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Abstract 

 

The thesis investigates control system integration in ADAMS and the thesis presents 

appropriate knowledge related to the topic as multi body system, acting forces 

between road and wheels, equation of motion regarding to the haulers, traction 

control system and differential locks. 

The emphasis of the thesis is to implement and test the automatic traction control 

(ATC) for the hauler into ADAMS and Simulink models. The ATC models are based 

on certain requirements provided by Volvo Construction Equipment.  

As expected, results indicate that the ATC model operates during simulation for 

various road conditions. Nevertheless, the ATC model includes a few defects which 

are observed in results. The significant achievement of the thesis is a great 

collaboration between ADAMS and Simulink model. 

 

 

Key words: Multi body simulation, traction control, co- Simulink, ADAMS, 

Simulink, Stateflow 
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1. Introduction 

Articulated haulers are heavy off-road trucks intended for work in rough 

terrain with a huge load. They are used mostly in the construction industry. 

The vehicles consist of different systems, e.g. hydraulic or electrical 

system, which cooperate with other parts like engine, transmission, 

dropbox etc. It is very important that the vehicle works correctly and 

efficiently, and control system makes everything work together in a proper 

way. 

Simulations of haulers make it possible to evaluate the vehicle properties 

objects in early stages of the product development process. The virtual 

testing of multi-body system can be carried out in special software like 

ADAMS. ADAMS/Car is a plug in ADAMS to carry out accurate analysis 

of vehicles  

 

1.1 Background 

Volvo Construction Equipment is one of the leading companies of 

manufacturing equipment and offers services for construction industry.  A 

few years ago, the company explored the opportunity of virtual testing for 

articulated haulers in ADAMS/Car. This software is used to simulate and 

test models of vehicle at early stage in product development. The model 

can be quickly assembled from the vehicle’s subsystems, including the 

control system. The results of the model can be analyzed to understand the 

performance and the behavior of the vehicles. The models are used to test 

different aspects like stability, handling or design load assessment.  

To have an accurate specification of the loads applied in strength analysis, 

important systems of the vehicle should be modelled with high resolution. 

Volvo Construction Equipment has realized that some of the systems are 

not modelled with enough resolution. Another problem which should be 

analyzed is to import data between two software, ADAMS and 

Matlab/Simulink. 

The Automatic Traction Control (ATC) system automatically controls the 

transversal and the longitudinal differential locks. System is modelled in 

Matlab/Simulink but to receive more accurate results, it should be 

incorporated into the ADAMS model. There exist two ways to fulfill this. 

 The first way is to import the control system from Matlab/Simulink 

into ADAMS. 

 The second way is to export the ADAMS model and import it as a 

s-function into Matlab/Simulink. 
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1.2 Aim and Purpose 

The aim of this thesis is to create a model of automatic traction control 

system in ADAMS/Car and the corresponding model in Matlab/Simulink. 

The purpose of the thesis is to analyze the traction control system model by 

means of ADAMS/Car and Matlab/Simulink software. Moreover, it is of 

interest to explore the performance of the model in the different conditions 

and investigate the exchange of information between two software. 

 

1.3  Limitations 

There are a lot of different systems in an articulated hauler and the vehicle 

software makes all system works together in a proper way. The thesis will 

only focus on the traction control systems of dumpers.  

Any physical tests will not be carried out but the main focus will put on 

checking performance of transportation data between the two softwares: 

ADAMS [1], ADAMS/Car [2] and Matlab/Simulink [3]. The basic 

ADAMS model of the articulated hauler that will be used for testing is 

provided by the company.  
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2. Theory 

2.1 Multibody system 

A multibody system is a collection of subsystems: bodies, substructures or 

components [4]. The motion of the subsystem can be kinematically 

constrained by means of different types of joints. Each subsystem and 

component can have large translations and rotational displacement but the 

inter-body deformations are dismissed or are considered to be small 

(flexible components). 

2.1.1 Multibody system software  

At present time several multibody system software applications exist. 

These kinds of tools are central for the mechanical industry and assist 

engineers in improving their work. ADAMS, DADS, Pro/MECHANICA 

and Working Model are only few example of multibody system software. 

There are small differences between them, regarding accuracy of analysis 

or possibility of applying forces and moments, but the main difference is 

the user- interface. 

Product developers are often forced verify their products late in the design 

process. Some subsystems like mechanical or electrical have to fulfill 

specific requirements which act as the first validation. However, full 

system testing and verification are often done late which often leads to 

costly redesign of the product. 

ADAMS is a software for multibody dynamic simulation which is 

developed by MSC Software Corporation. The software contributes to 

improve efficiency of engineering and reduce costs by offering validation 

in an early system-level design. Engineers can optimize the product design 

by evaluate and manage motion, structures etc.  

2.1.2 Types of joints 

Joint constrains motion of a body in a multibody system [5, 6]. To describe 

the motion of an unconstrained rigid body in space six components are 

required. Number of degrees of freedom (DOF) of the system can be 

presented as a difference between the number of the system coordinates 

(6 × nb) and the quantity of independent constraint equations (nc). 

 𝐷𝑂𝐹 = 6 × 𝑛𝑏 − 𝑛𝑐 (1) 
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Different kinds of joint constraints can be observed: prismatic or 

translational, revolute, cylindrical, spherical, universal or hooke. Each of 

them constrain a certain set of degrees of freedoms. 

Prismatic (translational) joints – two bodies share a point (see Figure 1) 

and five constraint equations are generated by the joint. This connection 

allows one rigid body to change position along a vector regarding to a 

second body, the motion of the joint is parallel to this vector. The bodies 

cannot rotate regarding to each other but just translate. 

 

Figure 1: Prismatic (translational) joints. 

Revolute joints – have five degrees of freedom and constraint equations 

are not required. A revolute join is obtained if two bodies share one point, 

on the rotational axis, and unit vector. The relative motion is possible only 

around the unit vector. Also revolute joint is achieved when two bodies 

have two common points and they rotate around the axis, through these two 

points, see Figure 2.  

 

Figure 2: Revolute joint. 

Cylindrical joints – have two degrees of freedom and generates four 

constraint equations, see Figure 3. The cylindrical joint occurs when two 

elements share the same unit vector in the same direction as the joint axis.  

 

Figure 3: Cylindrical joint. 
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Spherical joints – two elements are connected by a spherical joint when 

they have one common point, as shown in Figure 4. The joint generates 

three constraint equations. 

 

Figure 4: Spherical joints. 

Universal (Hooke) joints – generate four constraint equations and have 

two degree of freedom (Figure 5). When the angle between the two axles is 

fixed, the universal joint has one degree of freedom (rotation). 

 

Figure 5: Universal (Hooke) joint [7]. 

Table 1: Summary of different constraints equations [1]. 

Type of joint 
Constrained 

degrees of freedom 

Constrained 

translational 

degrees of freedom 

Constrained 

rotational 

degrees of 

freedom 

Prismatic 

(translational) 
5 2 3 

Revolute 5 3 2 

Cylindrical 4 2 2 

Spherical 3 3 0 

Universal 

(hooke) 
4 3 1 

Point in plane 1 1 0 

Point on line 2 2 0 
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2.2 Wheel - road interaction 

Forces acting between road and wheel have a big influence on behavior of 

the vehicle [7]. The structure and rubber properties of tires are important. 

All modern vehicles have the wheels with pneumatic tires which through 

contact point between tire and ground transfer a torque from the drivetrain 

to traction. Tires also provide the lateral forces necessary to support and 

control the trajectory of the vehicle. 

2.2.1 Rolling resistance 

It is important to understand the phenomenon that occurs during slipping of 

the wheels. The ATC (Automatic Traction Control) is system responsible 

to monitor and control this issue. 

When a wheel, perfectly non-deformable, is rolling on a flat road surface a 

rolling resistance is not present [7]. However, perfectly rigid tires do not 

exist and deformations occur in a contact zone. Loss of energy is a result of 

deformation of the tire and the ground. It is monitored by the rolling 

resistance. 

