent axle from respective C.o.G for the 

axle groups. 

Applying force and moment balancing on the forces as shown in the figure above. 

The following relations can be derived: 

 

𝐹1𝑧𝑠 = 𝐹2𝑧𝑠 =
−1

2
[
𝐵2𝑚1𝑔

𝑏1+𝐵2
]                                                             (47) 
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𝐹3𝑧𝑠 = 𝐹4𝑧𝑠 =
−1

2
∗ 𝑙𝑜𝑎𝑑 𝑟𝑎𝑡𝑖𝑜 ∗ [

𝑏1𝑚1𝑔

𝑏1+𝐵2
]                                     (48) 

𝐹5𝑧𝑠 = 𝐹6𝑧𝑠 =
−1

2
∗ (1 − 𝑙𝑜𝑎𝑑 𝑟𝑎𝑡𝑖𝑜) ∗ [

𝑏1𝑚1𝑔

𝑏1+𝐵2
]                           (49) 

𝐹7𝑧𝑠 = 𝐹8𝑧𝑠 = 𝐹9𝑧𝑠 = −𝐹10𝑧𝑠 =
−1

4
[
𝐵7(𝑚2+𝑚3)𝑔+𝑏12𝑚2𝑔

(𝐵7+𝑏12)
]                        (50) 

𝐹11𝑧𝑠 = 𝐹12𝑧𝑠 = 𝐹13𝑧𝑠 = 𝐹14𝑧𝑠 = 𝐹15𝑧𝑠 = 𝐹16𝑧𝑠 = −
1

6
[
𝑏12𝑚3𝑔

𝑏12+𝐵7
]                   (51) 

𝐹19𝑧𝑠 = −𝐹20𝑧𝑠 = [
𝑏7𝑚3𝑔

𝑏12+𝐵7
]                                                 (52) 

 

For detailed derivation, refer Appendix A. 

(Note: In static conditions, the load sharing between truck rear axles is not equal 

and is biased towards front-rear axle represented by 𝒍𝒐𝒂𝒅 𝒓𝒂𝒕𝒊𝒐 . The trailer 

axles, however, share equal load.)  

5.6.2 Semi-Static Load Transfer 

Fancher [31] [32] , has shown that the pintle hook-eye mechanism cannot transmit roll 

moments and ‘decouples’ the two units in roll. For purpose of load transfer due to roll, 

semi-static load transfer is used to account for load transfer, between vehicle sides. 

 

 
Figure 18 Free Body Diagram of ith axle of cornering vehicle 

As shown in the figure above, for any axle during a turn, at lateral acceleration 

level 𝑎𝑦, moment equilibrium around left contact with ground: 

 

𝑚𝑖𝑔𝑑𝑖 +𝑚𝑖𝑎𝑦𝑖ℎ𝑐𝑔_𝑖 = 𝐹𝑧𝑟𝑖 ∗ 2𝑑𝑖 

𝐹𝑧𝑟𝑖 = 𝑚𝑖
𝑔

2
+𝑚𝑖𝑎𝑦𝑖

ℎ𝑐𝑔_𝑖

𝑤𝑖
                                                 (53) 

 

Similarly, from moment equilibrium around right contact with ground: 
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𝐹𝑧𝑙𝑖 = 𝑚𝑖
𝑔

2
−𝑚𝑖𝑎𝑦𝑖

2∗ℎ𝑐𝑔_𝑖

𝑑𝑖
    

 As, 𝑚𝑖
𝑔

2
 =static load on sides  

𝐹𝑧𝑟𝑖 = 𝐹𝑧𝑟𝑠𝑖 + 𝐹𝑧𝑟𝑠𝑖
 𝑎𝑦𝑖

𝑔

ℎ𝑐𝑔_𝑖

𝑑𝑖
                                                  (54) 

 

𝐹𝑧𝑙𝑖 = 𝐹𝑧𝑙𝑠𝑖 − 𝐹𝑧𝑙𝑠𝑖
 𝑎𝑦𝑖

𝑔

ℎ𝑐𝑔_𝑖

𝑑𝑖
                                                   (55) 

 

These equations confirm what we know from experience, inner side to the curve is 

off-loaded ( if we disregard the pendulum effect).  

5.7 State Space Form 

The equations of motion from 5.3 can be manipulated, using the constraint relations 

from 5.4 to eliminate the coupling forces, and give five independent non-linear 

equations of the form: 

𝑦̇ = 𝑓(𝑦) 

where, 𝑦 is the vector representing vehicle states and 𝑦̇ is the vector of states 

derivatives. 

The resulting state vector and its derivative are: 

 

𝑦 =

[
 
 
 
 
𝑣𝑥1
𝑣𝑦1
𝜔2
𝜔2
𝜔3 ]
 
 
 
 

  𝑦̇ =

[
 
 
 
 
𝑣̇𝑥1
𝑣̇𝑦1
𝜔̇2
𝜔̇2
𝜔̇3 ]
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6 Design of experiments  

 
As mentioned earlier, based on the literature survey, the following factors were 

selected to be studied: 

• Force/torque levels (Fxy, Fz, My) 

• Temperature 

• Velocity (angular and longitudinal) 

• Lubrication 

• Surface Roughness  

• Surface Wear 

 

* Note: 1. No significant change in fifth-wheel temperature was measured before and 

after the test and hence, the parameter was neglected during further analysis. 

2. Due to the complexity in quantification of surface roughness and surface wear 

without sophisticated measuring equipment, general classification of ‘base’ and ‘worn’ 

were used.  

 
Table 2 Design of Experiments 

Design of Experiments 

Factor/Range    

No. of  

Combinations 

Normal Force 9 tons 

11.5 

tons 

16.5 

tons 3 

Longitudinal 

Velocity 

10 

km/hr 

80 

km/hr  2 

Lubricant base new dry 3 

Surface wear base worn  2 

Total  36 
 

As can be seen from Table 2, the selected choice of factors result in 36 possible 

combinations to test, measure and analyze. In an ideal world with ideal resources and 

ideal time availability, all the combinations can be tested, measured and analyzed but 

based on the priority and time constraint for the project, the following scenarios were 

considered: 
1. Normal force=9 tons, longitudinal velocity=10km/hr, lubricant=base, surface 

wear=base 

2. Normal force=11.5 tons, longitudinal velocity=10 km/hr, lubricant=new, surface 

wear=worn 

3. Normal force=16.5 tons, longitudinal velocity=10 km/hr, lubricant=new, surface 

wear=worn 

4. Normal force=9 tons, longitudinal velocity=10km/hr, lubricant=dry , surface 

wear=base 

5. Normal force=9 tons, longitudinal velocity=80km/hr, lubricant=base, surface 

wear=base  

6. Normal force=11.5 tons, longitudinal velocity=80 km/hr, lubricant=new, surface 

wear=worn 

7. Normal force=16.5 tons, longitudinal velocity=80 km/hr, lubricant=new, surface 

wear=worn 
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8. Normal force=9 tons, longitudinal velocity=80km/hr, lubricant=base, surface 

wear=base 

6.1 Experimental Setup   

For measurement of friction, the approach recommended by American Society for 

Testing and Materials (ASTM) for pin on disc test (ASTM G99-17) in [33] was adapted 

to the meet the requirements.  

According to ASTM G99-17, the disc and pin, the surfaces between which friction is 

to measured, are brought into contact and the disc is rotated. The resistive force 

measured on the pin is the measure of friction force against the relative velocity of 

contact surface. The pin is held stationary. 

In the adapted system, the fifth-wheel represented the pin and the trailer surface (not 

shown in the figure) was taken as the disc in our system. The fifth-wheel on the dolly 

was mounted on turntable. A force sensor was fixed to the turntable, in order to be able 

to use the force sensor, the turntable had to be unlocked.  

