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Abstract 
 
 
 
 
Testing facilities such as the TU Delft Vehicle Test Lab (VTL) are needed to provide 
necessary experimental data to validate and to compare the performance of several 
ABS controllers like the Feed-Forward Braking controller. Before testing ABS 
controllers with the VTL measurement system, it needs to be improved first. Earlier 
measurements reported in [11] showed a lack of developed braking torque due to 
decreased bandwidth of the measurement setup. This problem could be within the 
hydraulic brake line of the VTL measurement setup. Pressure dynamics results of the 
original situation show a significant decrease when increasing the actuating 
frequency. Differences in pressure dynamics are examined by replacing the original 
brake hose with a stainless steel braided brake hose. Sinus wave excitation 
measurements show a relative small increase of the maximal reaching brake 
pressure with the design improvements situation. Random noise excitation 
measurements show increased bandwidth, compared to the frequency results 
reported in [4] and [11]. Improvements in brake pressure dynamics are realized by 
using a stainless steel braided brake hose in addition with relative low varying 
amplitudes. 
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Outline of the Report 
 
The automotive disc brake, general tire basics, tire force generation and tire friction 
modeling and analysis issues will be explained in Chapter 1.The quasi-physical 
LuGre tire friction model analysis forms the basis of the Feed Forward ABS control. 
Chapter 2 will explain some basics of the Feed Forward ABS controller and VTL 
brake torque research described in [11]. Chapter 3 discusses the VTL and the data 
acquisition. In Chapter 4 the experimental validation is presented and static brake 
pressure results of the sinus wave excitation are explained of the original situation 
and the situation with design improvements. Chapter 5 shows the system 
identification of the VTL measurement setup and its random noise excitation results 
of the situation with design improvements. Chapter 6 is the conclusion of this thesis.  
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Chapter 1 
Introduction 

 
Improving cars in terms of driving comfort and pleasure as well as driving safety has 
always been the aim of car-manufacturers. Traffic has been increased for several 
decades and at the same time the number of road accidents has risen. The control of 
vehicle motion is becoming important by increasing demands in driving safety. The 
vehicle’s stability during braking and cornering has to be maintained. By regulating 
the hydraulic pressure applied on the brakes, the lateral stability and steerability will 
increase especially during wet and icy road conditions. Physical properties related to 
tire-road friction behaviour are converted into mathematic models. The tire friction 
behaviour and road conditions are strongly affect the control schemes of the 
mathematic models. Based on its control schemes, an Anti-lock Braking System 
(ABS) adjusts the maximum brake force of each wheel and intends to prevent wheel 
lock and therefore skidding during braking. 
 

1.1 Scope and aims 
 
Old fashioned ABS systems regulate the brake pressure as an on-off switch in a 
rough way. While controlling the wheel speed of each wheel, the ABS control cycles 
around a target slip. To avoid this way of controlling the wheel speed as much as 
possible, an alternative Feed-Forward ABS control design is proposed by authors of 
[15]. This alternative control design decelerates each wheel first until the desired 
target point is reached. Then the ABS control cycles around the desired target point 
at a lowered wheel speed for a more efficient and effective wheel speed control. This 
optimal behaviour consists of a minimal braking distance and no wheel lock. Student 
Marien van Ditten who researched this ABS control before, reported his work in [11]. 
He focussed initially on testing the developed Feed-Forward ABS brake actuation 
algorithm on the TU Delft Vehicle Test Lab (VTL). During his research the maximal 
brake force of the VTL measurement setup seems to be too low to test the 
performance of the Feed-Forward Braking controller. The purpose of the work 
reported in this thesis is to identify and improve the brake pressure dynamics in the 
VTL measurement setup. Experimental data results of the original situation and the 
situation with design improvements are used to identify the dynamics. As well as 
optimizing controller gains and filter frequency settings in case of the mounted new 
hydraulic brake line. It is initially intended to modify the VTL measurement setup 
adequately, in order to test the performance of the Feed-Forward controller. Due to 
practical problems during the thesis project, the assignment is focused on improving 
the bandwidth of the VTL measurement setup  
 
The following goals of this thesis are: 

1. Introducing the reader about automotive brakes, tire dynamics and models. 
2. Introducing the reader about the background of the Feed-Forward ABS control 

design. 
3. Describing the TU Delft Vehicle Test Lab and data acquisition. 
4. Presenting experimental data and system identification results of the 

measurement brake set up. 
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1.2 Automotive Disc Brakes 

Before explaining details about the ABS system, the main parts for braking and parts 
influencing the brake force will be discussed first. 
The automotive disc brake is a most common example of a braking system mounted 
on a car. The kinetic energy has to be transferred into heat by friction for slowing 
down the vehicle. The brake torque is developed by pushing the pads on the rotating 
brake disc. Figure 1.1 shows a typical automotive disc brake. The caliper forms the 
brake actuator, mounted on the steering knuckle and actuating the pads by a 
hydraulic piston. A ‘floating’ caliper brake is used on the VTL measurement setup and 
its design will be shortly described. A ‘floating’ caliper contains one piston at the 
inboard pad and an outboard pad inside a sliding part. While the piston pushes the 
inboard pad onto the brake disc, the sliding part will be pulled and pushes the 
outboard pad also onto the rotating brake disc. A ‘floating’ caliper is a cheaper design 
than a caliper with multiple pistons on both sides. Figure 1.2 shows the forces acting 
on the brake pads during braking. In appendix A-2 a basic simplified transfer function 
equation of a caliper can be found. 
 

   
Figure 1.1 a typical Automotive    Figure 1.2 Actuation of the brake pads 

Disc Brake System [2]         using a floating caliper type [2] 
 
The dimensions of the rotor are determining the brake torque and the thermal 
properties. Increasing the brake disc diameter increases the brake torque with the 
same caliper force. Increasing the width of the brake discs and/or using ventilated 
brake discs will increase the thermal capacity; the ability to absorb and release the 
generated heat by friction due to the pads pushing on the rotating brake disc. The 
dimensions of the pads are determining the pads pressure distributed onto the disc 
and influencing the wear of the brake parts. While the composition of the brake pad 
material determines the friction and thus the generated brake force. Composition of 
relative softer brake pad material will increase the friction due to higher shear forces 
of the brake pads during braking. The hydraulic actuation of the brakes is influenced 
by its response. The response is based on the quotient between the output- and 
input signal, i.e. the piston displacement and the force resulting from the braking 
pressure. The difference between the measured and desired value is called the error. 
Decreasing the error can be done by decreasing the brake hose diameter and 
increasing the stiffness of the brake line material. Theoretically the brake pressure 
dynamics increase and therefore the response time decreases and will result into an 
improved brake actuation.  
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1.3 Tire Basics and Terminologies 

 
Figure 1.3 section of a tire structure 

 
A tire as figure 1.3 shows is build up by several layers, to give strength towards the 
applied forces and moments. These forces and moments will be explained in section 
1.4. A tire is a donut shape, composed of especially synthetic rubber with metal cords 
(beads) and several steel belts (brass plated steel wires) and nylon overlays. On top 
of the plies is thick, wear resisting tread rubber placed.  
 