The equation for the rolling resistance, when just driving moment is 

applied to the wheel, can be expressed as: 

 
𝐹𝑟 =

−𝐹𝑧∆𝑥 +𝑀𝑓

𝑅𝑙
 

(2) 

where 𝑀𝑓 is driving torque, 𝐹𝑧 is normal force and Rl is the rolling radius. 

Forces and moment are shown in the Figure 6. 

 
 

a) b) 

Figure 6: a) ground deformation and elastic return when wheel is rolling, b) forces and contact 

pressure 𝜎𝑧 in a rolling wheel. 
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Sometimes displacement and the driving moment are not easily determined 

and then the rolling resistance is presented as: 

 𝐹𝑟 = −𝑓𝐹𝑧 (3) 

I.e. rolling resistance force is proportional to the normal force and is 

defined experimentally. Because a positive number of force occurs, the 

minus sign appears in equation. 

Rolling resistance coefficient (f) depends on many parameters. The most 

important are disgusted in this chapter, effects of: the speed, the structure 

and used materials of the tire, the wear, load and inflation pressure, the size 

of tire, road conditions, the sideslip angle, the camber angle 𝛾 and tractive 

or braking forces. 

2.2.2 Effects of the speed 

The rolling resistance coefficient increases with the speed of the moving 

vehicle for a passenger car tire, as shown in Figure 7. For low velocities the 

rolling resistance is almost constant but above a certain speed rapidly 

increase. 

 

Figure 7: Measured rolling coefficient versus speed [7]. 

Two expressions can be used to obtain the rolling resistance coefficient [7]. 

 𝑓 = 𝑓0 + 𝐾𝑉 (4) 

 𝑓 = 𝑓0 + 𝐾𝑉
2 (5) 

The second expression is preferred. The values of 𝑓0 and 𝐾 have to be 

determined from measurements. 

The critical speed of tires is defined as the speed when the tire stops 

working in a proper way. Above that speed overheating appears and causes 
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destruction of tires. The wavelength of the standing wave in the tire 

structure is almost equal to the length of contact zone. This contribute to 

increase of the rolling resistance, as is presented in Figure 8. 

 

Figure 8: Distribution of normal pressure and standing waves during exceeding the critical speed by 

tire. 

2.2.3 Effects of the structure and the rubber materials of the tire 

The types of material and structure in the tire have big influence on the 

rolling resistance and the critical speed. Industrial vehicles have low values 

of 𝑓0 (down to 0.005-0.008) and very limited increase of resistance with 

speed(𝐾 ≈ 0) [7]. The rubber compositions and quantity of the chemical 

components, which are added to the rubber, has a big effect on the rolling 

resistance. Different kinds of rubbers have other values of internal 

damping.  Natural rubbers have lower damping than the synthetic rubber. 

This has effect in lower rolling resistance and lower critical speed. 

2.2.4 Effects of the wear 

Two types of tires are considered: bias-ply and radial. The cord plies are 

arranged at 60 degrees to the direction of travel in bias-ply tires and 90 

degrees in radial. In case of the first one, the rolling resistance decrease 

adequately with wear but this behavior gets better at high speed. 

Deformations are located in a small area surrounding the contact zone. 

Consequently hysteresis losses take place mainly in the tread band [7]. A 

vibration phenomenon occurs in zone next to the tread brand. The natural 

frequency is increasing when the vibration mass is decreasing.  

The different situation is valid for the radial tires. The rolling resistance 

also decreases with wear. However, the behavior gets worse at high speed. 

Deformations are distributed in whole structure more evenly. Stiffness of a 

sidewall is low. Centrifugal stiffening of structure decrease as an effect of 

tread brand mass decreasing, but the vibration phenomenon is getting more 

important.  

https://en.wikipedia.org/wiki/Tire#Ply
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2.2.5 Effect of load and inflation pressure 

A reduction of normal force (Fz) on a wheel contributes to decrease of the 

rolling resistance and increase the critical speed [7]. The same phenomena 

occurs when decrease of inflation pressure on the wheel appears. 

To calculate the rolling resistance coefficient, a formula which considers 

the inflation pressure: 

 
𝑓 =  

𝐾′

1000
(5.1 +

5.5 ∙ 105 + 90𝐹𝑧
𝑝

+
1100 + 0.0388𝐹𝑧

𝑝
𝑉2) 

(6) 

where for conventional tires coefficient 𝐾′ is equal 1 and for radial tires is 

0.8, 𝐹𝑧 is a normal force, 𝑝 is the pressure and 𝑉 is the speed can be used. 

2.2.6 Effect of the size of tire 

The radius of tires and the aspect ratio H/W are the most important 

parameters which has influence on the rolling resistance. A larger radius 

and smaller aspect ratio H/W increase the critical speed but decrease the 

rolling resistance. 

2.2.7 Effect of the road conditions 

The rolling resistance is always an approximation value which considers 

the conditions of the road. Some typical values for different road types are 

presented in Table 2 [7]. 

Table 2: Rolling resistance for different road conditions. 

Road type and condition f0 

Very good concrete 0.008-0.010 

Very good macadam 0.013-0.016 

Good stone paving 0.033-0.055 

Snow (50 mm layer) 0.025 

Snow (100 mm layer) 0.037 

Unmaintained natural road 0.080-0.160 
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2.2.8 Effect of sideslip angle 

When the tire have a sideslip angle 𝛼, the rolling resistance may increase 

[7].  

 

Figure 9: Slip angle 𝛼 exerts a side force 𝐹𝑦.  

The rolling resistance force is the component of the forces in the contact 

point between road and tire. It is directed in the same direction as the 

velocity vector, as shown in Figure 9. It can be calculated by formula: 

 𝐹𝑟 = 𝐹𝑥 𝑐𝑜𝑠 𝛼 + 𝐹𝑦 𝑠𝑖𝑛 𝛼 (7) 

If side slip angle has a small value, we obtain: 

 𝐹𝑟 = 𝐹𝑥 − 𝐶𝛼
2 (8) 

 𝐹𝑦~𝛼 (9) 

Since 

 𝑠𝑖𝑛 𝛼 ≈ 𝛼 (10) 

 𝑐𝑜𝑠 𝛼 ≈ 1 (11) 

2.2.9 Effect of the camber angle 𝜸 

An aligning torque Mz is consider in calculation of the rolling resistance 

when plane of the wheel and ground are not perpendicular to each other 

[7]. 

 
 𝐹𝑟 =

−𝐹𝑧∆𝑥 𝑐𝑜𝑠 𝛾 −𝑀𝑧 𝑠𝑖𝑛 𝛾 +𝑀𝑓

𝑅𝑙
 

(12) 

The camber angle is usually very small. Therefore the effect of mentioned 

phenomenon is usually very small since the aligning torque is dependent on 

the sideslip angle. 
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2.2.10 Effect of tractive or braking forces 

When tractive or braking forces are acting on the wheel the power 

dissipated by rolling resistance can be formulate as [7]:  

 
|𝐹𝑟|𝑉 = {

|𝐹𝑏|𝑉 − |𝑀𝑏|𝜔                 − 𝑏𝑟𝑎𝑘𝑖𝑛𝑔 
|𝑀𝑡|𝜔 − |𝐹𝑡|𝑉                 − 𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛

 
(13) 

where Fb and Ft are braking and tractive forces, Mb and Mt are braking and 

tractive moments. Presented expression is used when speed motion is 

constant. 

The increase in rolling resistance is very important, especially when the 

braking force is active and large longitudinal forces appear. The 

longitudinal forces are produced when a sliding occurs in contact zone.  

Forces distribution and peripheral velocity, in a breaking and in a driving 

wheel, are shown in Figure 10. 