The test setup shown in figure 19, was used to replicate similar conditions. 

 

 
Figure 19 Experimental Setup 

6.1.1 Working 

When the trailer rotates over the surface of fifth-wheel, it applies a moment on the fifth-

wheel, trying to turn the fifth-wheel. Since, the fifth-wheel is fixed either to the dolly 

surface or mounted on a turntable, a resistive moment will develop between the two 

surfaces. If the applied moment is greater than the resistive moment, there will be 

relative motion between the two surfaces.  This will in turn cause the turntable to rotate, 

applying the resistive moment on the force sensor, which can be measured, keeping the 

turntable in place. 

For relative velocity a displacement sensor was fixed between the trailer and dolly and 

the relative velocity was calculated using the displacement sensor readings.  
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7 Fifth-Wheel Model  

 

7.1 Physical model of the fifth-wheel 

The fifth-wheel model can be represented as below: 

 
Figure 20 Physical Model for fifth-wheel in yaw plane 

Explanation: A fifth-wheel serves to connect trailer to the towing unit via the kingpin. 

The forces and moments due to the rotation of trailer, in the yaw plane, are transmitted 

through the fifth-wheel and vice-versa, as shown above. The interactions of fifth-wheel 

can be broken down into two components: friction at the trailer-fifth-wheel interface, 

and bushing compliance at the fifth-wheel-dolly (or tractor) connection.  

The experimental setup, shown in Figure 19, allows for inclusion of both the 

components to be included in the measurements. However, care should be taken when 

considering the measurement data for parameter identification and validation.  

The friction model is taken to be a function of relative rotational velocity between the 

fifth-wheel and trailer surface. The bushing between the fifth-wheel and the trailer can 

be seen as a spring, with rotational stiffness 𝑘𝑟𝑜𝑡.  

7.2 Preliminary Analysis 

Unadjusted measurements for friction moment vs. rate of change of articulation angle 

(referred to as angular velocity hereafter) for fifth-wheel load=11500 kg with vehicle 

longitudinal velocity= 10 km/hr, under sinusoidal input is shown below. 

 
Figure 21 Friction Moment vs. Angular Velocity (including bushing compliance) 

The curve shows two separate curves for increasing angular velocity (curve A) and 

decreasing velocity (curve B); intersecting x-axis at +0.114 deg/s and -0.114 deg/s 
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respectively. From the literature it is known that, friction moment should follow the 

same path with increasing and decreasing angular velocity, may not be applicable in 

the case of articulation angle (referred to as angle hereafter), due to presence of 

hysteresis.  

In order to isolate the friction behavior, the measurements are to be adjusted to remove 

the influence of bushing compliance, using the following equation: 

 

              𝑎𝑛𝑔𝑙𝑒𝑤 𝑜 ⁄ 𝑏𝑢𝑠ℎ𝑖𝑛𝑔 = 𝑎𝑛𝑔𝑙𝑒𝑤/𝑏𝑢𝑠ℎ𝑖𝑛𝑔 −
𝑚𝑜𝑚𝑒𝑛𝑡

𝑘𝑟𝑜𝑡
                            (56) 

 

where, 𝑘𝑟𝑜𝑡 is the rotational stiffness of the bushing and is given by: 

 

𝑘𝑟𝑜𝑡 =
1

2
𝑑𝑓𝑤
2 . 𝑘𝑙𝑖𝑛𝑒𝑎𝑟                                                 (57) 

where,  

𝑑𝑓𝑤 - effective diameter of the fifth-wheel 

𝑘𝑙𝑖𝑛𝑒𝑎𝑟-linear stiffness of the bushing 

To proceed further with the determination of friction parameters and bushing stiffness, 

effective diameter of the fifth-wheel needs to be determined first. 

7.2.1 Fifth-wheel effective diameter 

For calculating effective radius, at which the normal load will act, three approaches were 

considered depending on load (pressure) distribution: 

1. Constant load (pressure) distribution on the fifth-wheel : 

 

𝑟𝑓𝑤_𝑒𝑓𝑓 =
2

3

(𝑅𝑜
3 − 𝑅𝑖

3)

(𝑅𝑜
2 − 𝑅𝑖

2)
 

𝑅𝑜-outer radius of the fifth-wheel 
𝑅𝑖-radius of kingpin 
2. Hyperbolic pressure distribution on the fifth-wheel : 

 

                                                                    𝑟𝑓𝑤_𝑒𝑓𝑓 =
(𝑅𝑜 + 𝑅𝑖)

2
 

3. Two point approach: 
The approach considers the load to be concentrated on two ends (same as used for roll 

modeling), situated at the mounting/pivoting points of the fifth wheel.  

 

                                                                 𝑟𝑓𝑤_𝑒𝑓𝑓 =
(𝐷𝑡𝑝)

2
 

𝐷𝑡𝑝=distance between the mounting/pivoting points 

 

From practical observations, this approach is supported by the fact that, maximum wear was 

observed, figure 22 and figure 23, at these points and, therefore, will be selected for further 

calculations. 
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Figure 22 Wear on Fifth-wheel 

 
Figure 23 Wear on Fifth-wheel 

The distance between the pivoting points was measured to be 770 mm.   

 

i.e. 𝒅𝒇𝒘 = 𝟐 ∗ 𝒓𝒇𝒘_𝒆𝒇𝒇 = 𝟕𝟕𝟎 𝒎𝒎 

7.2.2 Bushing Stiffness 

For determining the bushing stiffness, the measurements will be adjusted using (56) 

and (57). The adjustment will be stopped when either the intersections of curve A and 

B come closer to origin and show reversal in intersection points upon further increment 

of bushing stiffness, i.e. in figure 19, curve A intersects negative x-axis and curve B 

intersects positive x-axis. With 𝑘𝑙𝑖𝑛𝑒𝑎𝑟 = 30 𝑘𝑁/𝑚𝑚  measurement data after 

adjustment for bushing compliance is shown in figure 24. 
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Figure 24 Friction Moment vs. Angular Velocity (adjusted for bushing compliance) 

Upon further increment in 𝑘𝑙𝑖𝑛𝑒𝑎𝑟 reversal in intersection with x-axis was observed. 

The behavior seen is in agreement with that found in literature and, hence, moving 

forward these adjusted measurements will be used for friction model and its parameter 

estimation. 

7.3 Observations and Overall behavior 

Overall Behavior 
From the above scenarios the following key results can be summarized: 

a.) Nature of friction 
Observations from one of the scenarios (Scenario-2) is shown below. Case-by-case analysis 

for the rest of the scenarios is presented in Appendix B.  

The test was conducted with normal load at fifth wheel =11500 kg, at low longitudinal 

vehicle velocity of 10 km/hr while giving small sinusoidal input. The existing lubrication 

at the fifth-wheel was removed and fresh lubrication was applied. 

 

Figure 25 Friction Moment vs. Angular Velocity generic behavior 

The friction moment can be seen to increase with velocity, the dependence is not 

constant rather showing two distinct components. The friction moment rapidly 

increases at low velocities and then at a comparatively lower rate at higher velocities.  

From the figure, it can be seen that, the friction moment increases with angular velocity, 

reaching the maximum values of ±5 kN-m.  

The first part, exponential rise with angular velocity is attributed to coulomb friction. 

The low linear rate of increment seen after ±2 deg/s, indicates the impact of viscosity.  
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b.) Impact of normal load: same lubrication with different stages of 

kingpin loads 

The time plot of friction moment represent the behavior of friction moment for 

corresponding sinusoidal input and fresh lubrication.  