The behaviour and the maximum friction coefficient decrease significant, when the 
road conditions are going to be more slippery. There is no maximum friction-slip peak 
available and these are challenging situations for ABS system designs. Figure 1.4 
shows the friction curve in different road conditions. 
 

 
Figure 1.4 Friction Curve. Behaviour of the friction coefficient in different road conditions [25] 
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1.4 Tire Force Generation 

The dynamic behaviour of the tire is suggested in a coordinate system. There is an 
interaction between the tire and the road due to several forces and moments. 
 
The three forces are:    The three moments are: 
1. Longitudinal force xF     1. Overturning moment xM  

2. Lateral force yF      2. Rolling moment wy MM =  

3. Normal force zF      3. Yawing moment / self-aligning torque zM  
 

    
Figure 1.5 Tire axis definition and contact coordinates [25] Figure 1.6 tire forces and moment 

 
The longitudinal force xF  results from the tire braking on the road; the lateral force yF  

is produced by a (non-zero) camber γ  angle and a (non-zero) slip angle α  during 
cornering. Side slip α  is the angle between the tire longitudinal axis and the wheel 
velocity vector. Longitudinal slip λ  is the normalized ratio of the slip velocity and 

vehicle velocity: ( )rv

rv

⋅
⋅−=

ω
ωλ
,max

. Camber angle γ  is the angle between the 

vertical plane and the wheel plane. The normal force zF  is resulting from the 

vehicle’s mass. The overturning moment xM  is the result of the lateral shift of the 
vertical load during cornering. Different factors that lead to energy losses create the 
rolling resistance yM . The self-aligning torque zM  produces a restoring moment on 

the tire which tends to realign the direction of travel with the direction of heading 
when the slip angle is non-zero. The camber angle γ  and slip angle α  are the most 

important angles, indicated in figure 1.5, while figure 1.6 shows tire forces xF , yF  and 

self-aligning torque zM . The dependency of the longitudinal force xF  as well as the 

lateral force yF  is put in the following generic equations: 
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( )
( )

momentyawingM

forcelateralFforceallongitudinF

anglecamberloadnormalF

slipallongitudinangleslipsidewhere

FF

FF

z

yx

z

zyy

zxx

:

::

::

:::

,,

,,

γ
λα

γλαµ
γλαµ

=
=

 
 
The tire has several functions as carrying and suspending the vehicle load, a more 
important feature is the load distributed through the tire. This has a big influence in 
the way the contact force will be generated.  
 

 
Figure 1.7 Forces applied to a rotating wheel and the effects over the contact area 

 
The tire carries the load by the radial cords shown in Figure 1.3. Pretension of the 
radial cord is exerted by pressurized air inside the tire. A stationary tire on a flat and 
stiff ground will deflect under its weight and depending on the air pressure inside it. 
This generates a pressurized contact area to balance the vertical load. Due to 
geometry changes of the circular tire in contact with the ground, a three dimensional 
stress distribution will appear in the contact patch. The tire bending stiffness, inflation 
pressure and environmental conditions, wheel positions etc. influence the pressure 
distribution on the contact patch. The contact patch dimensions are also influenced 
by these factors. A common phenomenon in vehicle tire mechanics is the brake force 
(during wheel slip) before wheel lock can exceed the force level achieved at a wheel-
lock. Peak forces are fundamental for the functioning of ABS systems. The 
longitudinal force xF  is generated by friction. Friction can be described as the 
resistance to relative tangential motion during braking at the compressive contact 
interface between a tire and the road surface [14]. According to figure 1.7 force AF  

and moment AM  are applied to the wheel. The normal force between the tire and 

the ground is ZF  and the frictional force between the tire and the ground is XF . Force 

XF  and ZF  are point-contact forces used to represent the effects of distributed 

forces over the contact area. In reaction to the applied force AF  and moment AM , 

the forces XF  and ZF  are developed. The ratio of the longitudinal force XF  to the 

compressive force ZF  is defined as the friction coefficient µ . 
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1.4.1 General Tire Kinematics 
 
Tire kinematics can be visualized as different velocity components of a tire. Figure 
1.8 shows the velocity vector V, which is the direction of the wheel travel. Lateral tire 
motion is produced by the wheel plane at an angleα to the direction of travel.  
 

 
Figure 1.8 Kinematics of tire motion when braking is applied [8] 

 
The travel velocity is composed of two components in the yx,  coordinate system. 

The longitudinal component: αcosVVx =  is composed of the wheel velocity rV  and 

the velocity cxV , produced by the longitudinal slip and the contact region. The lateral 

component: αsinVVy =  consists of entirely lateral elastic slip or sliding, generally 

termed the lateral slip velocity cyV . The tire slip velocity vector cV  is defined by the slip 

velocity components cxV  and cyV  as shown in figure 1.8. 

The rolling velocity of a free rolling tire is equal to the velocity xV . 
 

xr VV =  (Free rolling)    (1) 
 
The effective rolling radius eR is defined as the ratio of the free rolling velocity to the 
wheel spin velocityω . 
 

ω
r

e

V
R =  (Free rolling)    (2) 

 
The effective rolling radius value lies between the loaded and unloaded radius. 
 

er RV ω=       (3) 
 
During braking the longitudinal velocity xV and rolling velocity rV  are reduced by a 

certain amount each instant in time. The difference is the longitudinal slip velocity cxV

shown in figure 1.8 at a certain instant in time. 
 

rxcx VVV −=       (4) 
 
In case of applying driving torque, the elastic deformation and sliding cause the 
rolling velocity rV  to exceed the longitudinal velocity and cxV  becomes negative. 
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The longitudinal slip parameter λ  is defined as the fraction of longitudinal velocity 
which indicates the amount of braking torque is applied [8]. 
 

)(1 braking
V

R

V

VV

V

V

V

V

x

e

x

rx

x

cx
b

x

cx ωλλ −=−==→= (5) 

 
For braking, the wheel slip takes on values 10 ≤≤ bλ . 

A free rolling wheel is represented with 0=bλ . A locked wheel is indicated by 

( )001 =≠= ωλ andVcxb . All other values of bλ  represent intermediate values of slip 
of the contact point of the tire relative to the ground surface. Figure 1.9 visualizes the 
longitudinal tire force as a function of the wheel slip during acceleration and braking.  
 

 
Figure 1.9 Typical longitudinal tire force curves as a function of wheel slip s (= λ ) 

 
For the lateral slip parameter yλ  it is defined to be 

 

αλ tan==
x

cy
y V

V
     (6) 

 

cyV  is the lateral slip velocity as can be seen in figure 1.8. By eliminating cxV and 

substituting the result into (7) for xV  [8]: 
 

x

y

r

cy

V

V

λ
λ
−

=
1

      (7) 

 

The slip velocity magnitude cc VV =  is computed from components cxV and cyV  
 

x

yx

r

c
cycxc V

V
VVV

λ
λλ

−

+
=→+=

1

22

22   (8) 

 
In case of wheel-lock ( )0,1 →→ rx Vλ  the slip velocity approaches the travel velocity 
and full sliding develops in the contact region [8]. 
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At wheel-lock: 
 

( )
( )

VVV

alwaysVV

VequationVV

cs

ycy

rxcx

==

=
== 0,)4(

 

 
ABS controllers are optimized at the transition of the rising and falling slope as shown 
in figure 1.10. The wheel slip value maxλ  which corresponds to the peak-value of the 

tire-road friction curve maxµ  is the stability boundary for the wheel braking dynamics 
[22]. The linearized wheel braking dynamics are stable for values of the wheel slip 
smaller than the peak value maxλ  (left side) and unstable for those beyond the peak

maxλ  (right side). 
 