  

a) b) 

Figure 10: Force distributions and peripheral velocity in a driving (a) and braking (b) wheel [7]. 
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2.3 Equations of motion in the plane of an articulated vehicle 

An articulated vehicle, is composed of two rigid bodies hinged to each 

other, has four degrees of freedom [7]. The assumption of rigid bodies 

determine that the hinge is cylindrical and its axis is perpendicular to the 

road. The equation of motion is obtained through Lagrange equations.  

Four generalized coordinates are first specified: X and Y are the inertial 

coordinates of the center of mass of the tractor and ψ is its yaw angle. The 

added coordinate is angle θ between the longitudinal axes x of the tractor 

and xR of the trailer.  

 

Figure 11: Generalized coordinates of articulated vehicle. 

The position of the center of mass of the trailer is described based on 

coordinates from Figure 11: 

 
(𝐺𝑅 − 𝑂)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ = {

𝑋 − 𝑐 𝑐𝑜𝑠(𝜓) − 𝑎𝑅 𝑐𝑜𝑠(𝜓 − 𝜃)
𝑌 − 𝑐 𝑠𝑖𝑛(𝜓) − 𝑎𝑅 𝑠𝑖𝑛(𝜓 − 𝜃)

} 
(14) 

The velocity of the center of mass of the tractor, is equal to 𝑉𝐺𝑅 = {�̇�
�̇�
} and 

the load unit, is presented as: 

 
𝑉𝐺𝑅 = {

�̇� + �̇�𝑐 𝑠𝑖𝑛(𝜓) + (�̇� − �̇�)𝑎𝑅 𝑠𝑖𝑛(𝜓 − 𝜃)

�̇� − �̇�𝑐 𝑐𝑜𝑠(𝜓) − (�̇� − �̇�) 𝑎𝑅𝑐𝑜𝑠(𝜓 − 𝜃)
} 

(15) 

The total kinetic energy of the system is: 

 
𝑇 =

1

2
𝑚𝑇𝑉𝐺

2 +
1

2
𝑚𝑅𝑉𝐺𝑅

2 +
1

2
𝐽𝑇�̇�

2 +
1

2
𝐽𝑅(�̇� − �̇�)

2 
(16) 

Where 𝑚𝑇, 𝑚𝑅, 𝐽𝑇 and 𝐽𝑅 are respectively the masses and the moments of 

the inertia about an axis perpendicular to the road of the tractor and the 
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load unit. By putting velocities into the equations, the new expression of 

the kinetic energy is obtained: 

 𝑇 =
1

2
𝑚(𝑋2̇ − 𝑌2̇) +

1

2
𝐽1(𝜃)�̇�

2 +
1

2
𝐽3�̇�

2 − 𝐽2(𝜃)�̇��̇� + 

+𝑚𝑅[𝑐�̇� + 𝑎𝑅(�̇� − 𝜃)̇ cos(𝜃)][�̇� sin(𝜓) − �̇� cos(𝜓)] + 

−𝑚𝑅𝑎𝑅(�̇� − �̇�) sin(𝜃) [�̇� cos(𝜓) + �̇� sin(𝜓)], 

(17) 

where: 

{
 

 
𝑚 = 𝑚𝑇 +𝑚𝑅 ,

𝐽1(𝜃) = 𝐽𝑇 + 𝐽𝑅 +𝑚𝑅[𝑎𝑅
2 + 𝑐2 + 2𝑎𝑅𝑐 cos(𝜃)],

𝐽2(𝜃) = 𝐽𝑅 +𝑚𝑅[𝑎𝑅
2 + 𝑎𝑅𝑐 cos(𝜃)],

𝐽3 = 𝐽𝑅 +𝑚𝑅𝑎𝑅
2 .

 

The Rayleigh dissipation (in the joint), written together with the kinematic 

energy is simplify [7]: 

 𝜈 =
1

2
Γ�̇�2 (18) 

where Γ is damping coefficient in associated to the hinge between tractor 

and trailer. 

The equations of motion obtained from Lagrange equations are 

 
𝑑

𝑑𝑡
(
𝜕𝑇

𝜕�̇�𝑖
) −

𝜕𝑇

𝜕𝑞𝑖
+
𝜕𝜈

𝜕�̇�𝑖
= 𝑄𝑖 (19) 

Where the coordinates 𝑞𝑖 are X, Y, ψ and θ and 𝑄𝑖 are the corresponding 

generalized forces FX, FY and the moments related to rotations ψ and θ. 

The derivatives needed to write the first equations of motion, which are 

related to the displacement degrees of freedom, are: 

 

{
 
 
 
 

 
 
 
 
𝜕𝑇

𝜕�̇�
= 𝑚�̇� + 𝑚𝑅{�̇�[𝑐 + 𝑎𝑅 cos(𝜃)] − 𝑎𝑅�̇� cos(𝜃)} sin(𝜓) +

+𝑚𝑅𝑎𝑅(�̇� − �̇�) sin(𝜃) cos(𝜓)

𝜕𝑇

𝜕�̇�
= 𝑚�̇� − 𝑚𝑅{�̇�[𝑐 + 𝑎𝑅 cos(𝜃)] − 𝑎𝑅�̇� cos(𝜃)} cos(𝜓) +

−𝑚𝑅𝑎𝑅(�̇� − �̇�) sin(𝜃) sin(𝜓)

𝜕𝑇

𝜕𝑋
=
𝜕𝑇

𝜕𝑌
=
𝜕𝜈

𝜕�̇�
=
𝜕𝜈

𝜕�̇�
= 0

}
 
 
 
 

 
 
 
 

 

(20) 

Where  

 

{
 

 
𝜕𝑇

𝜕�̇�
= 𝑚�̇� + 𝐴 cos(𝜓) − 𝐵 sin(𝜓)

𝜕𝑇

𝜕�̇�
= 𝑚�̇� + 𝐴 sin(𝜓) + 𝐵 cos(𝜓)

 

(21) 
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And: 

𝐴 = −𝑚𝑅𝑎𝑅(�̇� − �̇�) sin(𝜃), 

𝐵 = −𝑚𝑅{�̇�[𝑐 + 𝑎𝑅 cos(𝜃)] − 𝑎𝑅�̇� cos(𝜃)}. 

By using the derivatives with respect to time, the first two equations of 

motion are: 

 {
𝑚�̈� + (�̇� − 𝐵�̇�) cos(𝜓) − (�̇� + 𝐴�̇�) sin(𝜓) = 𝑄𝑋

𝑚�̈� + (�̇� − 𝐵�̇�) sin(𝜓) + (�̇� + 𝐴�̇�) cos(𝜓) = 𝑄𝑌.
 (22) 

By the premultiplying equations by the inverse of the yaw rotation matrix 

and using the generalized forces Qx and Qy written with reference to xy 

frame: 

 {
𝑚�̈� + �̇� − 𝐵�̇� = 𝑄𝑥
𝑚�̈� + �̇� + 𝐴�̇� = 𝑄𝑦

 (23) 

 

 

{
 
 

 
 𝑚�̈�−𝑚𝑅𝑎𝑅(�̈� − �̈�) sin(𝜃)+ 2𝑚𝑅𝑎𝑅�̇��̇� cos(𝜃)+

+𝑚𝑅𝑎𝑅�̇�
2
cos(𝜃)+𝑚𝑅[𝑐 + 𝑎𝑅 cos(𝜃)]�̇�

2
= 𝑄𝑥

𝑚�̈� −𝑚𝑅[𝑐 + 𝑎𝑅 cos(𝜃)]�̈� +𝑚𝑅𝑎𝑅𝑟�̈� cos(𝜃)+

−𝑚𝑅𝑎𝑅 sin(𝜃) (�̇� − �̇�)
2
= 𝑄𝑦

 

(24) 

The third and the fourth equations, related to the degrees of freedom ψ and 

θ, are presented as: 

 

{
 
 

 
 𝐽1(𝜃)�̈� − 𝐽2(𝜃)�̈� + 𝑚𝑅𝑎𝑅𝑐 (�̇�

2
− 2�̇��̇�) sin(𝜃)+

−𝑚𝑅[𝑐 + 𝑎𝑅 cos(𝜃)]𝑚�̈�−𝑚𝑅𝑎𝑅 sin(𝜃)𝑚�̈� = 𝑄𝜓

𝐽3�̈� − 𝐽2(𝜃)�̈� +𝑚𝑅𝑎𝑅 cos(𝜃)𝑚�̈� +

+𝑚𝑅𝑎𝑅 sin(𝜃)𝑐�̈�𝑚�̈� = −Γ�̇� + 𝑄𝜃

 

(25) 
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2.4 Control system 

2.4.1 Control system theory 

The control theory describes the behavior of a dynamic system based on 

input signals, and the feedback to the system. Control systems are divided 

in single-input-single-output systems (SISO), see Figure 12, and multiple-

input-multiple-output systems (MIMO). 