 

  
Figure 26 Friction Moment with new lubrication at stages of kingpin load 

(*the curve for ‘clean kpp=9050 kg’ represents the friction moment without any 

lubrication at the fifth-wheel and is added for comparison) 

 

Observations:  

 
a.) Friction force increases with vertical load. 

 

Reason: It is directly proportional to vertical load. 

 

b.) The moment shows a rapid increase to an extent and, then increases very slowly before 

reversing its sign and repeating the behavior.  

 

Reason: The sharp increase is attributed to coulomb friction while the slow increase is due to 

the presence of a viscous component.  

 

c.) The slow increase of moment before sign reversal becomes negligible with increasing 

normal load/kingpin pressure.  

 

Reason: As the normal load increases, it reduces the effective thickness of the layer of 

lubrication at the interface and the interaction moves from hydrodynamic lubrication to mixed 

or even boundary lubrication. It can be corroborated by an increase in friction coefficient for 

increasing loads. 

 

d.) The friction for the curve: ‘clean kpp=9050 kg’ is significantly higher than the rest.  

 

Reason: When the lubrication is removed there is direct metal to metal contact, which results 

in a high friction coefficient and hence a higher force. But it still follows the same pattern and, 

hence, has the same underlying model. 
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c.) Impact of extent of lubrication: same kingpin load with different 

stages of lubrication 

The time plot of friction moment represent the behavior of friction moment for 

corresponding sinusoidal input and kingpin load=9050 kg. 

 

 
Figure 27 Friction Moment with different stages of lubrication 

Observations:  

 
a.) The frequency of friction moment for all the cases are different.  

Reason: Open road tests were performed to simulate all the scenarios, encountered in 

real world driving, making the constant frequency aspect of the steering more difficult 

than longitudinal velocity. Also, the frequency of friction moment is directly 

influenced by the frequency of angular velocity, which is the input to the model. It 

does not provide meaningful insights into the behavior and can be overlooked. 

 
b.) The curve for ‘no lubrication’ shows sudden increases, even though the velocity shows no 

such change, between sign reversals.  

Reason: The absence of lubrication is resulting in repeated ‘stick-slip’ behavior 

between the metal contact surfaces. So, the friction force builds up in the stick phase, 

due to increasing/decreasing velocity, and changes suddenly as it transitions into slip 

phase.  

7.4 Friction Model  

From the analysis of the behavior under different scenarios, the following friction 

model is proposed: 

 

𝑀𝑓𝑟𝑖𝑐 = 𝐶𝑜𝑢𝑙𝑜𝑚𝑏 𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 + 𝑉𝑖𝑠𝑐𝑜𝑢𝑠 𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 

 

Mathematically: 

  𝑀𝑓𝑟𝑖𝑐 = {
𝑁. 𝑟𝑓𝑤𝑒𝑓𝑓 . 𝜇𝑠𝑎𝑡(1 − 𝑒

−𝑘(𝑣𝑇)) + 𝑏. 𝑣𝑇         𝑣𝑇 ≥ 0

−𝑁. 𝑟𝑓𝑤𝑒𝑓𝑓 . 𝜇𝑠𝑎𝑡(1 − 𝑒
𝑘(𝑣𝑇)) + 𝑏. 𝑣𝑇       𝑣𝑇 < 0 

 

where,  

𝑀𝑓𝑟𝑖𝑐 −Friction Moment 

𝑣𝑇 − Angular velocity 
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𝜇𝑠𝑎𝑡      −Saturated friction co-efficient 
𝑁         − Vertical load on fifth-wheel (Newton) 
𝑟𝑓𝑤_𝑒𝑓𝑓 −Effective radius (m) 

𝑏          − Effective Viscosity coefficient (N-m.s/deg) 
𝑘          − Relaxation factor (s/deg) 

7.4.1 Explanation and Physical interpretation  

a.) From the observations it was clear that there are two regions. This is represented in the 

model by using two components to generate the resulting friction.  

Exponential region: In this region the coulomb friction dominates and a rapid 

increase in friction moment is seen. The coulomb friction coefficient increases 

with velocity and reaches a saturated or steady state value at the boundaries of this 

region. The angular velocity is low, hence, the contribution of viscous effect is 

minimal. 

Linear Region: Once, the coulomb friction coefficient has reached saturation 
(𝜇𝑠𝑎𝑡), its contribution will remain constant (almost) and viscous effects will be 

dominate any change in resulting friction.   
 

b.) The low linear rate of increment at higher velocities is governed by the viscosity 

coefficient 𝑏 and depends upon the extent of lubrication and the type of lubricant used on 

fifth-wheel trailer interface. 

 

c.) The rate of rise of frictional moment in the exponential region is influenced by the 

relaxation factor:𝑘.                                                                                                                                                                            

  

d.) It is known that the friction force is directly dependent on the normal force. However, 

friction moment is not only dependent on the normal load but also on the effective 

moment arm, i.e. the distance between the axis of rotation and point of application of 

force. With the axis of rotation as the vertical axis at the center of the fifth-wheel. The 

moment arm is represented by effective radius ′𝑟𝑓𝑤_𝑒𝑓𝑓′. The expression for the effective 

radius has already been established in 7.2.1 and the same has been used here. 

7.4.2 Parameter Estimation Methodology 

The proposed friction model needs five parameters along with angular velocity as an 

input to determine the resulting friction moment. The estimation of these parameters 

can be done as explained below: 

 
a.) 𝑁: Based on the loading condition, the approach described in section 5.3.3 is used to 

determine the vertical load. 

 

b.)  𝑟𝑓𝑤_𝑒𝑓𝑓 : See 7.2.1          

   

c.) 𝜇𝑠𝑎𝑡 , 𝑏, 𝑘: Curve fitting of the measurement data 

The fitted curve and the resulting parameters obtained from one of the scenario 

(Scenario-2) are shown in figure 28. Case-by-case analysis for the rest is 

presented in Appendix B.  
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Figure 28 Friction Moment vs. Angular Velocity 

 
Fitted parameters: 

𝜇𝑠𝑎𝑡 0.112 
𝑏 (N.m. 𝑠 𝑑𝑒𝑔⁄ ) 5 
𝑘 (deg 𝑠⁄ ) 8 

 

 

7.5 Fifth Wheel Roll Model 

Practical vehicles are almost never rigid, hence, it is necessary to understand the 

compliance in their constituting units and its effect on roll behavior of the vehicle. Fifth 

wheel compliance greatly influences the roll behavior of the combination [34].   

 

Studying compliance in fifth wheel also aligns with one aspect of the objective of the 

thesis work and, as stated earlier, the study will solely be performed on VTM and RVM 

will not be extended to include the roll behavior. Law [35] has modeled the fifth wheel 

“by two knife-edges located at the edges of the tractor fifth-wheel”, making it easier to 

model and analyze the behavior.  

 

A similar approach has been used when calculating effective diameter for fifth-wheel 

and the same will be followed here, wherein, the fifth wheel will be reduced to ‘two 

knife-edges’, at the lateral extremities of the fifth wheel supports. Their roll stiffness 

represented by virtual springs at their connection to the tractor.   

 

The discussion below is for the fifth-wheel in a tractor-semi-trailer combination but is 

equally applicable for the Nordic combination (by replacing tractor with dolly 

parameters) 
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Figure 29 Fifth wheel Static Loading 

Under static equilibrium the left and the right edges will share the load equally and is 

given by:  

𝐹𝑓𝑤𝑙 = 𝐹𝑓𝑤𝑟 =
𝐹𝑓𝑤

2
                                                               (58) 

where, 𝐹𝑓𝑤 is the load on fifth wheel and is given by (52) for the dolly fifth wheel.  