 
Figure 1.10 Typical pseudo-static tire/road friction model during braking [10]. 

 
Identification of the algorithm for estimating the peak-value maxmax λµ −  can provide a 
reliable estimation for ABS activation. This enhances greatly safety properties of 
active control systems and allows optimizing the closed loop performance of ABS 
system. 
 

1.5 Tire Friction Models 

Tire models are used to describe tire responses under various loading and operation 
conditions. A tire model should fit measurement data and is used to predict the 
dynamic response of the tire beyond the test range with an acceptable physical 
interpretation by optimal choice of included parameters [4], [9]. 
Steady state and transient dynamic responses are the two primary aspects 
researched in friction mechanics. These two aspects are switching continuously 
during driving. Steady-state and transient dynamic response investigations focus 
on out-of-plane cornering forces, like slip angles changes, self-aligning torque, lateral 
deformation and stiffness analysis which are resulting from steering. These aspects 
are focused on pure tire characteristics and are related to vehicle drivability and 
controllability. The steady state and transient dynamic response focus also at the in-
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plane vertical, like longitudinal, tangential and tractive force at the tire-ground 
interface region or at the centre of the tire assembly. This largely arises from road 
roughness or tire assembly non- uniformities. These aspects cover more the whole 
vehicle integrity response and more related to vehicle ride comfortability. Transient 
dynamic response situations can reach steady state during slipping. By using 
Empirical or Quasi-Physical model approaches these mentioned aspects may be 
derived. 
Empirical models are based on experimental data and generally do not have a 
physical interpretation of friction and are more suitable for control purposes. Quasi-
Physical models are expressed based on physical interpretation of friction. The Feed-
Forward ABS control uses a Quasi-Physical model approach and will be explained. 
 

1.5.1 Quasi-Physical model approach 
LuGre based tire friction model 

 
Canudas de Wit et. al. [1], [5], [27] has proposed an alternative dynamic model for 
longitudinal tire force, based on the previously developed LuGre (Lund and Grenoble 
Universities) dynamic tire friction model. This model combines the advantages of the 
earlier dynamic tire models; it is originally expressed in the distributed “brush” form 
and it can be transformed into a simple lumped form. It includes more accurate tire 
friction description than the brush model proposed by Van Zanten et. al. [5] and has a 
compact form which is convenient for different tire dynamics analysis and estimation 
purposes [1], [9], [27].Authors of [1] and [27] claimed that this alternativefriction 
model is able to accurately capture the transient behaviour of the friction force 
observed during transitions between braking and acceleration. It is expected that this 
model will be very helpful for tire friction modelling as well as Anti-lock Braking 
System (ABS) and traction control design. The proposed model has the advantage 
that it is developed starting from first principles, based on a simple point-contact 
dynamic friction model see the left part of figure 1.13. The parameters entering the 
model describe the physical behaviour. This allows the designer to tune the model 
parameter using experimental data. The proposed friction model is also velocity 
dependent and has a simple parameter to capture the road surface characteristics. In 
contrast to many other stationary models, this model is shown to be well-defined 
everywhere, even at zero rotational or linear vehicle velocities. Also appropriate for 
any vehicle motion situations as well as for control law design, especially important 
during transient phases of the vehicle operation such as braking or acceleration [1]. 
Before going into the dynamic friction models, the basic static friction and the 
dynamic friction will be explained. 
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Stationary models 
Static friction is determined by the friction coefficient µ  and the normal force nF . In 
general it is supposed that friction opposes motion and its magnitude is independent 
of velocity and contact area. The friction force can be described as a function of the 
Coulomb force and velocity as shown in figure 1.11 [26]. 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1.11 Evolution approach Coulomb friction as function of the velocity [26] 

 
Where: 

nc FF µ=    (Coulomb friction force) 

0Fc = or any value between cc FandF−  
 
a) ( )υsgncFF =   (Coulomb friction force as function of the velocity) 

b) υυFF =    (Linear viscous friction force) 

c) ( )es FFF sgn= + υυFF =  (Stiction and linear viscous friction force) 

    sF  varies between ss FandF−  

d) ( )υυ υδ
υ sgnFF =   (Coulomb friction with the Stribeck function), 

vδ  depend on geometry of the application 
 
For a more accurate stationary friction model approach, the standard Coulomb 
friction (a) undergoes an evolution shown in figure 1.11. At first added with a linear 
viscous friction (b) and with stiction (c), finally the viscous friction and stiction is 
described by the Stribeck function (d). The Stribeck function forms an important 
feature in the LuGre tire model to approach the viscous behaviour of tire rubber. A 
common form of the friction law is [26]: 
 

υυ υ
υ
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δ

FeFFFF
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where sυ  is the Stribeck velocity. Function F  is easily obtained by measuring the 
friction force for motions with a constant velocity, the curve is often asymmetrical. 
Stationary tire models can explain the physical deflections of the tire-road interaction. 
Because of the assumption that the deformation reaches its steady-state, the 
dynamic friction behavior is not described. 
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Dynamic models 
Dynamic friction behaviour is of importance for studying the transient behaviour of the 
tire friction and has direct influence on vehicle dynamics and stability. In reality the 
development of tire forces is much a dynamic phenomenon. Dynamic tire friction 
models which are quasi-physical can capture transient behaviour of the friction forces 
and are thus more suitable for vehicle control applications. An example is the LuGre 
tire friction model; it is used to predict the friction forces during transient situations [1]. 
This quasi-physical friction model is developed from several dynamic models, which 
will be explained first. 
 
Dahl model 
The Dahl model [1] is developed for simulating control systems with friction and is 
used for adaptive friction compensation. Dahl modelled the stress-strain curve by a 
differential equation. In the Dahl model the friction force is only a function of the 

displacement ( rxF −  plane) and the sign of the relative velocity rυ , (the direction of 

motion) but not on the magnitude of the relative velocity rυ .This implies rate-

independent hysteresis loops in the rxF −  plane [1], [26]. Let rx  be the relative 

displacement of the two contact surfaces and 
dt

dx r
r =υ  is the relative velocity 

between the two surfaces, the maximal force (Coulomb force) cF  and the Friction 

force F ; the Dahl’s model becomes: 
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σ  is the stiffness coefficient and α  is the shape parameter of the stress-strain curve, 
value 1=α  is most commonly used. For this specific situation, the friction force F  is 

never larger than the Coulomb force cF .To obtain a time domain model, [1]: 
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Bristle Model 
According to [26] Haessig and Friedland introduced a friction model which attempts 
the behaviour of microscopically contact points between two surfaces. The location of 
the contact points is random due to irregularities in the surfaces. Each point can be 
thought of as a bond between flexible bristles. In case of surfaces moving relative to 
each other, the strain bond increases and the bristles act as springs giving rise to a 
friction force. The next equations (4) show the similarity in the spring force and bristle 
force. 
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Where:   k: the stiffness of the spring 
 u: displacement 
 N: the number of the bristles 