 

Figure 12:SISO control system. 

The error is a difference between the desired value and the actual value [8]. 

If the control system functions normally, the error is equal to zero after a 

period of time. 

Control loops usually are combined from five components, as is shown in 

Figure 13 : 

 

Figure 13: Basic control loop anatomy. 

 The comparator is the summing block. It compares the desired 

value with the actual [8]. 

 The controller reduces a given value, if the error, which is the 

output of the comparator, and also input of the controller are not 

equal to zero. 

 The actuator is the mean, that the controller could affect the plant. 

 The plant is dynamic system which is controlled. 

 The sensor gives a feedback about the output value to the 

comparator 
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2.4.2 Automatic Traction Control (ATC), braking version 

When a driven wheel attempts to spin and lose traction, because of low 

friction between road and tire, Automatic Traction Control (ATC) system 

applies the brakes [9, 10]. Both ATC and Anti-block Brake System (ABS) 

are responsible for controlling wheel slip by modulation the hydraulic 

pressure to the wheel. The difference between these two systems is that 

ABS controls negative wheel slips, while ATC system controls positive 

wheel spin relative to driving direction. 

ATC system is the most synergetic on four-wheel or all-wheel drive 

vehicles. The ATC system monitors speed of the wheels by using wheel-

speed sensors. The system compares the vehicle speed to the wheel speed 

in order to recognize loss of traction. If a wheel loses of the traction, it 

means that the wheel spins faster than vehicle speed. When loss of traction 

occurs for one of the wheel, the module employs braking force to the wheel 

with low traction.  

Some of the ATC system operates at low speed when the road is covered 

by snow or is wet. ATC system reduces wheel slip and retains traction at 

the driven wheels by engaging differential locks. Other ATC system 

operates at higher speeds by reducing engine torque to slow down the drive 

wheels.  

2.5 Differential gears 

The differential is a device that transmits the torque input from the 

propeller shaft to the two wheels evenly. It allows the wheels to rotate of 

different speeds when the vehicle is turning. Moreover, the differential 

allows both axels to rotate at the same speed while the vehicle is moving 

straight ahead [9]. 

Slippage for one of driven wheels may occur when the vehicle encounter 

slippery surfaces. The friction between the wheel and road may become 

lower than required to transfer the applied driving torque to the ground, 

which led to slipping. This problem is solved by means of applying braking 

torques or engage differential locks. 

2.5.1 ATC and differential lock for Articulated Haulers 

As mentioned before a differential is a driveline component which 

distributes power from an input shaft to two output shafts. To distribute 

torque, not equally between the output shafts, a differential lock is applied. 

There are different kinds of differentials such as Clutches, Limited slip, 

Viscous Coupling, EDL (ABS + open Diff) and dog-clutch [11]. 
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Volvo articulated hauler includes 5 differential locks: 3 transverse 

differential locks on all axles, a longitudinal differential lock in transfer 

gearbox, and a 6x6 dog clutch in the front bogie axle. The last two 

differentials are target in this work, as shown in Figure 14. 

 

Figure 14:Longitudinal differential lock  and 6x6 dog clutch. 

The vehicle switches between 6x4 and 6x6 operating modes, which they 

are presenting in Figure 15. The differential locks can be engaged or 

disengaged, either by the automatic traction control (ATC) system or 

manually by the driver. 

 
 

a) b) 

Figure 15: Operating mode: a) 6x4 and b) 6x6. 

The longitudinal differential lock in dropbox provides 100% difflock (see 

Figure 16) between front and rear axle. It forces front and rear axles to 

rotate with the same rotational speed. The 6x6 differential lock also 

supplies 100% difflock between mid-axle and rear axle, which forces mid 

and rear axle to rotate with the same rotational speed. Figure 16 shows the 

mechanism and the actuation of the dog clutch. 

 

Figure 16: Actuation of dog clutch [12]. 

Articulated haulers are equipped by dog clutch differentials, which act in 

two modes: locked and unlocked (engaged and disengaged). Normally the 
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differential lock stays in unlocked mode. It allows two wheels on the left 

and the right side to rotate with different speeds, which is desired during 

cornering. On the other hand, locked mode is applied when a tire lose its 

grip and start to slip. This may occur for steep road or muddy train is etc. 

Assume that articulated hauler is traveling in rough and steep terrain. When 

slipping for the first axle is detected, it rotates faster than the second axle. 

At this moment ATC system engages the differential lock inside the 

dropbox, to allow both axles rotate with the same speed. More torque is 

transmitted to the second axle. Likewise, may happen for the third axle, 

when the rotational velocity is compared to the second axle. The automatic 

traction control (ATC) engages the differential lock (6x6) in the third axle.  

By locking differentials during these conditions, two axles are forced to 

rotate with the same speed, that limits wheel slip and regain traction. The 

engagement mode is applied during off-road driving to improve 

performance with the best traction. It means, the articulated hauler operates 

with all wheels driven when needed. Therefore, ATC system also 

contributes to lower fuel consumption and reduces tire wear. 

The components of the ATC system, see Figure 17, can be summarized as: 

1- ECU, Electronic Control Unit: monitors signals from sensors and 

activates the differential lock when needed. 

2- Transmission output sensor: provides information about the output shaft 

speed. 

3- Steering angle sensor. 

4- Drop- box speed sensor. 

5- Longitudinal differential lock: Provides 100% differential lock between 

front and rear axles. 

6- Bogie axle input speed sensor. 

7- 6x6 provides 100% differential lock between mid and rear axle. 

8- Mid- axle output speed sensor. 

 

Figure 17: The Control System Traction in articulated hauler [13].  
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2.5.2 Modeling of the differential locks  

The model of the inter-axle differential locks are analogous like in the 

transfer gearbox differential locks. Therefore, the inter-axle case is 

considered. The dynamic model consists five parts that can rotate in a 

certain manner: incoming shaft, the housing, the intermediate gear wheel 

and the left and right outgoing shafts. 

When the differential lock is engaged, it couples the right and left outgoing 

shafts together with a torque. Let 𝛼1 be a rotation angle between the 

housing and axle 1 and 𝛼2 the rotation between housing and axle 2. Let 𝜔1 

and 𝜔2 be the corresponding rotational speed. Defined 𝛼1
0 and 𝛼2

0 as the 

rotational angles when the differential lock is engaged. 

The torque, when the differential lock is engaged, can be calculated from: 

 𝑇 ≈  −(𝑘((𝛼2 − 𝛼2
0 ) − (𝛼1 − 𝛼1

0)) + 𝑐(𝜔2 − 𝜔1)) (26) 

 

Figure 18: Torque and rotational velocity in differential. 

2.5.3 Locking 6x6 dog clutch 

There is possibility to lock the 6x6 dog clutch which is located at point 8 in 

Figure 17. 