 

When a roll moment acting on the fifth-wheel, results in a 3-stage process until rollover: 

 

Stage 1: Load transfer occurs between the edges of fifth wheel, shifting load from the 

right to the left edge to the right (or vice versa). When this load is completely transferred 

to one of the edges the trailer lifts-off other edge, referred to as trailer separation. 

       

Stage 2: After trailer separation, fifth-wheel can no longer synchronize the roll motion 

between tractor and trailer units. Fifth-wheel has its own roll degree of freedom, 

therefore, it rolls relative to tractor and follows the trailer roll motion until bump stops 

make contact. This angular freedom, after trailer separation to bump stop contact, is 

called fifth-wheel lash.       

  

Stage 3: After the bump stop contact, the connection between the tractor and trailer is 

rigid. After this point they roll together as one lumped mass.  

 

The theoretical behavior of roll angle at the fifth-wheel is shown in the figure below:  
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Figure 30 Theoretical roll characteristic of fifth-wheel [34] 

The pitfall associated with the theoretical model is the extremely high roll stiffness 

introduced in Stage-1 and Stage-3. This creates high frequency oscillations before the 

final lift-off and slow down the simulation. For practically viable model, i.e. capable of 

being simulated, a compromise is struck and the following behavior is modelled:  

 

  
Figure 31 Practical Approximated roll characteristic of fifth-wheel 

Stage 1: Load Transfer at fifth wheel: 

For simplicity, this study, will assume that the fifth wheel is above the supporting axle, 

although legally it has to be in front of it. 

 

Load transfer occurs between the edges of fifth wheel, shifting load from the right to 

the left edge to the right (or vice versa). The load transfer is resisted by the fifth-wheel 

due to its roll stiffness. The two masses do not roll about the same roll center and, as 

the fifth wheel has to compensate for the difference in their motion, it results in roll 

angle at fifth wheel given by.  

 

𝜙𝑓𝑤 = 𝜙2,𝑡𝑙 − 𝜙2,𝑡𝑟                                             (59) 

 

𝜙𝑓𝑤  − fifth wheel roll angle [rad] 

𝜙2,𝑡𝑟 − roll angle of tractor at the drive axle [rad]   

𝜙2,𝑡𝑙  − roll angle of trailer considering total sprung mass [rad]  
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Figure 32 FBD For Stage 1 Load Transfer 

The moment applied at the fifth-wheel 𝑀𝑓𝑤 is given by:  

 

𝑀𝑓𝑤 = (𝐹𝑓𝑤𝑙 − 𝐹𝑓𝑤𝑟)
𝑤𝑓𝑤

2
                                                  (60) 

 

If the roll stiffness of the fifth wheel is 𝐾𝑓𝑤. The resisting moment 𝑅 is given by: 

 

𝑅 = 𝐾𝑓𝑤𝜙𝑓𝑤                                                                  (61) 

where,  

𝑤𝑓𝑤-width of fifth wheel [m]  

Under equilibrium : 𝑀𝑓𝑤 = 𝑅 

solving for 𝜙𝑓𝑤 

𝜙𝑓𝑤 =
𝑤𝑓𝑤

2𝐾𝑓𝑤
(𝐹𝑓𝑤𝑙 − 𝐹𝑓𝑤𝑟)                                                (62) 

 

At trailer separation: 𝐹𝑓𝑤𝑙 = 0,  𝐹𝑓𝑤𝑟 = 𝐹𝑓𝑤, using (58), (62)   

 

𝜙𝑠 =
𝑤𝑓𝑤𝐹𝑓𝑤

2𝑘𝑓𝑤
                                                                    (63) 

 

Stage 2: After Separation before Bump Stop Contact 

At trailer separation, trailer lifts-off from fifth-wheel left edge. After this point, if the 

roll moment 𝑀𝑓𝑤  is further increased. The trailer starts to roll freely w.r.t. to fifth-

wheel. This continues until all the fifth-wheel is used up and the bump stop makes 

contact. The roll resistance remains constant as given by (63).  

 

The fifth-wheel lash depends on design of fifth-wheel, and, since it is a design 

parameter it will be known beforehand and will be used to calculate the limiting roll 

angle at which bump-stop makes contact. 
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Figure 33 FBD in Roll Plane for after Trailer Separation 

At bump-stop contact: 

 

𝜙𝑙𝑎𝑠ℎ = 𝜙𝑠 + ∆𝜙𝑙𝑎𝑠ℎ                                                                    (64) 

 

∆𝜙𝑙𝑎𝑠ℎ-fifth wheel lash [rad],  

Stage 3: After bump stop contact 

Once the lash is taken up, the tractor and trailer move together as one unit. If the applied 

roll moment is increased, the connection becomes rigid and the combination behaves 

as one unit lumped together with the roll resistance defined as:  

 

𝑅 = 𝐾𝑓𝑤(𝜙𝑓𝑤 − 𝜙𝑙𝑎𝑠ℎ) +
𝑤𝑓𝑤𝐹𝑓𝑤

2
                                        (65) 

 

. 
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8. Validation 

For the purpose of validating the fifth-wheel model a representative vehicle model was 

developed in Chapter 5. This model is not only used for validation but also for 

generalization of fifth-wheel model’s applicability. Therefore, the validation is divided 

in two steps: 
1. Validation of RVM. 

2. Validation of fifth-wheel friction model. 

8.1 Validation of RVM 

RVM is a simplified representative vehicle model and will be validated using: 

1. Static Validation 

2. Dynamic Validation 

8.1.1 Static Validation 

 For static validation of the model, the static loads on the axles and fifth-wheel load of 

the vehicle combination are compared against those obtained from VTM. Three loading 

conditions are under considerations in the current study, the results for scenario 

2/scenario 6 are given in Table 3. 

 

Axle  RVM (kg) VTM (kg) Error*(%) 

1 7914.447 7915 -0.0070 

2 11500.351 11500 0.0031 

3 6585.201 6585 0.0031 

4 6953.373 6953.409 -0.0005 

5 6953.373 6953.409 -0.0005 

6 7647.75 7674.72 -0.3514 

7 7647.75 7674.72 -0.3514 

8 7647.75 7674.72 -0.3514 

fifth-

wheel 
11506.747 11506.81 

-0.0005 
Table 3 Static Load 

(*- relative to VTM) 

As the error is extremely low (mean error=0.117%), the model is considered to be 

statically validated. 

8.1.2 Dynamic Validation 

For dynamic validation both the vehicle models, RVM and VTM, are given the same 

constant longitudinal velocity and sinusoidal steering input and the yaw rate at the truck 

is compared.  
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Figure 34 Tractor yaw rate RVM vs. VTM for Scenario-2 

From figure 34, RVM shows the same amplitude of yaw rate as compared to VTM but 

also displays a phase lead which increases at high speeds. This is attributed to the 

absence of steering and suspension compliance in RVM . Since the phase lead is 

minimalistic in nature and the peak amplitude error is <1% (from Table 4), the model 

is accepted. 

 
Table 4 Peak Yaw Rate RVM vs. VTM 

 
VTM 

(deg/s) 

RVM 

(deg/s) 
Error*(%) 

Yaw Rate peak 5.665 5.707 0.741 

    

 (*- relative to VTM) 

 

8.2 Fifth-wheel Model Validation 

When developing the friction model and estimating its parameters, the influence of 

vehicle model was not considered (with the exception of normal load on fifth-wheel). 

In principle for validation, the friction model should not depend on the vehicle model 

and give same results, if given the same inputs, irrespective of the vehicle model being 

used. 

The same cannot be said for the bushing compliance, as it is an inherent part of the 

vehicle. Therefore, in order to generalize the fifth-wheel the influence of bushing 

compliance on vehicle behavior will be analyzed first.  