   0σ : the stiffness of the bristles 

   1σ : the damping of the bristles (stiction case) 

   ix : the relative position of the bristles 

   ib : the location where the bond was formed 

     
Figure 1.12a bristle interpretation [26]   Figure 1.12b single bristle interpretation [26]  

 
As sii bx δ=−  the bond snaps and a new one is formed at a random location, relative 

to the previous location. In [26] it is claimed that good results are found with 20-25 
bristles, but even a single bristle gives reasonable qualitative behaviour. The stiffness 

of the bristles 0σ  can be made velocity dependent. Capturing the random nature of 
friction is an advantageous property of the bristle model. The model is inefficient in 
simulations due to its complexity. Because of no damping of the bristles, motion in 
sticking may be oscillatory. To overcome this problem, Haessig and Friedland 
proposed the reset integrator [26]. Instead of snapping a bristle, the bond is kept 
constant by shutting off the increase of the strain at the point of rupture.  
The friction force than becomes: 
 

( )( ) ( )
dt

dz
zzaF 101 συσ ++=    (5) 

 

Where 1σ  is the damping term and is only active in a stiction situation. 
The damping coefficient can be chosen to give a desired relative damping of the 
resulting spring-mass-damper system [26].  
 
LuGre Friction Model 
The LuGre friction model is the extended version of the Dahl’s model, which can 
capture friction phenomena. The main drawbacks of Dahl’s model are eliminated with 
the extension of the Dahl model with the Stribeck effect. The constant Coulomb 
friction force cF  in Dahl’s model is replaced by the speed dependent sliding friction 

function ( )rg υ . Such as a varying break-away force and frictional lag is included in 
this model. Moreover the linear stiction damping term as well as the linear viscous 
friction term is introduced. These modifications lead to the LuGre friction model [1], 
[5], [9] and [27]. This total LuGre model is related to the bristle interpretation of 
friction. Friction is modelled as the average deflection force of elastic springs. By 
applying a tangential force the bristles deflect like springs.  
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The force is given by: ( )∑
=

−=
N

i
ii bxF

1
0σ     (6) 

 
The LuGre model can capture the Stribeck effect, hysteresis, spring-like 
characteristics for stiction and varying break-away force. Because of these 
properties, authors of [5] introduced the LuGre tire model. The advantage is that all 
these friction phenomena are unified into a first-order nonlinear differential equation. 
Figure 1.13 shows a schematic interpretation of the bristle contact of the tire with the 
road. 
 

 
Figure 1.13 a schematic bristle contact between two surfaces according to the LuGre model 

 
The model has the form:  

( )
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where:   0σ : stiffness of the bristles 

( )υσ1 : damping of the bristles 
( )υg : shaping factor, it models the Stribeck effect 
( )υf : models the viscous friction 

 
z  denotes the average bristle deflection; this model behaves like a spring for small 
displacements. Linearization around zero velocity and zero state gives: 
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For constant velocity, the steady state friction force is given by: 
 

( ) ( ) ( )υυυ fgF += sgn    (9) 
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The friction force as a function of velocity for constant velocity motion is called the 
Stribeck curve. In particular the dip in the force at low velocities is called the Stribeck 
effect. In [26] a reasonable choice of ( )υg  a good approximation of the Stribeck 
effect:  
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The sum 10 αα +  corresponds to the stiction force and 0α  to the Coulomb friction 

force. Parameter 0υ  determines how ( )υg  vary within its boundaries: 
 

( ) 100 ααυα +≤< g  
 
There is a special case of the model, which is called the standard parameterization. 
Within this model the viscous friction is linear and 1σ  is constant [26]. 
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It is further claimed by authors of [26] that a decreasing damping 1σ  with an 
increasing velocity is useful. 
 

( )
2

11











−

= de υ
υ

συσ     (12) 
 
This is physically motivated by the change of the damping characteristics as velocity 
increases, due to more lubricant being forced into the interface. Another reason is 
that it gives a dissipative model (dissipating energy from its system) [26]. 
 
Types of LuGre models 
The basic idea of the quasi-physical tire friction model is to assume friction dynamics 
reach their steady state between the tire and the ground.  
 

 
Figure 1.14 One-wheel models with lumped friction (left) and distributed friction (right) [1] 
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Generally speaking, dynamic models can be formulated as lumped or as distributed 
models as can be seen in figure 1.14. A lumped friction model is based on a point 
tire-road friction contact. The mathematical model describes such friction model, 
which contains ordinary differential equations that can be solved easily by time 
integration. Distributed friction models are based on the existence of a contact patch 
between tire and ground with an associated normal pressure distribution. This results 
in a partial differential equation that needs to be solved both in time and space [1]. 
 
Lumped LuGre model 
A lumped friction model assumes point tire-road friction contact. From [1], [9], [23], 
and [26] the lumped LuGre model can be modelled by an ordinary differential 
equation: 
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With defined z  during steady state as: 
00 σ

µ
σ
µ SS z ≤≤−  

 
The LuGre friction model is transformed into a more attractive form. The stiffness, 
damping coefficients and conductance are in physical units as a function of nF [ ]N . 

Where 0σ  is the normalized rubber longitudinal lumped stiffness 






m

1
, 1σ  the 

normalized rubber longitudinal damping 






m

s
, 2σ  the normalized viscous relative 

damping 






m

s
, )( rg υ  the tire/road friction as function of the sliding velocity [ ]− , cµ  

the normalized Coulomb friction [ ]− , sµ  the normalized static friction, ( )SC µµ ≤  [ ]− , 

Sυ  the Stribeck relative velocity 






s

m
, ( )xr r υωυ −=  the relative velocity 






s

m
, gα  the 

shaping factor [ ]− , nF  the normal force [ ]N  and z  the internal friction state [ ]m . The 

constant parameter gα  [ ]−  can be used to capture the steady-state friction/slip 

characteristic [1], [26], [27]. 
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Distributed LuGre Model 
Changing the lumped LuGre model to approach the distributed LuGre model a 
‘convection-loss’ property is inserted. This property is needed to indicate the 
distortion in the rolling model during entering the contact patch and restoring the 
patch after passing the contact with the road. The distributed friction models assume 
the existence of an area of contact or patch in between the tire and road, as shown in 
figure 1.15. The contact patch represents the projection of the part of the tire that is in 
contact with the road, coloured in green. The contact patch area is discretized to a 
series of elements and the microscopic deformation effects are studied in detail by 
Bliman et. al. [5]. They characterize the elastic and Coulomb friction forces at each 
point of the contact patch. The lumped friction model (13) can be extended to a 
distributed friction model along the patch by letting ( )tz ,ς . Denote the friction state 
(deflection) of the bristle/patch element located at point ς  along the patch at a certain 
time t  [1], [27]. 