 

Figure 19: Torque and rotational velocity in 6x6 differential. 
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The left part of the propshaft is ingoing shaft axle 2 and the right part of the 

propshaft is outgoing shaft to the axle 3. 𝛼 is the angle between left part 

and right part of the propshsft, and 𝛼0 is the angle between the two parts at 

the moment when the clutch is engaged. Also the rotational velocity is 

considered between the two parts. 

The torque can be calculated by following equation: 

 𝑇 ≈  −(𝑘(𝛼 − 𝛼0) + 𝑐(𝜔)) (27) 

When the 6x6 dog clutch is unlocked, the torque is equal to zero. 

In order to avoid rapid changes in torque distribution, the stiffness 

coefficient is ramped up and down, when the differentials are engaged, 

according to Figure 20. 

 

Figure 20: Distribution of stiffness coefficient during engage and disengage a differential lock. 
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3. Method 

Two software have been used during the thesis: ADAMS/Car [2], the 

extended version of ADAMS [1] and Matlab/Simulink [3]. 

The thesis should investigate how closed-loop system should perform. Also 

it should be observed if the system has sensitivity to disturbance, low 

sensitivities robustness and realistic actuator signals. The different kinds of 

system control will be designed. 

To check the most efficiency resolution it is necessary to verify the best 

performance between ADAMS/Car and Matlab/Simulink. It has an 

influence of analysis. The results will be observed and noted. The different 

ways of transport data will be checked. 

3.1 Description of vehicle model 

The simulated vehicle is an A40 Volvo articulated hauler. It carried 39 tons 

of body load located in load carrier. All parts are modeled as rigid parts. 

The ADAMS model consists of several subsystems. The drivetrain 

includes: engine, dropbox (transfer gearbox), differential locks, brakes, 

tires and 6x6 clutch as shown in Figure 21.  

 

Figure 21: Driveline of articulated hauler. 

During the thesis some subsystems were modified and the control system 

was created. These changes are described more specifically in this chapter. 
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3.2 Design the Automatic Traction Control System in ADAMS/Car 

As is described in section 2.5.1, a hauler driveline has 5 differential locks. 

In this project only two of them are controlled by the control system. They 

are located in the dropbox and in the third propshaft. 

There is opportunity to choose between 4- and 6- wheel drive (6x4 and 

6x6, respectively). Automatic Traction Control System (ATC System) 

examined the second most popular drive combination, 6-wheel drive with 

longitudinal differential lock in the dropbox.  

An overview of connections between other templates and Automatic 

Traction Control template, but also between ADAMS/Car and Simulink are 

shown in Figure 22.  

 

Figure 22: Correlation between templates and ATC. 
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3.2.1 Dropbox 

The first step to adapt the longitudinal differential lock to control system 

was to create a modified template of the dropbox, which included all 

necessary data. For this purpose additional torque was created, as shown in 

Figure 23.  

 

Figure 23: Model of dropbox with additional torque. 

When the differential lock receives signal to be locked, the torque is 

activated. Torque is applied by a call to a user written function. The input 

to the user function were two markers, one action and one reaction marker 

Other parameters such as stiffness and damping coefficient, when 

differential is locked, time to lock and release the differential lock and 

differential lock ID, had to be defined. 

One input communicator, cis_lock_function_DB, was added to the 

dropbox. Also a state variable was created with the same name. This 

variable carried the signal from the ATC System to activate the differential 

lock in dropbox. Also one more output communicator was created, 

cos_db_omega. It gives information about the value of rotational velocity 

of the ingoing shaft.  

3.2.2 Propshaft of the third axle 

The second differential to consider is located in the last propshaft. All 

propshafts normally use the same template and only the third propshaft 
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subsystem had to be based on the new template. Other propshafts use the 

old file as shown in Figure 24. 

.  

 

 

Figure 24: Model of propshaft without modifications. 

To apply the torque it was necessary to divide the front shaft into two parts 

and put a revolute joint between. Torque was added, as shown in Figure 25.  

 

Figure 25: Model of the third propshaft with additional torque. 

In propshaft just one additional input communicator was created, 

cis_lock_funtion_propshaft3 to carry a signal information from the ATC 

System, if the differential lock should stay unlock or to be lock. 

3.2.3 Driveshaft 

Between left and right axle shafts, the torque was applied, see Figure 26. 

Similar parameter values as for the dropbox were defined.  

 

Figure 26: Model of driveshaft with additional torque. 
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An input communicator called cis_lock_function_driveshaft was added to 

system and another output, cos_driveshaft_omega, was attached to the 

template. It carries pinion revolution velocities. Measurements of 

revolution speed are compared between the first and the second driveshaft, 

likewise between the second and the third driveshaft for the ATC system. 

When difference in revolution speed occurs, under specified conditions, a 

signal to lock the differential lock is sent to control system.  

3.2.4 Brake 

The brake template was modified to apply different brake signals to the 

wheels. Two torques were created, see Figure 27, one on the left part of 

brake, and the second one on the right part. An inputs communicators 

cis_brake_demand_right/left, were created. These signals have been 

considered in the first version of the control system. In the final version of 

the control system, the brakes used the conventional brake template.  

 

Figure 27: Brake system template. 

3.2.5 Hub  

To calculate the velocity of vehicle in the Matlab/Simulink, rotational 

velocity measures from hub were used (see Figure 28). Speed was used by 

the control system in Matlab/Simulink. From the hub, output 

communicators cos_hub_omega_left/right were created. The rotational 

velocities give information as a signal to Automatic Control Traction in 

ADAMS model, which later are delivered to Simulink. 
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Figure 28: Hub template model. 

3.2.6 Hitch 

To calculate the allowable difference between angular velocities of 

propshaft 1 and 2, the articulation of the hitch is necessary. Since a 

difference occurs that should not be recognized as slip when the vehicle is 

turning. In hitch template one more output communicator, cos_steer_angle, 

was created. 

3.2.7 Automatic Traction Control System 

Based on created inputs and outputs, two Automatic Traction Control 

Systems were built. First model contained 16 inputs and 11outputs.  

Outputs from ATC System give signals to dropbox, the third propshaft and 

three set of driveshafts and brakes, Table 3. 

Table 3: Created outputs from ATC System. 

Name of outputs from ATC Name of the inputs to 

subsystems 

Subsystem 

Axle1_lock Axle1_lock Driveshaft 1 

Axle2_lock Axle2_lock Driveshaft 2 

Axle3_lock Axle3_lock Driveshaft 3 

Dropbox_lock Dropbox_lock Dropbox 

Third_lock Third_lock Propshaft 3 

Brake_FrWh_l Brake_FrWh_l Brake 1 

Brake_FrWh_r Brake_FrWh_r Brake 1 

Brake_FrbWh_l Brake_FrbWh_l Brake 2 

Brake_FrbWh_r Brake_FrbWh_r Brake 2  

Brake_RebWh_l Brake_RebWh_l Brake 3 

Brake_RebWh_r Brake_RebWh_r Brake 3 
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Inputs are received from six different subsystems: dropbox, powertrain, the 

third propshaft and three driveshaft and hub subsystems, as shown in Table 

4. 

Table 4: Created inputs to ATC System. 

Name of outputs from 

subsystems 

Subsystem Name of the 

inputs to ATC 

Axle1_omega Driveshaft 1 Axle1_omega 

Axle1_omega_left Hub 1 FrWh_l 

Axle1_omega_right Hub 1 FrWh_r 

Axle1_torque Driveshaft 1 T_Axle1_lock 

Axle2_omega Driveshaft 2 Axle2_omega 

Axle2_omega_left Hub 2 FrbWh_l 

Axle2_omega_right Hub 2 FrbWh_r 

Axle2_torque Driveshaft 2 T_axle2_lock 

Axle3_omega Driveshaft 3 Axle3_omega 

Axle3_omega_left Hub 3 RebWh_l 

Axle3_omega_right Hub 3 RebWh_r 

Axle3_torque Driveshaft 3 T_Axle3_lock 

DB_OmegaIn Dropbox Dropbox_omega 

DB_Torque Dropbox T_db_lock 

DB_TorqueIn Powertrain  T_dbin 

Prop3_Torque Propshaft 3 T_third_lock 

Unfortunately the system did not work properly in Matlab/Simulink due to 

problems sending the dog clutch torque computed by a user function.  