8.2.1 Influence of Bushing compliance on Vehicle behavior 

A null hypothesis is established as shown below: 

 

𝐻0: 𝐵𝑢𝑠ℎ𝑖𝑛𝑔 𝑐𝑜𝑚𝑝𝑙𝑖𝑎𝑛𝑐𝑒 ℎ𝑎𝑠 𝑠𝑖𝑔𝑛𝑖𝑓𝑖𝑐𝑎𝑛𝑡 𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑐𝑒 𝑜𝑛 𝑜𝑣𝑒𝑟𝑎𝑙𝑙 𝑣𝑒ℎ𝑖𝑐𝑙𝑒 𝑏𝑒ℎ𝑎𝑣𝑖𝑜𝑟 

𝐻1: 𝐵𝑢𝑠ℎ𝑖𝑛𝑔 𝑐𝑜𝑚𝑝𝑙𝑖𝑎𝑛𝑐𝑒 𝑑𝑜𝑒𝑠 𝑛𝑜𝑡 ℎ𝑎𝑣𝑒 𝑠𝑖𝑔𝑛𝑖𝑓𝑖𝑐𝑎𝑛𝑡 𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑐𝑒 𝑜𝑛 𝑜𝑣𝑒𝑟𝑎𝑙𝑙  

        𝑣𝑒ℎ𝑖𝑐𝑙𝑒 𝑏𝑒ℎ𝑎𝑣𝑖𝑜𝑟  
 

Explanation: 

The null hypothesis states that the bushing compliance needs to be considered when 

implementing the fifth-wheel model as it significantly influences the overall vehicle 
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behavior. While the alternate hypothesis states that it does not have significant influence 

and can be considered as a rigid connection.  

 

To accept or reject the null hypothesis, the fitted parameters derived previously and a 

bushing with 2.5 times more compliance than that derived in 7.2.2 are implemented on 

a fifth-wheel in a tractor-semi-trailer. The vehicle combination is subjected to two tests: 

a ‘J-turn’ and ‘sinusoidal’ steering input at vehicle speed of 30 km/hr. If no significant 

difference is found, the null hypothesis is rejected. Consequently, only the friction 

model is implemented in the fifth-wheel. 

  

Test Signals: 

 

Figure 35 Steering Inputs for tests 

Results: 

 

Lateral Acceleration: 

 

Figure 36 Lateral acceleration under sinusoidal input 
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Figure 37 Lateral acceleration under J-turn 

Observations: As, seen from Figure 32, the lateral acceleration shows less reduction in 

the presence of bushing and consequently has a smoother transition from stick phase to 

slip phase. The peak values obtained are as shown Table 5: 

 
Table 5 Peak Lateral Acceleration (m/s2) 

Test w/ bushing compliance w/o bushing compliance % Error 

Sinusoidal 0.98 0.95 3.1 % 

J-turn 2.261 2.261 0 % 
 

Articulation Angle: 

 
Figure 38 Articulation Angle under Sinusoidal Input 
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Figure 39 Articulation Angle under J-turn 

Observations: The articulation angle under both the tests shows virtually no difference, 

when operated with and without bushing compliance. The peak values obtained are 

shown in Table 6.  

 
Test w/ bushing compliance w/o bushing compliance % Error 

Sinusoidal 4.23 4.24 -0.23 % 

J-turn 12.14 12.12 0.16 % 
Figure 40 Maximum Articulation Angle (deg) 

Additional Observations: 

 

a.) Need for stiff solver: The fifth-wheel model w/ bushing compliance could not be 

implemented using ode45, as the solver is not built to handle the transition from 

stick to slip phase resulting and slowed the simulation to the extent that every 

millisecond of simulation time took more than a second in real time. Hence, a stiff 

solver ode23tb was implemented which is capable of handling singularities [36]. 

Even then, the simulation was only possible with very strict tolerance limits (10-5). 

b.) The memory employed by the model w/ bushing compliance showed an increase of 

33.8% when compared to the model w/o bushing compliance. This affects the 

maximum buffer available for the simulation and will hamper longer simulations 

and subsequent transfer to VR environment. 

Conclusion: The inclusion of bushing compliance. The trade-off for a smoother 

transition from stick to slip phase is heavily outweighed by the increase in simulation 

time and little to negligible differences in the overall vehicle behavior. Hence, 𝑯𝟎 is 

rejected and fifth-wheel with only the friction model will be considered for validation 

and simulation studies. 

8.2.2 Procedure  

As stated earlier, the friction model should not depend on the vehicle model and give 

same results, if given the same inputs. Using this principle, the fifth-wheel model, 

developed in Chapter 7, will be implemented in VTM, which is a 3-D model, as well 

as in RVM. If same results are obtained upon implementation in both these vehicle 

models, the fifth-wheel model can be considered validated and generalized at the same 

time. 
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The test scenarios, used previously, were simulated to validate the friction model. The 

parameters obtained in 7.4.2 were used for simulations. The result for Scenario-2 is 

given below, for case-by-case validation see Appendix C. 

 

Scenario 2: Normal force=11 tons, longitudinal velocity=10 km/hr, 
lubricant=new, surface wear=worn 
 

  
Figure 41 Friction moment vs. Angular velocity (Measured and Simulated) 

 
Corresponding yaw rate at the truck: 

 
 

  
VTM 

(deg/s) 

RVM 

(deg/s) 
Error*(%) 

Yaw Rate peak 5.955 5.928 -0.453 

 (*- relative to VTM) 
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9. Case Studies 

To understand the influence of fifth-wheel model, the following cases were studied: 
1. Different fifth-wheel friction level (Sensitivity Analysis) 

2. Different road friction level with constant fifth-wheel friction (Sensitivity 

Analysis) 

3. Slow ramp steer (up and down) @70 km/hr 

 With fifth-wheel load=11.5 tons and 16.5 tons 

4. J-turn in slow speed @ 30 km/hr 

 With fifth-wheel load=11.5 tons and 16.5 tons 

5. Lane change @ 50 km/hr and @80 km/hr 

 Steering frequency (0.4 Hz)  

 With fifth-wheel load=11.5 tons and 16.5 tons 

9.1 Different Fifth-wheel friction level 

• Test Conditions: 

• Vehicle: Tractor-semitrailer (with 2- and 3-axles respectively). 

• Longitudinal vehicle velocity=10 km/hr. 

• Steering input=10° sinusoidal input at the wheels (slalom test) 

• Fifth-wheel load=11500 kg 

• Fifth-wheel friction Levels: 

1. No friction (μc=0) 

2. Low friction(μc=0.117) 

3. High friction(μc=0.26) 

4. Extreme friction /No lubrication (μc=0.41) 

• Variable/Measures of interest: 

• Lateral acceleration  

• Articulation angle 
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Results: 

 
Figure 42 Articulation Angle for different levels of fifth-wheel friction 

 
Figure 43 Lateral Acceleration for different levels of fifth-wheel friction 

 
Figure 44 Lateral acceleration and articulation angle for μc=0.26 

With the increase in friction co-efficient the peak articulation angle achieved decreases, 

the reduction reaching a maximum of 24%, in case of ‘No Lubrication’. With the 

implementation of fifth-wheel model, the articulation angle shows saturation at the 

peaks, indicating the advent of stick phase and subsequent transition into slip phase. As 

expected, the duration of stick phase also increases with friction co-efficient, as more 

resistive moment has to be overcome before sliding.  

The sudden change in the articulation upon entry into the stick phase reduces the 

instantaneous acceleration, due to increased friction moment and the exit from the stick 

phase results in an increase in the acceleration, as the friction moment begins to drop. 