 
Figure 1.15 A distributed bristle deflection function ( )yx and ςς  on the contact patch 

 
The lumped friction model:  
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Model (15) can be written as: 
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Where  ( ) ( ) ( ) ( )tdFt
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( )tdF ,ς  is the differential friction force developed in the element ςd  and ( )tdFn ,ς  is 

the differential normal force applied in the element ςd  at time t . In this model the 

contact velocity is assumed to be equal to the relative velocity rυ .  
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Chapter 2 
Anti-lock Braking System 

 
2.1 Introduction 
 
Braking performance is a main issue for road vehicles. In case of an emergency, 
vehicle safety relies on the braking system which must provide maximum friction 
force and maintain directional control. However, excessive brake level results in 
locked wheels and loss of vehicle controllability [1]. This phenomenon is well known, 
due to nonlinearity and uncertainty between tire/road friction force and wheel slip. 
The friction force at the tire/road interface is the main mechanism for converting 
wheel angular acceleration or deceleration into forward acceleration of deceleration 
(longitudinal force). The first solutions to improve braking efficiency simply consisted 
in preventing wheel-lock and to ensure steerability of the vehicle by means of Anti-
lock Braking Systems (ABS). ABS intends to prohibit wheel-lock and skidding during 
braking by regulating the pressure applied on the brakes, increasing lateral stability 
and steerability, especially in wet and icy road conditions. 
 

 
Figure 2.1 ABS activates during cornering and braking, with (avec) and without (sans) ABS 

 
The control strategy was quite simple at the beginning: the braking effort was 
increased or reduced based on the analysis of the dynamical behaviour of the wheel. 
Such systems were far from perfect, because they produced noticeable vibrations. In 
addition, strong oscillations of the brake level were harmful to the friction force 
maximization. Consequently many theories and design methods have been proposed 
for decades, focused on ABS improvements according to [31]. 
 

2.2 Anti-lock Braking System Control  
 
ABS control has to limit the longitudinal slip in order to maintain steerability and 
lateral stability during heavy braking. There are extremely difficult situations for ABS 
control where tire characteristics do not present a sharp maximum at a limited slip. 
Therefore an alternative ABS controller is proposed to handle extremely difficult 
situations. 
 

2.2.1 Introduction Feed-Forward Braking Control 
 
Initially this forms the main ABS control to test during this thesis project, but due to 
practical problems during research the assignment description is adapted. The basics 
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of the Feed-Forward Control will be explained. One of the alternative ABS controllers 
is the Feed-Forward Braking Control, first introduced by Vermeer [16] and further 
developed by De Vries et. al. [15], and patented by Fehn et. al. [17]. The Feed-
Forward Braking Control is based on a quarter car model with the LuGre tire model. 
The single wheel with the tire model is inverted. It is a brake actuation algorithm for 
each individual wheel, which can respond to both driver inputs and artificial vehicle 
deceleration set points. Optimal behaviour of the vehicle under braking is ensured by 
the feed forward control within the brake actuation algorithm. The highest achievable 
brake force will be reached in the shortest amount of time. This will lead to a minimal 
braking distance and no wheel lock [11], [15], [23]. 
 

 
Figure 2.2 Procedure of Feedforward Control including feedback according to [23] 

 
The plant shown in figure 2.2 is denoted by block G with input )(tu  and output )(ty  
this is based on a ¼ car with LuGre tire model. Flat output )(tf  is a specific output of 

G , based on this flat output, a flat input is needed to inverse model Ĝ into 1ˆ −
flatG . The 

plant input )(tud can be calculated based on the desired response given by )(tfd . 
All inputs such as the vehicle speed and its first three derivatives need to be 
continues and therefore the driver input has to be filtered. Earlier analysis reported in 
[11] showed that a real poles filter should be used. 
 

Quarter Car with LuGre tire model 
 
For designing and testing braking control algorithms, a simple but effective quarter-
car model is typically used, the model looks like figure 2.3. For this analysis the 
lumped LuGre Tire model is included to determine the brake force.  
The model is given by the following equations: 
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Figure 2.3 Quarter-car model 



 
28 

 

Where 




=Ω
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rad
)( ω  is the angular speed of the wheel, 






s

m
v  is the longitudinal 

speed of the vehicle, [ ]NmTM bb )(=  is the brake torque, [ ]NFF xb )(=  is the 

longitudinal road-tire contact force, [ ]2mkgI  is the momentum of inertia of the wheel, 

[ ]kgm  is the quarter-car mass and [ ]mre  is the effective wheel radius respectively. 

The dynamic behaviour of the system is hidden in the expression of [ ]NFb , depending 

on the state variables 
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. According to the LuGre tire model, the 

brake force [ ]NFb  depends on the relative velocity ( ) 
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m
rexr υυ  [1], [23]. The 

lumped LuGre tire model has an internal friction state z  which represents the 
deformation. ‘Convection-loss’ forms the difference between a standing, rolling and a 
slipping tire. This loss is included by means of κ  [23] to equivalent the distributed 
LuGre model. As a nonlinear differential equation it is describing the time varying 
deformation of the contact patch: 
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Vermeer proposed in [16] equation (4) as alternative for the exponential or Gaussian 
description (3) [23]: 
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The tire/road friction as function of the sliding velocity )( rυµ , is known as the 
Stribeck effect. The friction force in a contact point is: 
 

( ) nrb FzzF υσσσ 210 ++= &    (5) 
 

Where 0σ  is the normalized rubber longitudinal lumped stiffness, 1σ  the normalized 

rubber longitudinal damping, 2σ  the normalized viscous relative damping, cµ  the 

normalized Coulomb friction, Sµ  the normalized Static friction, ( )SC µµ ≤ , Sυ  and 

stribeckv  are the Stribeck relative velocity, ( )er rΩ−= υυ  is the relative velocity, gα  

respectively q  are the shaping factors, nF  is the normal force and z  is the internal 

friction state. There is a special case, the steady-state tire characteristic: vvx =  and 

the constant parameter gα  respectively q  can be used to capture the steady-state 
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tire characteristic. Combining the LuGre tire friction description within the force 
equations, the equations of motion of model structureG becomes: 
 

zFvm nx 0σ−=&    (6) 
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The term ( )r

r

v

zv

µ
σ 0−  with ( )rυµ  is the non-linearity of the limited tire/road friction 

according to [11], [23]. 

 
Flatness-Based Model Inverse 
 
The concept of flatness offers a way to parameterize the nonlinear dynamical 
behaviour of a system using flat outputs. The system is said to be flat if one can find 
a set of outputs (equal in number to the number of inputs) such that all states x  and 
inputs u  can be determined in differential functions of the flat output. When a system 
is flat, it is an indication that the nonlinear structure of the system is well 
characterized and one can exploit that structure in designing control algorithms for 
motion planning, trajectory generation and stabilization. A typical use of control 
theory in many modern systems is to invert the system dynamics to compute the 
inputs required to perform a specific task. The inverse dynamics problem assumes 
that the dynamics for the system are known and fixed [13], [18]. In case of Feed-
Forward Braking control, the vehicle deceleration xv&  at a given brake torque bM  can 
be calculated with equations (6, 7 and 8) derived from the quarter car model. The 
inverse of this quarter car with LuGre tire model is used to get the desired 
deceleration (with sufficient derivatives of xv& ) as input and the required brake torque 
will be calculated, see figure 2.4. Due to non-linearities in the equations, the model is 
not simply invertible. The proof of flatness of the quarter-car with LuGre tire model 
can be found in [15], [23]. The equation for the desired brake torque becomes: 
 

( )xxxxxeb IfmrM ννννν &&&&&&& ,,,−−=   (9) 
 
Where ),,,( xxxx vvvvf &&&&&&& =Ω  is a function of the vehicle speed, acceleration, jerk and 
the third time derivative of the vehicle speed. 
 