The final model of ATC System had 13 inputs and 5 outputs. Input signals 

are received from ten subsystems, dropbox, powertrain, hitch and from 

three driveshafts and hubs. Also one input was created directly in ATC but 

based on state variable from other model (test rig), see Table 5. 
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Table 5: New inputs to ATC System. 

Name of outputs from 

subsystems 

Subsystem Name of the 

inputs to ATC 

Axle1_omega Driveshaft 1 Axle1_omega 

Axle1_omega_left Hub 1 Axle1_omega_l 

Axle1_omega_right Hub 1 Axle1_omega_r 

Axle2_omega Driveshaft 2 Axle2_omega 

Axle2_omega_left Hub 2 Axle2_omega_l 

Axle2_omega_right Hub 2 Axle2_omega_r 

Axle3_omega Driveshaft 3 Axle3_omega 

Axle3_omega_left Hub 3 Axle3_omega_l 

Axle3_omega_right Hub 3 Axle3_omega_r 

DB_OmegaIn Dropbox Dropbox_omega 

DB_TorqueIn Powertrain  Dropbox_T 

Brake Testrig brake 

Steer angle Hitch steer 

Outputs are sent to dropbox, the third propshaft and to three driveshafts 

according to Table 6. 

Table 6: New outputs from ATC System. 

Name of outputs from ATC Name of the inputs to 

subsystems 

Subsystem 

Axle1_lock Axle1_lock Driveshaft 1 

Axle2_lock Axle2_lock Driveshaft 2 

Axle3_lock Axle3_lock Driveshaft 3 

Dropbox_lock Dropbox_lock Dropbox 

Third_lock Third_lock Propshaft 3 

When all inputs and outputs were set, the corresponding mechatronics 

components were created. Transducers and actuators based respectively on 

inputs and outputs signals were generated and connected with mechatronics 

components in the assembled system.  
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3.3. Control strategy 

Requirement for activation differential lock in dropbox and 6x6 clutch in 

the third propshaft are defined in this section.  

3.3.1 Requirements for activation of longitudinal differential lock 

(Dropbox) 

When any of the following conditions are met a requested, activation is 

applied: 

 When a speed difference (slip) in the longitudinal differential lock 

occurs and  the brake is not activated; 

 When a speed difference (slip) in the longitudinal differential lock 

occurs, when the vehicle speed is less than 4.5 km/h, and the brake 

is activated;  

 The input torque to the dropbox is larger than 12 500 Nm. 

For activation of the longitudinal differential lock in dropbox must fulfill 

the following conditions: 

 The vehicle speed is less than 65km/h;. 

 The difference of speed in the differential lock is less than 177 rpm.  

3.3.2 Requirements for activation of 6x6 clutch 

When any of the following conditions are met, a requested for activation is 

applied: 

 When a speed difference (slip) in the 6x6 clutch occurs, when the 

speed of the vehicle is less than 20 km/h, and the brake is not 

activated; 

 When a speed difference (slip) in the 6x6 clutch occurs, when the 

speed of the vehicle is less than 4.5 km/h, and the brake is activated; 

 The input torque to the dropbox is above 12 500Nm. 

For activation of the 6x6 clutch in the first boogie axle must always 

observe the following conditions: 

 The vehicle speed is less than 65km/h; 
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 The difference of speed in the differential lock is less than 245 rpm. 

3.4 Design of control system in Matlab/Simulink 

To calculate the speed of vehicle equation (28) was employed: 

 
�̅� =

𝜔𝑣 ∙ 𝑅

𝑛
 

(28) 

Where ωv is the mean value of rotational speed for the six wheels,  𝑅 is 

estimated rolling radius and 𝑛 is hub reduction gear ratio. 

3.4.1 The first model of control system in Matlab/Simulink 

The aim of this thesis is to build a proper control system model in 

Matlab/Simulink which communicated with Adams. For this purpose, the 

first control system was designed with 16 input signals, three rotational 

velocity of axles, the ingoing torque to dropbox, the rotational velocity of 

dropbox, the rotational velocity of 6 wheels, the dog clutch torque of three 

axles, the torque inside the dropbox and the torque of the propshaft 3, as 

shown in Figure 29. 

 

Figure 29: ADAMS plant model in Matlab/Simulink with 16 inputs and 11 outputs. 

Moreover the first control system had 11 output signals such as: six signals 

related to each brake in a wheel, five of lock signals; three to axles, one to 

the dropbox and one to the third axle. 
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3.4.2 The final model of control system in Matlab/Simulink 

The measurement of steer angle in hitch was added as input to the model. 

Moreover, structure of Stateflow blocks and Matlab functions was changed. 

Based on rotational velocity of each axle, a speed of the hauler (km/h) was 

calculated. Requirement when differentials was engage, depended on the 

speed compare with activity of brakes, was defined in Stateflow. The 

second requirement, when differentials are activated, was based on 

calculated torque. It was included in the control model also. 

The control model contained 2 subsystems which calculate the difference 

between angular velocity of propshafts. 

Some of the inputs like: difference between angular velocity of propshafts, 

torque and time were sent directly to Stateflow. The rest of inputs: brake, 

speed and steering, were apply to Matlab function. Based on this three 

inputs to Matlab function, five of outputs were created and sent to 

Stateflow.  

 Matlab function to Stateflow (dropbox) 

According to supplementary requirements (see Figure 30), ATC system 

should engage the longitudinal differential lock in dropbox for a certain 

time. This specific value of time was defined inside Matlab function. To 

determine status of brake, the measurement of brake demand was compared 

to a threshold value (2%). Therefore, if the value of brake demand was 

bigger than 2%, brake was considered as activated, otherwise it was 

inactivated. Differences between rotational velocity of axle 1 and axle 2 

occurred. This difference called is associated with steer angle θ [deg]. The 

allowable minimum difference of rotational velocity 𝜔𝑙𝑖𝑚 [rpm] is defined 

as: 

 𝜔𝑙𝑖𝑚 = 20 + 0.028𝜃2 (29) 

 

Figure 30: Time dependence of the vehicle speed for longitudinal differential lock in dropbox.  
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 Matlab function to Stateflow (6x6 clutch) 

Likewise, there was specific value of time to maintain engagement of the 

6x6 clutch according to the figure (see Figure 31). As for longitudinal 

differential lock, the measurement of brake demand was compared to a 

threshold value of 2%. If the value was greater than 2% the brake was 

activated otherwise it was inactivated. The allowable minimum difference 

of rotational velocity between axle 2 and axle 3 was equal 6 [rpm]. 

 

Figure 31: Time dependence of the vehicle speed for dog clutch in the third propshaft.  

 

 Stateflow in dropbox 

As shown in figure Figure 32, the Stateflow consists two main blocks. In 

first block, dropbox state can change between On and Off state corresponds 

to 1 and 0. In block number two, there are three different states such as: 

steady state, engage state and disengage state. All requests and 

requirements related to longitudinal differential lock are considered 

separately in three branches which link the steady state to the engage state. 

If any of these three conditions are fulfilled, the differential lock will be 

engaged. At this moment, time of engagement is saved in 𝑡0 and time 

before disengagement can be calculated based on vehicle speed in 

corresponding Matlab function. The system will stay in engage state until 

the difference between current time of simulation and time of engagement 

will be larger than the time of disengagement. 
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Figure 32: Stateflow of differential lock in dropbox (final model). 