This can be seen in the minor peaks in the acceleration plot. 
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9.2 Different road friction level with constant fifth-wheel 

friction 

• Test Conditions: 

• Vehicle: Tractor-semitrailer (with 2- and 3-axles respectively). 

• Longitudinal vehicle velocity=10 km/hr. 

• Steering input=10° sinusoidal input at the wheels(slalom test) 

• Fifth-wheel load=11500 kg 

• Road friction Levels: 

• Concrete road (μ=0.9) 

• Asphalt (μ=0.8) 

• Snow (μ=0.2) 

• Ice (μ=0.05) 

• Variable/Measures of interest: 

• Lateral acceleration  

• Articulation angle 

Results: 

 
Figure 45 Articulation Angle as a function of time for different levels of road friction  
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Figure 46 Lateral Acceleration as a function of time for different levels of road friction 

The change in road friction does not show any effect on the vehicle behavior, except 

when driving on ice, which has been dealt separately in section 9.6.  

9.3 Slow ramp steer  

• Test Conditions: 

• Vehicle: Tractor-semitrailer (with 2- and 3-axles respectively). 

• Longitudinal vehicle velocity=70 km/hr. 

• Fifth-wheel load=11500 kg/16500 kg 

• Fifth-wheel friction Level: 

• High friction(μc=0.26) 

• Variable/Measures of interest: 

• Path of tractor front axle and trailer rearmost axle. 

• Lateral acceleration  

• Articulation angle 

Results: 

For fifth-wheel load=11500 kg 

 
Figure 47 Tractor and trailer path under ramp steer 
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For fifth-wheel load=16500 kg 

 
Figure 48 Tractor and trailer path under ramp steer 

 
Figure 49 Articulation Angle as a function of time for ramp steer 

 
Figure 50 Lateral Acceleration as a function of time for ramp steer 

The articulation angle achieved is reduced with the implementation of friction model 

and also shows a delay when compared to its counterpart. The amount of reduction, as 

seen previously, is influenced by the friction coefficient while the delay is attributed to 

the relaxation factor 𝑘, with increasing delay observed for higher values of relaxation 

factor. The effects of relaxation factor and friction coefficient are also reflected in 

acceleration and trajectory followed.  
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The acceleration at the end (t=16 s) is non-zero, this follows from the articulation 

angle ~0.5 𝑑𝑒𝑔, indicating that the vehicle needs to drive more in order to align itself.  

 

Parameters load=11500 kg load=16500 kg 

(Peak Values) w/ friction w/o friction w/ friction w/o friction 

y-position (tractor) [m] 51.175 69.798 47.385 67.988 

articulation angle [deg] -1.12 -1.696 -1 -1.590 

lateral acceleration [m/s2] 1.065 1.468 0.989 1.429 

 

9.4 J-turn  

• Test Conditions: 

• Vehicle: Tractor-semitrailer (with 2- and 3-axles respectively). 

• Longitudinal vehicle velocity=30 km/hr. 

• Fifth-wheel load=11500 kg/16500 kg 

• Fifth-wheel friction Level: 

• High friction(μc=0.26) 

• Variable/Measures of interest: 

• Path of tractor front axle and trailer rearmost axle. 

• Lateral acceleration  

• Articulation angle 

 

Results: 

For fifth-wheel load=11500 kg 

 
Figure 51 Tractor and trailer path under J-turn 
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For fifth-wheel load=16500 kg 

 
Figure 52 Tractor and trailer path under J-turn 

 
Figure 53 Articulation Angle as a function of time for J-turn 

 
Figure 54 Lateral Acceleration as a function of time for J-turn 

The articulation angle achieved is reduced with the implementation of friction model 

and also shows a delay when compared to its counterpart. The amount of reduction, as 

seen previously, is influenced by the friction coefficient while the delay is attributed to 

the relaxation factor 𝑘, with increasing delay observed for higher values of relaxation 

factor. The effects of relaxation factor and friction coefficient are also reflected in 

acceleration and trajectory followed.  
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The acceleration at the end (t=14 s) is non-zero, this follows from the articulation 

angle ~2 𝑑𝑒𝑔, indicating that the vehicle needs to drive more in order to align itself, 

i.e. articulation angle= 0 𝑑𝑒𝑔  . The overshoot of acceleration shows improvement 

which increases for heavier loads. 

 

Parameters load=11500 kg load=16500 kg 

(Peak Values) w/ friction w/o friction w/ friction w/o friction 

y-position (tractor) 60.204 61.504 59.841 61.419 

articulation angle (deg) 12.143 12.886 11.839 12.533 

lateral acceleration (m/s2) 2.261 2.386 2.236 2.382 

Overshoot (%) 11.483 12.49 10.96 13.536 

 

9.5 Lane change  

• Test Conditions: 

• Vehicle: Tractor-semitrailer (with 2- and 3-axles respectively). 

• Longitudinal vehicle velocity=50 kmph/80 kmph 

• Fifth-wheel load=11500 kg/16500 kg 

• Steering input= sinusoidal for one time period 

• Fifth-wheel friction Level: 

• High friction(μc=0.26) 

• Variable/Measures of interest: 

• Path of tractor front axle and trailer rearmost axle. 

• Lateral acceleration  

• Articulation angle 

Lane change@50 kmph 

 
For fifth-wheel load=11500 kg 

 



 

 CHALMERS, Mechanics and Maritime Sciences, Master’s Thesis 2018:41  55 

 

 
Figure 55 Tractor and trailer path under lane change for fifth-wheel load=11500 kg 

For fifth-wheel load=16500 kg 

 
Figure 56 Tractor and trailer path under lane change for fifth-wheel load=16500 kg 

 
Figure 57 Lateral Acceleration as a function of time for lane change @ 50 kmph 
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Figure 58 Articulation Angle as a function of time for lane change @ 50 kmph 

The articulation angle achieved is reduced with the implementation of friction model 

and also shows a delay when compared to its counterpart. The acceleration at the end 

(t=14 s) is non-zero, this follows from the articulation angle= 0.8 𝑑𝑒𝑔, indicating that 

the vehicle needs to drive more in order to align itself, i.e. articulation angle= 0 𝑑𝑒𝑔 . 

The increase in acceleration seen at t=3.63, is due to the stick-slip behavior. 

 

Lane change @ 50 

kmph 

load=11500 kg load=16500 kg 

(Peak Values)  w/ friction w/o friction  w/ friction w/o 

friction  

y-position (tractor) 2.716 3.125 2.655 3.148 

articulation angle (deg) 4.699 5.733 4.724 5.999 

lateral acceleration 

(m/s2) 

1.942 2.188 1.907 4.729 

 

 

Lane change @80 kmph 

 
For fifth-wheel load=11500 kg 

 
Figure 59 Tractor and trailer path under lane change for fifth-wheel load=11500 kg 
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For fifth-wheel load=16500 kg 

 

 
Figure 60 Tractor and trailer path under lane change for fifth-wheel load=16500 kg 

 
Figure 61 Lateral Acceleration as a function of time for lane change @ 80 kmph 

 
Figure 62 Articulation Angle as a function of time for lane change @ 80 kmph 

The effects are amplified as the load and velocity increases. 

 

Lane change @80kmph load=11500 kg load=16500 kg 

(Peak Values) w/ friction w/o friction w/ friction w/o friction 

y-position (tractor) 2.485 3.230 2.397 3.293 

articulation angle (deg) 3.185 4.792 3.203 5.171 

lateral acceleration (m/s2) 1.436 1.847 1.397 1.829 
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9.6 Driving on ice 

High friction at the fifth-wheel reduces the free movement of trailer resulting in a 

stabilized motion at slow speeds. (Even when friction is considerd, jacknifing occurs 

at 23km/hr) 

 

  
Figure 63 Tractor and yaw rate driving over ice 

 

Figure 64 Lateral Acceleration as a function of time driving over ice 
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Figure 65 Articulation Angle as a function of time driving over ice 

The frictional resistance  
 
 
 

9.7 Roll Behavior 

The influence of fifth-wheel roll compliance was studied for the following two cases: 
1. Medium Load Height (platform laden height=3.5m) 

2. High Load Height (platform laden height=4.0m) 

This changes the height of C.o.G of the trailer. The vehicle combination of tractor-

semitrailer was steered until all the inner wheels lift-off. The load on the fifth-wheel is 

kept constant at 11500 kg. 