 
Figure 2.4 Representation of the relationship between the inverted flat system (left) 

 and real system (right) [11] 
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Trajectory Planning 
 
In order to calculate the inverse, it is necessary to differentiate the flat output at least 
three times. The input of the inverted system, the flat output df , needs to be 
smoothened. A method to achieve from a steady state to the next requested state is 
trajectory planning [15], [23]. 
 

 
Figure 2.5 Calculation scheme with quarter car variables [23] 

 
2.2.2 Previous research application Feed-Forward Braking 

 
The used filter of the Feed-Forward Braking Control application in the VTL will shortly 
be described. This is done by Marien van Ditten and his work can be found in [11]. To 
be sure about the flat inputs to the inverse model, the trajectory planning have to be 
continues in the needed derivatives. A 4th order Real Poles filter is proposed by 
Marien van Ditten and explained in [11].  
 
Real Poles filter: 
A simple low pass filter is used with all its poles in the left half plane and on the same 
location. With this property the system provides a stable developed brake torque. 
This results into a less violent braking action with an improved time response, 
according to Marien van Ditten in [11]. 
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This proposed filter will be used during this research. 
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Chapter 3 
Vehicle Test Lab and Data Acquisition 

 
The Vehicle Test Lab (VTL) is used for testing several types of tire behaviour and for 
prototyping ABS strategies. Even if simulations show robust behaviour of controllers, 
the controllers’ performance can be better observed in real life with this measurement 
setup. External disturbances on signals on the measurement setup are closer to a 
vehicle situation. Typical problems that are encountered in real life are delays, 
additive noise, drift, saturation and other system dynamics. The VTL is specifically 
suited to test and to see differences in performance between several developed ABS 
controllers. 
 

3.1 Introduction VTL 
 
The VTL of the Delft University of Technology (DUT) is located in the laboratory of 
the Mechanical, Maritime and Materials Engineering (3ME) faculty. The VTL consists 
of three parts; the basement, the measurement setup and the control room.  
 

   
Figure 3.1 VTL measurement setup    the control room  

 
The basement contains a large rotating steel drum, which has a diameter of 2.5 
meter. It is used to simulate the road and is the powertrain of the test wheel on top of 
it. Two steel drums are coupled to a gear box and powered by a 3-phase 
electromotor. In the measurement setup the test wheel is connected with the drum, 
which has sand-paper on it, intended to increase the friction coefficient and to 
decrease the slip sufficiently in between the wheel and drum. The axle of the wheel is 
supported in a frame by two bearings, on each side of the wheel one, see figure 3.3. 
 

   
Figure 3.2 Setup of the wheel fixed in a frame   the caliper with compressed air  cooling  
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The frame is equipped with several sensors. To measure the force in x, y, z direction, 
the bearing housings are connected to the fixed frame by piezoelectric force 
transducers. In the axle of the wheel strain gauges are placed to measure the brake 
torque. Incremental encoders are used to measure the wheel and drum speed, which 
allows a precise estimation of the longitudinal slip. At the end of the axle is a 
hydraulic disc brake mounted, the brake pressure in the caliper is measured by a 
piezoelectric transducer. 
 

 
Figure 3.3 Measurement setup for tire and ABS control experiments, several sensors are implemented 

for sensing the wheel and brake dynamics. [7] 
 
Figure 3.4 shows the interaction between the drum and the wheel, whereby the 
wheel in a fixed frame is powered by the rotating drum. This is in contrast to a moving 
vehicle on a stationary road, but does not affect the test results by defining the 
reference frame. But there is still something different with a vehicle situation, normally 
the engine torque is provided to the wheel by its axle and through tire dynamics 
connected to the road. In case of the measurement setup, the engine torque 
provided by the drum will be delivered as a force xF  and the tire dynamics influences 
the wheel velocity. The difference between the vehicle situation and measurement 
setup can be neglected if the drum inertia is equivalent with the (quarter) vehicle 
mass. 
 

 
Figure 3.4 Forces, torques and the angular speeds of the drum and wheel. [7] 
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To control the brake caliper, a hydraulic pump, hydraulic line and an actuating servo-
valve is used (see figure 3.5). These components limit the performance of the brake 
actuation. The controlled actuating valve will introduce a damped second-order 
(mass-spring) dynamics and a flow rate limit, the hydraulic line causes a transport 
time delay between the desired and the actual brake pressure.  
 

   
Figure 3.5 hydraulic pump with by-pass valve hydraulic line and the ABS servo-valve 

 
From the control room the powertrain is controlled by sending a reference drum 
velocity signal. The frequency converter receives a signal and converts it into a 3-
phase AC current which powers the electromotor. The electromotor is connected with 
a transmission and on its turn coupled to the drum. The rotational speed of the 
electromotor is controlled by using backward EMF and the attached hollow shaft 
encoder sends pulses to the control room [7]. 
 

   
Figure 3.6 the disc brake  piezoelectric transducer of the hydraulic pressure 

 
The brake setup is controlled by sending a reference brake pressure signal. The 
servo-valve is actuated by this signal and on its turn it actuates the caliper 
hydraulically. The actual hydraulic pressure of the caliper is measured by a 
piezoelectric transducer. A small charge amplifier receives the piezoelectric signal 
from the piezoelectric transducer (see figure 3.6) and converts mechanical tension 
into an electric signal that represents the actual pressure. The analog control unit 
receives the measured brake pressure and send the actual brake pressure. Other 
signals like the brake torque, sensor signals from the force, wheel velocity; (sensor 
signals in figure 3.7) are also send to the control room. In appendix A-1 the sensors 
and belonging signals can be found in table A-1 VTL sensor signals. 
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Figure 3.7 VTL: rooms; the control room, basement and the measurement setup. The basement 

(powertrain room) and measurement setup are controlled by software and signal actuation from the 
control room. 

The basement contains the powered drum which simulates the road. 
The measurement setup is equipped with wheel dynamics, brake hydraulics and its sensors. [7] 

 
3.2 VTL Modifications 
 
Because of research of Marien van Ditten, reported in [11], it is thought to modify the 
VTL by replacing the rubber brake hose with a stainless steel braided brake hose 
with a decreased diameter. This a relative simple change, to identify the possible 
effects on the brake pressure dynamics. Compared to the relative big rubber brake 
hose, the stainless steel braiding provides an increase in stiffness of the side wall 
and the decreased diameter. There will be a decrease in expansion during the brake 
pressure rise and an increase in compressing due to a smaller hose diameter. Due to 
the two mentioned effects, the brake pressure rise will be steeper. It should result into 
improved brake pressure dynamics. Thus improving the of-tracking of the desired 
brake torque and eventually improve the response time, but it is a hypothesis. 
 