 Stateflow in 6x6 clutch 

As shown in figure Figure 33, the Stateflow includes two main blocks. In 

the first block, 6x6 clutch state can be switched between On and Off state 

corresponds to 1 and 0. The second block consists of three different states 

such as: steady state, engage state and disengage state. Corresponding 

requests and requirements are defined in three different branches which 

connect steady state to engage state. If any of these conditions is fulfilled, 

the 6x6 clutch will be engaged. At this moment, time of engagement is 

saved in 𝑡0 and the minimum time before disengagement is calculated. 

 

Figure 33: Stateflow of 6x6 clutch (final model). 

The final model of Automatic Traction Control System in Simulink 

consisted of 13 inputs and 5 outputs. 
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Figure 34: The last version of ATC model with 13 inputs and 5 outputs. 
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4. Results and analysis 

Four simulations are presented in this thesis to verify the automatic traction 

control models. During the simulations three different road conditions were 

examined: a flat road, a flat road where the driver gives the steering wheel 

a rotation of 500 degrees and uphill and downhill road.  

The time range, for the uphill and downhill roads and the flat road with 

rotation of 500 degrees in steering, was 60 sec and for the flat road was 20 

sec.  

All results together with analysis are presented below. In order to get 

understanding if the model worked properly, for each simulation, activation 

of differential lock in dropbox and 6x6 clutch in the third propshaft was 

plotted and analyzed. The ATC system should engage differential locks 

during the simulation based on the requirements, defined in chapter 3.3.1 

and 3.3.2. 

4.1 Flat road 

During the simulation of the hauler the final version of control system was 

used, and vehicle follows a straight path. Simulation took 20 sec. 

All values presented in chapter 4.1.1 and 4.1.2 were obtained from figures 

attached in Appendix 2. 

4.1.1 Differential lock in dropbox 

Activity of longitudinal differential lock in dropbox is presented in Figure 

35.  

 

Figure 35: Differential lock in dropbox during simulation- flat road. 

Speed of the vehicle is equal to 7.2 km/h and brake is not activated at 1.51 

sec (see Table 7). The requirement to lock the differential is fulfilled. The 

value of torque is equal to 0.191 kNm which is smaller than 12.5 kNm. 

Difference between angular velocities of propshaft 1 and 2 exists but it is 

smaller than allowable rotational speed (defined in matlab function). 
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Therefore, longitudinal differential was unlocked. During the simulation 

differential lock was inactive all the time. 

Table 7: Selected values during the simulation of hauler on flat road. 

List of variables Value at time 1.51s Value at time 5.01s Units 

Difference between 

angular velocities of 

propshaft 1 and 2 

4,39 6,67 [rpm] 

Torque from engine to 

dropbox 
1,91 ∗ 105 1,77 ∗ 105 [Nmm] 

Speed of hauler 7,2 7,2 [km/h] 

Brake activity 0 0 [%] 

Steer angle in a hitch 3,55 ∗ 10−5 1,04 ∗ 10−5 [rad] 

4.1.2 6x6 clutch in the third propshaft 

The second plot (see Figure 36) shows how 6x6 clutch in the third axle is 

locked during the simulation. From plot can be observed that the 6x6 clutch 

is not active during the test.  

 

Figure 36: 6x6 clutch in the third axle during simulation- flat road. 

From 1.52 to 5.03 sec, the speed of the vehicle is equal to7.2 km/h and 

brake is not activated (see Table 8). Value of the torque is smaller than 

minimum torque needed to activate the clutch. One requirement is fulfilled 

but difference between angular velocities is too small. 6x6 clutch was 

unlocked during the simulation. 
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Table 8: Selected values during the simulation of hauler on flat road. 

List of variables Value at time 1.52s Value at time 5.03s Units 

Difference between 

angular velocities of 

propshaft 2 and 3 

2,13 2,24 [rpm] 

Torque from engine to 

dropbox 
1,91 ∗ 105 1,83 ∗ 105 [Nmm] 

Speed of hauler 7,2 7,2 [km/h] 

Brake activity 0 0 [%] 

Steer angle in a hitch 3,83 ∗ 10−5 1,04 ∗ 10−5 [rad] 

 

4.2 Flat road with rotation 500 degrees of steering wheel 

During the simulation of the hauler, the flat road was used. The driver gave 

the steering wheel a rotation of 500 degrees, which means the vehicle was 

turning. The simulation was executed for the first 60 sec. 

All values presented in chapter 4.2.1 and 4.2.2 were obtained from figures 

attached in Appendix 3. 

4.2.1 Differential lock in dropbox 

The plot (see Figure 37) shows how the longitudinal differential in dropbox 

is locked during the simulation. Similar to the previous simulation, the 

differential is not locked during the test. 

 

Figure 37: Differential lock in dropbox during simulation- flat road with 400 degrees steering. 

At 1.02 sec of simulation, speed of the hauler is equal to 7.19 km/h  and 

brake is inactive (see Table 9). The requirement is fulfilled to lock the 

differential. The value of torque is equal to 0.185 kNm and it is smaller 

than minimum torque. Minimum value of torque to activate the differential 

lock in dropbox is 12.5 kNm. Difference between angular velocities of 
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propshaft 1 and 2 occurs, however is too small to activate the differential 

lock. Therefore, during the simulation differential lock was inactive all the 

time. 

At time equal to 6.07 sec the difference between angular velocities is still 

smaller than allowable difference in rotational speed for activation (see 

Table 9). 

Table 9: Selected values during the simulation of hauler on flat road with rotation 500 degrees of 

steering wheel. 

List of variables Value at time 1.02s Value at time 6.07s Units 

Difference between 

angular velocities of 

propshaft 1 and 2 

7,13 17 [rpm] 

Torque from engine to 

dropbox 
1,85 ∗ 105 6,77 ∗ 105 [Nmm] 

Speed of hauler 7,19 7,17 [km/h] 

Brake activity 0 0 [%] 

Steer angle in a hitch 1,55 ∗ 10−4 26,26 [rad] 

4.2.2 6x6 clutch in the third propshaft 

The plot (see Figure 38) shows the activation of 6x6 clutch in the third axle 

during the simulation.  

 

 

Figure 38: 6x6 clutch  in the third axle during simulation- flat road with 400 degrees steering. 

At time 1.04 sec speed of hauler is 7.9 km/h and brake is not activated (see 

Table 10). Difference between angular velocities of propshaft 2 and 3 is 

close to zero. The dog clutch stayed inactive. 
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Table 10: Selected values during the simulation of hauler on flat road with rotation 500 degrees of 

steering wheel. 

List of variables Value at time 1.04s Units 

Difference between angular 

velocities of propshaft 2 and 3 
0,37 [rpm] 

Torque from engine to 

dropbox 
1,64 ∗ 105 [Nmm] 

Speed of hauler 7,19 [km/h] 

Brake activity 0 [%] 

Steer angle in a hitch 2,8 ∗ 10−4 [rad] 

 

4.3 Uphill and downhill 

During the simulation of the hauler, the uphill and downhill road was used 

(as shown in Figure 39). The vehicle followed a straight path and the 

simulation was computed for 60 sec. 

 

Figure 39: Uphill and downhill used in the simulation. 

All values presented in chapter 4.3.1 and 4.3.2 were obtained from figures 

attached in Appendixes 4. 

4.3.1 Differential lock in dropbox 

Activity of the differential lock in dropbox during the last simulation is 

shown in Figure 40. In this test the differential in dropbox is locked for a 

short period of time. Analysis of two different cases is discussed.  
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Figure 40: Differential lock in dropbox during simulation- uphill and downhill. 

At 22.39 sec of simulation, the speed of the hauler is equal to 10.16 km/h 

and brake is inactive (see Table 11). Value of torque is equal to 5.49 kNm 

and it is still smaller value than 12.5 kNm. One of requirement is fulfilled 

to lock the longitudinal differential lock. The difference between angular 

velocities of propshaft 1 and 2 is larger than the allowable value. Therefore, 

the differential was locked at this time. 