9.7.1 Medium Load Height 

 
Figure 66 Tractor and Trailer roll behavior, medium load height 
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Figure 67 Lateral Acceleration at Tractor front axle for Medium Load Height 

In the absence of fifth-wheel roll compliance the roll angle of the trailer increase 

together and to the same values before roll over. In comparison, with the introduction 

of fifth-wheel compliance the roll motion of the trailer shows larger roll angle than the 

tractor, which is expected on account of its higher C.o.G. During fifth-wheel lash the 

tractor roll angle remains nearly constant, increasing once the lash is consumed and the 

bump stop makes contact.  

The corresponding effect is seen on lateral acceleration as it decreases during the lash 

period. As explained earlier, during this period the trailer is free rolling over the fifth-

wheel, reducing the effective mass rolling over the drive axle and consequently 

reducing the lateral acceleration.  

At the end of the lash, when the bump stop makes contact the sudden increases in roll 

resistance result in the small oscillation seen towards the end, before rollover. The 

limiting acceleration at roll over is lowered by 5.43%  

 

w/o fifth-wheel 

compliance (m/s2) 

w/ fifth-wheel 

compliance (m/s2) 
Error*(%) 

4.97 4.7 -5.43 

 

9.7.2 High Load Height 

 
Figure 68 Tractor and Trailer roll behavior, high load height 
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Figure 69 Lateral Acceleration at Tractor front axle for High Load Height 

In addition to the earlier observations, with the increase in load height, the rollover 

occurs earlier and at lower lateral acceleration. The limiting acceleration at roll over is 

lowered by 6.16% . 

 

w/o fifth-wheel 

compliance (m/s2) 

w/ fifth-wheel 

compliance (m/s2) 
Error*(%) 

4.43 4.157 -6.16 



 
 

62                                    CHALMERS, Mechanics and Maritime Sciences, Master’s Thesis 

2018:41 

 

10. Conclusion 

 
The thesis work provides a fifth-wheel model based on the physical interaction of the 

fifth-wheel with the trailer as well as the tractor (or dolly). This is done by taking into 

account the effects of bushing at the interface with the tractor and in case of trailer by 

including friction moment along with the coupling forces at the kingpin. In roll plane, 

a roll stiffness for the fifth-wheel is introduced 

For the fifth-wheel under study, it was observed that the bushings did not have any 

significant influence on the vehicle behavior and were dropped from subsequent 

analysis. The friction model is developed, which is empirical in nature, i.e. the model 

is governed by measurement data. The friction interaction is found to have dry friction 

and viscous governing components. The model makes use of five parameters and can 

demonstrate the stick-slip phenomena. Out of the five parameters needed, two come 

from system design, i.e. loading condition and the design of fifth-wheel, while the 

others depend on the condition of lubrication at the fifth-wheel-trailer interface.  

The roll behavior is influenced by the design of the fifth-wheel as the lash, a design 

parameter, decides the amount of free play of the trailer before rolling along with the 

tractor (dolly) as one lumped unit. A compromise is made to approximate the roll 

characteristic, preventing the simulation from being bogged down due to high 

frequency oscillations, when the bump stop come into contact.  

The influence of fifth-wheel model on vehicle behavior is analyzed and shows reduced 

levels of articulation angle with the change being directly influenced by the friction at 

play on the interface. The maximum reduction in amplitude of articulation angle is seen 

when running a dry contact between the trailer and the fifth-wheel (24%).  

In comparison to the model without friction, the articulation angle shows an offset or 

residue, depending on the relaxation factor, indicating that the need of further steering 

to align itself.  

The most interesting behavior is observed when driving on ice, in the absence of fifth-

wheel friction jack-knifing occurs even at low vehicle speeds (10 km/hr) whereas, with 

the introduction of friction an additional resistance is provided and the motion is 

stabilized. It should, however, be noted that friction could not prevent from jack-knifing 

at higher vehicle speed (~25 km/hr and above). 

The influence on roll behavior is as predicted, the tractor and trailer shown different 

roll angle which are compensated by the fifth-wheel. The magnitude of tractor roll angle 

is always lower when compared to the trailer, on account of its lower center of gravity 

height. The decrease in limiting acceleration, with roll compliance, is consistent with 

the findings of Law [35]. Their analysis predicts an 11.62 % reduction in the limiting 

acceleration, under similar loading conditions, against 10.8% reduction obtained above 

with an error of less than (1%). 
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Appendix A 

Representative Vehicle Model Static Load Calculation  
 

 
Figure A. 1 Static Loading 

where, B7 and B2 are the distances of equivalent axle from respective C.o.G for the 

axle groups. 

𝐵2 = 𝑏2 + (𝑏3 − 𝑏2) ∗ (1 − 𝑙𝑜𝑎𝑑 𝑟𝑎𝑡𝑖𝑜)                                  (A.1) 

𝐵7 = (𝑏6 + 𝑏7 + 𝑏8) 3⁄                                                               (A.2)  

Applying force and moment balancing on the forces as shown in the figure above. 

The following relations can be derived: 

𝐹1 = 𝐹1𝑧𝑠 + 𝐹2𝑧𝑠                                                                (A.3) 

 

𝐹3 = 𝐹3𝑧𝑠 + 𝐹4𝑧𝑠 + 𝐹5𝑧𝑠 + 𝐹6𝑧𝑠                                        (A.4) 

 

𝐹7 = 𝐹7𝑧𝑠 + 𝐹8𝑧𝑠 + 𝐹9𝑧𝑠 + 𝐹10𝑧𝑠                                      (A.5) 

 

𝐹11 = 𝐹11𝑧𝑠 + 𝐹12𝑧𝑠 + 𝐹13𝑧𝑠 + 𝐹14𝑧𝑠 + 𝐹15𝑧𝑠 + 𝐹16𝑧𝑠       (A.6) 

For semi-trailer: 

𝐹11 + 𝐹20𝑧𝑠 +𝑚3𝑔 = 0                                                     (A.7) 

 

𝐹11𝐵7 = 𝐹20𝑧𝑠𝑏12                                                               (A.8) 

For dolly: 

𝐹7 + 𝐹19𝑧𝑠 +𝑚2𝑔 = 0                                                       (A.9) 

 

𝐹7𝑏5 + 𝐹19𝑧𝑠𝑏11 = 0                                                        (A.10) 

 

𝐹19𝑧𝑠 = −𝐹20𝑧𝑠                                                                 (A.11) 

For truck: 

𝐹1 + 𝐹3 +𝑚1𝑔 = 0                                                          (A.12) 

 

𝐹3𝐵2 = 𝐹1𝑏1                                                                      (A.13) 

The equations (A.1)-(A.13) can be solved to give the following expressions for the 

static loads, 𝐹𝑖𝑧𝑠 is the static load on the ith tire. 
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Appendix B 

The details case-by-case analysis of the scenarios mentioned in Chapter 6 are 

discussed and then the result of parameter determination are presented. 