 
Figure 3.8 examples of stainless steel braided brake hoses 

[Source: Goodridge] 
 
Other modifications after the brake hose replacement could be: 

1. Adjustment of the proportional gain of the big proportional control unit. 
2. Checking if the reference pressure is calculated or measured. 
3. Checking the effect of a filtered reference brake pressure. 
4. Checking the effect of several cross-over frequencies. 

 
This will lead to a different setting between the desired and measured value by the 
design improvement situation. 
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Modified VTL with a stainless steel braided brake hose 

  
Figure 3.9 view new brake hose, silver-metal coloured and pointed by red arrows 

 

 
Figure 3.10 view new hose on the brake setup 

 

 
Figure 3.11 view new hose mounted on the brake caliper  



 
36 

 

3.3 dSPACE Layout 
 
The control room of the VTL is equipped with dSPACE data acquisition equipment, to 
link control functions and modelled dSPACE software to the experimental setup. In 
the VTL is the dSPACE type DS1103 used and consists of a controller board and a 
connector panel. Two actuator signals and ten measurement signals are linked to this 
connector panel. A Simulink block diagram, which is a platform of Matlab, is used to 
program the controller board fully in addition with a Real-Time Interface (RTI). Figure 
3.12 shows a Simulink block diagram which represents the VTL control of the specific 
ABS system. The dSPACE input signals on the left as the dSPACE output signals on 
the right are connected to the connector panel. Within these blocks scaling factors 
convert the voltage received into a physical value and vice versa. The dSPACE 
connector blocks have a maximum dimensionless range in between ±1 [-] which 
represents a voltage range in between ±10 [V], on its turn a brake pressure range in 
between 0-100 [bar]. All signals should be scaled to this dimensionless range in order 
to obtain an optimal resolution. A list of scaling values can be found in table A-4. 
Considering the dSPACE simulation settings, there is a wide variety of choices such 
as the solver method and the sampling time. The solver method has to be set to the 
preferred dSPACE settings, a discrete-time first-order Euler method with an infinite 
running time. For a more accurate control, the sampling time is set on 1ms. 
 

 
Figure 3.12 an example of a VTL control block diagram from Simulink in dSPACE 
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3.4 dSPACE applications 
 
To perform brake pressure measurements, first a Simulink brake controller model 
has to be made. This brake controller model contains all control equations and 
calculations which are coming from a theoretical ABS controller model. In order to 
consume less time in building a brake controller model, an existing Feed-Forward 
ABS model is used as figure 3.13 shows. The blue block is the main part of the Feed-
Forward control and this part is modified by a signal generator with a constant block 
in Simulink to actuate the control (servo) valve. By actuating the control (servo) valve 
and measuring the actual brake pressure, the difference can be monitored real-time. 
To monitor the brake pressure process, a control panel has been made within 
dSPACE ControlDesk. Several graphs, buttons, sliders, settings and the data 
acquisition can be chosen and the control panel design, like the location and shapes 
of the buttons and graphs is up to your own fantasy. It is important to choose the 
exact parameters and its dimensions which are needed to measure. In the Simulink 
brake controller model the parameters can be found in the block diagram and in the 
dSPACE ControlDesk the same parameters can be seen in a list.  
 

 
Figure 3.13 Highest level of the Feed-Forward ABS block diagram from Simulink in dSPACE 

 
Clicking the mouse cursor on the blue block, which is the Feed-Forward control, its 
block diagram will be exposed as shown in figure 3.14. More parts and details of the 
controller can be seen. Clicking on each part will display the parameter settings. 
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Figure 3.14 The Feed-Forward Control block diagram within the blue Simulink block of figure 3.13 

 

 
Figure 3.15 The Feed-Forward Control block diagram of figure 3.14 is replaced by a signal generator 

and a constant 
 
To analyse the brake actuation performance, static brake pressure analysis is done 
by approaching it with a sinus wave actuation. This is realized by replacing the Feed-
Forward control by a signal generator and a constant block, as shown in figure 3.15. 
The constant block is the part in which the desired pressure is set and the signal 
generator is sending the predefined wave signal varying around the constant average 
brake pressure value. Earlier sinus wave excitation measurements show a decrease 
in maximum brake pressure of 100bar at low frequencies.  
In order to check the actual brake pressure of channel 5, a filtered analog reference 
pressure is added at channel 6, which is normally a free channel. This check is done 
to see if the actual brake pressure signal of channel 5 is natural as expected or is 
adapted by filters. In chapter 5 the result of channel 6 can be found. Figure 3.16 
show the added actual brake pressure signal on channel 6. 
 

 
Figure 3.16 Channel 6 (red arrow) is added to check the actual brake pressure signal of channel 5 
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Chapter 4 
Experimental Validation 

 
Before experimenting on the VTL, some precautions have to be made. This can be 
done by modelling a system to get references or doing some measurements of the 
actual system if references are known. In this case the VTL brake setup has to be 
modified before doing some ABS controller measurements. Previous work of Marien 
van Ditten in [11] did several measurements to identify the problem of the brake 
setup. Due to delays during my thesis research, the research will focus on the system 
identification of the VTL measurement setup instead of testing ABS controllers. 
 

4.1 VTL setup limitations 
 
The actual VTL measurement setup has a disadvantage for testing ABS controllers. 
Van Ditten noticed that the actual maximum brake force and therefore the maximum 
brake torque are much too low. The brake torque did not reach its maximum within 
the desired time internal according to his measurements. To check if setup parts 
influenced the test results, the brake pads were replaced, the brake line was bleeded 
and the actuator gain was increased. But the problems remain the same. Due to this 
fact there were Fourier analysis done to check the measurement setup frequency 
responses (Fast Fourier Transforms). Zegelaar reported in [4] an experimental modal 
analysis of a free non-rotating tire to validate the modes of his tire model in the TU 
Delft VTL. The three modes showed to be in a frequency range of 0-80Hz. However 
Van Ditten shows in [11] test results with a bandwidth of about 20 Hz. Van Ditten 
concluded that the problems probably are within the flow rate limit of the control valve 
and the pressure build-up in the brake line. 
 

4.2 Static brake pressure method 
 
In order to see the effects about the brake pressure losses, static brake pressure 
measurements are done. Of-tracking a non-linear system as a local linear system will 
simplify the brake pressure measurements and the pressure losses become quick 
visible. The static method is based on exciting the brake pressure by a sinus wave 
with different frequencies and amplitudes, to identify the whole hydraulic system. This 
is including the brake line, the flow rate limit of the control valve and the movements 
of the caliper. By replacing the brake hose, relative simply static brake pressure 
measurements are possible. These measurements are able to show differences in 
brake pressure dynamics without the temperature dependent friction of the brake disc 
and pads, the viscosity of brake fluid and the dynamic tire behaviour during dynamic 
pressure measurements. Another advantage is the repeatability and therefore the 
reliability of the static measurements against the dynamic measurements. 
 