Table 11: Selected values during the simulation of hauler on uphill and downhill. 

List of variables 
Value at time 

22.39s 

Value at time 

34.95s 
Units 

Difference between 

angular velocities of 

propshaft 1 and 2 

31,45 3,94 [rpm] 

Torque from engine to 

dropbox 
5,49 ∗ 106 −3,84 ∗ 105 [Nmm] 

Speed of hauler 10,16 23,78 [km/h] 

Brake activity 0 17,34 [%] 

Steer angle in a hitch 3,5 ∗ 10−3 2,5 ∗ 10−3 [rad] 

The second considered case is at time equal to 34.95 sec of simulation. 

Speed of the hauler is higher than 4.5 km/h (see Table 11), and brake is 

activated. Torque is equal to -0.384 kNm. Difference between angular 

velocities of propshaft 1 and 2 is observed but none of requirement is 

fulfilled to lock the differential. It is disengage at time equal to 34.95 sec. 

4.3.2 6x6 clutch in the third propshaft 

In Figure 41, activity of 6x6 clutch in the third axle during the last 

simulation is presented. 
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Figure 41: 6x6 clutch in the third axle during simulation- uphill and downhill. 

At 10.40 sec speed of the vehicle is 10.23 km/h (see Table 12) and brake is 

not activated. Also value of torque is smaller than minimum worth. 

Difference between angular velocities of propshaft 2 and 3 is higher than 

the allowable value. One of the requirement was fulfilled and therefore the 

differential was active (locked). 

Table 12: Selected values during the simulation of hauler on uphill and downhill. 

List of variables 
Value at time 

10.40s 

Value at time 

33.43s 
Units 

Difference between 

angular velocities of 

propshaft 2 and 3 

6,67 34,66 [rpm] 

Torque from engine to 

dropbox 
5,49 ∗ 106 2,89 ∗ 105 [Nmm] 

Speed of hauler 10,23 18,37 [km/h] 

Brake activity 0 2,84 [%] 

Steer angle in a hitch 5,2 ∗ 10−3 1,7 ∗ 10−3 [rad] 

 

The second analyzed case is when the differential in the third propshaft is 

unlocked (see Table 12). At time 33.43 sec, difference between angular 

velocities of propshaft 2 and 3 is observed. Brake is activated when speed 

of hauler is higher than 4.5 km/h, the requirement is not fulfilled. Also 

value of torque is too small to fulfill the requirement. Therefore, the dog 

clutch was not active. 
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5. Discussion 

 

In the first two simulations, longitudinal differential lock in dropbox and 

dog clutch in the third propshaft are disengaged during the whole test. Up 

to 1 sec both Stateflows are not working, they are applied after 1 sec. 

Measurements are done shortly after when Stateflow start working. It can 

be observed that the requirements are consider in a proper way. Signals to 

unlock a differential are sent in a suitable time.  

During the last simulation, one can be observe that model operates in a 

proper way based on defined requirements. After verification of the 

requirements, correct commands are applied. The differential is locked 

when a difference in rotational speed between the propshafts occurs and 

one requirement is fulfilled, otherwise device stays unlocked. The 

differential lock is inactive if none of the requirements to activate the 

clutches is fulfilled. Some shortcomings have been noticed. When the 

torque is smaller than required, at the moment when differential is locked, a 

command to disengage the differential is not defined. To improve 

performance of the model this command should be defined. Information 

about the dog clutch torques are needed to do this improvement.  
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6. Conclusions 

Presented Automatic Traction Control system model has appropriate 

collaboration between ADAMS and Matlab/Simulink. All communicators 

are connected to corresponding inputs and outputs properly. 

Desired variables are measured correctly in ADAMS software and exported 

to Simulink as well as the output signals which are transmitted from 

Simulink to ADAMS. 

The model is able to engage longitudinal differential lock in dropbox and 

6x6 clutch in the first bogie axle which is our objective. 

Presented model disengages differential lock and 6x6 clutch by using time 

limitation. According to this fact, the torque limitation should be added to 

ATC model to disengage differential lock and 6x6 clutch, when the torque 

is smaller than 12,5 kNm. 

To improve the final model of ATC system the torque limitation to 

Stateflows should be added. Also different road conditions and 

implementing more simulations are recommended, to receive torque higher 

than required and verify the control system. 
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APPENDIX 1: History of Volvo Construction Equipment 

Volvo Construction Equipment is one of the most profitable part of the 

Volvo Group [14]. The corporation develops manufactures and are selling 

machines to construction and similar industries. 

Volvo was established in 1915 but as a subsidiary of another company SKF. 

Volvo was founded by Assar Gabrielsson and Gustaf Larson. Both of them 

decided to create safe vehicles with high quality. The Volvo Group officially 

established in 1927 in Göteborg, Sweden, after when the first car rolled out 

of the factory. In 1999 Volvo Cars Corporation, part of the company was 

sold to Ford Motor Company and few years later to Geely Automobile of 

China. The rest of the company formed Volvo group AB. Today the 

corporation is one of the world’s leading manufacturers of buses, trucks and 

construction equipment, marine and industrial engines. The company has 

production facilities in 18 countries and employs over 110,000 people. AB 

Volvo’s fundamental values are: safety, quality and environmental care.  

Nowadays Volvo CE is one of the world’s oldest company in construction 

industry. 

The company was established in 1832 by, 27 years of age, Johan Theofron 

Munktell in Eskilstuna in Sweden. In 1913 his team produced the first 

Swedish tractor. In the same time in Stockholm two brothers: Jean and Carl 

Gerhard Bolinder successfully manufacturing steam engines and also crude 

engine oil. In 1932 Bolinder moves to Eskilstuna and they combined two 

companies into one under the name AB Bolinder- Munktell. 

In 1950 Volvo Company bought the machine manufacturer Bolinder-

Munktell. In 1954 the company produced the first wheel loader H10. It was 

the first wheel loader which had a parallel lift arm system and also 

attachment bracket. This success let Volvo become the most important 

company in the world in this kind of industry. 

In 1973 the name of the company changed for Volvo BM AB. But in 1985 

company combined together with American manufacturer Clark Equipment 

and with the subsidiary company Euclid. New name of company was VME 

Group. After 10 year, in 1995, the Volvo became the only owner of the 

VME Group. After that they changed name for Volvo Construction 

Equipment (Volvo CE) which is using till now. 
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APPENDIX 2: Test 1 – Flat road   

 

 

Figure 42: Difference between angular velocity of propshaft 1 and 2(rpm). 

 

 

 

Figure 43: Difference between angular velocity of propshaft 2 and 3(rpm). 

 

 

 

Figure 44: Brake activity (in %). 
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Figure 45: Torque from engine to dropbox(Nmm). 

 

 

 

Figure 46: Velocity of hauler (km/h). 

 

 

 

Figure 47: Steer angle in hitch (deg). 
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APPENDIX 3: Test 2 – Flat road with rotation 500 degrees of 

steering wheel 

 

 

Figure 48: Difference between angular velocities of propshaft 1 and 2 (rpm). 

 

 

 

Figure 49: Difference between angular velocity of propshaft 2 and 3(rpm). 

 

 

 

Figure 50: Brake activity (in %). 
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Figure 51: Torque from engine to dropbox (Nmm). 

 

 

 

Figure 52: Velocity of hauler (km/h). 

 

 

 

Figure 53:Steer angle in hitch (deg). 
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APPENDIX 4: Test 3 – Uphill and downhill 

 

 

Figure 54: Difference between angular velocities of propshaft 1 and 2 (rpm). 

 

 

 

Figure 55: Difference between angular velocities of propshaft 2 and 3 (rpm). 

 

 

Figure 56: Brake activity (in %). 
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Figure 57: Torque from engine to dropbox (Nmm). 

 

 

 

Figure 58: Velocity of hauler (km/h). 

 

 

 

Figure 59: Steer angle in hitch (deg). 
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