Scenario 1  

Normal force=9 tons, longitudinal velocity=10km/hr, lubricant=base, 
surface wear=base 
The test was conducted with kingpin pressure/normal load at fifth wheel =9050 kg, at 

low longitudinal velocity of 10 km/hr while giving small sinusoidal input. The 

lubrication at the fifth-wheel was estimated to be between fresh lubrication and dry 

lubrication, the state in which it remains for most of the time (Subjective impression 

by Niklas). 

 
Figure B. 1 Friction moment vs. Angular velocity, fifth-wheel load=9050 kg 

 
Observations:  

From the figure, it can be seen that, the friction moment increases with angular 

velocity reaching the maximum values of ±3.5 kNm. The increase has two 

components. The first part is an exponential rise with velocity and the second part is a 

linear increment with velocity.  

The increase is friction moment when velocity reverses at the +1.5 deg/s, is not 

observed in any other case and is concluded to be an outlier and neglected from 

analysis. 

Fitted parameters: 

𝜇𝑠𝑎𝑡 0.0612 
𝑏 55 
𝑘 10 

 
 

Scenario 3  

Normal force=16 tons, longitudinal velocity=10 km/hr, lubricant=new, 
surface wear=worn 
The test was conducted with kingpin pressure/normal load at fifth wheel =16500 kg, 

at low longitudinal velocity of 10 km/hr while giving small sinusoidal input. The 

existing lubrication at the fifth-wheel was removed and fresh lubrication was applied.  
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Figure B. 2 Friction moment vs. Angular velocity, fifth-wheel load=16500 kg 

 
Observations:  

From the figure, it can be seen that, the friction moment increases with velocity, 

reaching the maximum values of ±6.5 kNm. The increase in not linear and has two 

components.  

Fitted parameters: 

𝜇𝑠𝑎𝑡 0.117 
𝑏 5 
𝑘 5 

 

Scenario 4  

Normal force=9 tons, longitudinal velocity=10km/hr, lubricant=dry, 
surface wear=base 
The test was conducted with kingpin pressure/normal load at fifth wheel =9050 kg, at 

low longitudinal velocity of 10 km/hr while giving small sinusoidal input. The 

existing lubrication at the fifth-wheel was removed and test was conducted without 

any lubrication at the fifth-wheel.  

 
Figure B. 3 Friction moment vs. Angular velocity, fifth-wheel load=9050 kg, no lubrication 

 
Observations:  

From the figure, it can be seen that, the friction moment increases with velocity, 

reaching the maximum values of ±14 kNm. The increase is exponential with velocity. 

The rate of increase is lower as compared to other cases. 
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Fitted parameters: 

𝜇𝑠𝑎𝑡 0.41 
𝑏 0 
𝑘 3 

 

Scenario 5 

Normal force=9 tons, longitudinal velocity=80km/hr, lubricant=base, 
surface wear=base  
The test was conducted with kingpin pressure/normal load at fifth wheel =9050 kg, at 

longitudinal velocity of 80 km/hr while giving small sinusoidal input. The lubrication 

is the same as in Scenario 1. 

 
Figure B. 4 Friction moment vs. Angular velocity, fifth-wheel load=9050 kg 

 
Observations:  

From the figure, it can be seen that, the friction moment increases with velocity, 

reaching the maximum values of ±3 kNm. The increase in not linear, it has two 

distinct components. The rate of increase is lower as compared to Scenario 1. 

Fitted parameters: 

𝜇𝑠𝑎𝑡 0.065 
𝑏 55 
𝑘 5 

 

Scenario 6 

Normal force=11 tons, longitudinal velocity=80 km/hr, lubricant=new, 
surface wear=worn 
The test was conducted with kingpin pressure/normal load at fifth wheel =11500 kg, 

at longitudinal velocity of 80 km/hr while giving small sinusoidal input. The 

lubrication is the same as in Scenario 2. 
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Figure B. 5 Friction moment vs. Angular velocity, fifth-wheel load=11500 kg 

Observations:  
From the figure, it can be seen that, the friction moment increases with velocity, 

reaching the maximum values of ±5 kNm. The rate of increase is higher as compared 

to Scenario 2. 

Fitted parameters: 

𝜇𝑠𝑎𝑡 0.117 
𝑏 5 
𝑘 8 

 

Scenario 7 

Normal force=16 tons, longitudinal velocity=80 km/hr, lubricant=new, 
surface wear=worn 
The test was conducted with kingpin pressure/normal load at fifth wheel =16500 kg, 

at longitudinal velocity of 80 km/hr while giving small sinusoidal input. The 

lubrication is the same as in Scenario 3. 

 
Figure B. 6 Friction moment vs. Angular velocity, fifth-wheel load=16500 kg 

Observations:  

From the figures, the friction moment increases with velocity, reaching the maximum 

values of ±7 kNm. The increase in not linear, it has two distinct components. The first 

part is an exponential rise with velocity and the second part is a linear increment with 

velocity.  The rate of increase is higher as compared to Scenario 3. 

Fitted parameters: 

𝜇𝑠𝑎𝑡 0.12 
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𝑏 5 
𝑘 8 
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Appendix C 

Scenario 1  

Normal force=9 tons, longitudinal velocity=10km/hr, lubricant=base, 
surface wear=base 
 

 
Figure C. 1 Friction moment vs. Angular velocity, fifth-wheel load=9050 kg 

 
Figure C. 2 Tractor yaw rate, fifth-wheel load=9050 

Scenario 3  

Normal force=16 tons, longitudinal velocity=10 km/hr, lubricant=new, 
surface wear=worn 

 
Figure C. 3 Friction moment vs. Angular velocity, fifth-wheel load=16500 kg 

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
-4

-2

0

2

4

6

Angular Velocity (deg/s)

F
ri
c
ti
o
n
 M

o
m

e
n
t 
(k

N
m

)

Friction Moment vs. Angular Velocity @10km/hr and fifth-wheel load=9050kg

 

 

Measured

Simulation-RVM

Simulation-VTM

-4 -3 -2 -1 0 1 2 3 4
-8

-6

-4

-2

0

2

4

6

8

Angular Velocity (deg/s)

F
ri
c
ti
o
n
 M

o
m

e
n
t 
(k

N
m

)

Friction Moment vs. Angular Velocity @10km/hr and fifth-wheel load=16500kg

 

 

Measured

Simulation-RVM

Simulation-VTM



 

 CHALMERS, Mechanics and Maritime Sciences, Master’s Thesis 2018:41  73 

 

 
Figure C. 4 Tractor yaw rate, fifth-wheel load=16500 kg 

Scenario 4  

Normal force=9 tons, longitudinal velocity=10km/hr, lubricant=dry, 
surface wear=base 

 
Figure C. 5 Friction moment vs. Angular velocity, fifth-wheel load=9050 kg, no lubrication 

 
Figure C. 6 Tractor yaw rate, fifth-wheel load=9050 kg, no lubrication 

 

Scenario 5 

Normal force=9 tons, longitudinal velocity=80km/hr, lubricant=base, 
surface wear=base  
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Figure C. 7 Friction moment vs. Angular velocity, fifth-wheel load=9050 kg 

 
Figure C. 8 Tractor yaw rate, fifth-wheel load=16500 kg 

 
 

Scenario 6 

Normal force=11 tons, longitudinal velocity=80 km/hr, lubricant=new, 
surface wear=worn 

 
Figure C. 9 Friction moment vs. Angular velocity, fifth-wheel load=11500 kg 
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Figure C. 10 Tractor yaw rate, fifth-wheel load=11500 kg 

Scenario 7 

Normal force=16 tons, longitudinal velocity=80 km/hr, lubricant=new, 
surface wear=worn 

 
Figure C. 11 Friction moment vs. Angular velocity, fifth-wheel load=16500 kg 

 
Figure C. 12 Tractor yaw rate, fifth-wheel load=16500 kg 
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