4.3 Static brake pressure test description 
 
The brake pressure measurements are achieved by setting the desired pressure, 
selecting the wave form with its amplitude and frequency around the constant 
average value in the ControlDesk panel before the measurements are taken. Most 
important VTL equipment for the static measurements is switched on, except the 
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voltage supply of the by-pass valve. Before a test can be done, the charge amplifier 
has to be reset by a switch to calibrate at zero bar. This allows comparing several 
tests with each other. A measurement can be started by clicking on “Start” of the data 
acquisition panel followed by switching on the voltage supply of the by-pass valve. In 
the output graphs of the dSPACE ControlDesk panel the brake pressure rise is 
visible before the actual pressure of-tracking the desired pressure. Any difference 
between the output and the input indicates about the brake pressure dynamics. The 
duration of each test takes twenty seconds and each measurement contains two 
tests to see the brake pressure effects after the first test. In the data acquisition panel 
test data is saved on a pre-defined folder. The brake pressure data is converted into 
Excel sheets, to display the actual and reference brake pressure versus the time 
graphs. To show the brake pressure differences, the data can be compared in many 
ways. In Appendix A-3 the brake pressure measurement sequence description can 
be found. Appendix A-4 describes the dSPACE ControlDesk measurement 
sequence. Appendix A-5 shows the data preparation order form dSPACE to Excel. 
 

4.4 Repeatability static brake pressure results 
 
First the repeatability of the original situation including the rubber brake hose, the 
constant average 50bar with varying amplitude of 10bar @ 0.1Hz measurements are 
taken into account. As a first example, measurements of two identical tests are 
compared. The amount of data are coming from the 40 and 60 bar values, 1328 data 
points showed to be sufficient at this frequency. 1328 Data points at 40, 50 and 
60bar of both tests are compared; these three pressure areas are taken to see the 
deviations. From the top, bottom and middle pressure values ±664 data points are 
taken. The maximum deviations are computed by Excel. This method shows in which 
way the deviations are constant. 
 

 
Figure 4.1 The actual brake pressure nr1 and nr2 results to check the repeatability 

 

 
Table 4-1 maximum deviations in [bar] and [%] between two identical tests 

Constant average 50bar, A=10 bar @ 0.1Hz 
 
The repeatability results are presented in table 4-1. The deviations of the 40 and 50 
bar are comparable to the values of the two other 40 and 50bar. The 60bar results 
have a difference of 0,02 bar and 0,38% respectively. This difference seems to be 
large, but such difference is also seen with the 40 and 50bar values. Based on the 
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results this measurement is repeatable. To check the repeatability at other situations, 
the same is done with 80bar with varying amplitude of 20bar at 1 Hz.  
 

 
Figure 4.2 the actual brake pressure nr77 and nr78 results to check the repeatability 

 

 
Table 4-2 maximum deviations in [bar] and [%] between two identical tests of the last 2 whole waves 

Constant average 80bar, A=20 bar @ 1Hz 
 

The second repeatability test is done at a constant average of 80bar with a varying 
amplitude of 20bar @ 1Hz (see figure 4.6), in the same way as the previous 
repeatability tests. Compared to the previous result here are more waves involved 
due to 10 times higher frequency. Less data is within a small amount of time of one 
wave to focus on. The following consequence is taking ± 200 data points at each 
pressure value instead of ± 664 data points of the previous repeatability test. The 
repeatability results are taken from the last two whole waves. The results of table 4-2 
show also an iterating deviation, with much higher differences than the results of 
table 4-1. This caused by the increased frequency, constant average pressure and 
amplitude. The results of measurement nr 77 and nr 78 show a comparable 
repeatability as measurement results nr 1 and nr 2. Based on the repeatability test, 
there can be concluded that this method of measuring the brake pressure of the VTL 
is repeatable, if relative small varying amplitude around a relative high constant 
average pressure is chosen. Reaching the maximum pressure values becomes 
difficult due to pressure dynamics and may vary more than the other lower pressure 
values. 
 

4.5 Static brake pressure results original situation 
 
Earlier measurements showed a significant decrease in brake pressure dynamics at 
its maximum reaching pressure. To see the effects for reaching its maximum, the 
following measurements are done with low as high frequencies with different 
amplitudes. 
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Original situation with rubber brake hose: 
 
Most important to monitor is the maximal reaching brake pressure and possibly 
phase shifts between the actual and reference brake pressure. First observing the 
situation of measurement nr 8, see figure 4.7 
 

 
Figure 4.3 the deviation between the actual and reference brake pressure nr8 results 

 

 
Table 4-3 maximum deviations in [bar] and [%] between the actual and reference brake pressure nr8 

Constant average 50bar, A=50 bar @ 0.1Hz 
 
Both pressure peaks are concerned to check the deviation between the reference 
and actual pressure. The first peak shows a maximal deviation of 0,65 bar. While the 
second peak shows a maximal deviation of 0,78 bar, see table 4-3. This can be 
caused by fluctuation within the accuracy of the whole measurement set up. The 
curves of both peaks of the actual pressure at its maximum are oblique shaped 
compared to the reference pressure. Pressure dynamics are influenced when 
reaching the maximum pressure with large amplitudes  
 
The next results of measurement nr 47 are with the settings: constant average 80bar, 
amplitude of 10bar @0.1Hz, see figure 4.4. In this case the reference pressure curve 
is lower than the actual pressure. The lower reference is caused by the lower 
reference pressure setting in the ControlDesk panel. It is not clear why the actual 
pressure curve show higher values than the reference pressure. In Matlab the same 
phenomenon can be seen. Table 4-4 shows decreased top-top values, this is also 
coming from the slider constant average value setting in ControlDesk. 
Compared to the previous results of nr 8, the deviations of measurement 47 are in 
the order of 0,3 to 0,4 and shows a more stable progress. This improved pressure 
dynamic behaviour is caused by the much lower amplitude. 
The same pressure dynamics check is done with a frequency increase to 1Hz, 
showed in figure 4.9. Again in this situation the reference pressure curve is lower 
than the actual pressure. Table 4-5 shows increasing the frequency, results into 
comparable deviations as table 4-4. This parameter change is not affecting the 
pressure dynamics. 
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Figure 4.4 the deviation between the actual and reference brake pressure nr47 results 

 

 
Table 4-4 maximum deviations in [bar] and [%] between the actual and reference brake pressure nr47 

Constant average 80bar, A=10 bar @ 0.1Hz 
 

 
Figure 4.5 the deviation between the actual and reference brake pressure nr14 results 

 

 
Table 4-5 maximum deviations in [bar] and [%] between the actual and reference brake pressure nr14 

of the first two waves, Constant average 80bar, A=10 bar @ 1Hz 
 

Figure 4.10 shows the brake pressure results from the constant 80bar amplitude of 
20bar @ 0.1Hz situation. Compared with the measurement of nr 47, see figure 4.4, 
the amplitude is increased with 10bar. The results of nr 49 have an increase in 
deviations. Also shows the peaks to be oblique shaped like measurement nr 8, an 
amplitude of 20bar is already influencing the pressure dynamics at its maximum. 
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Figure 4.6 the deviation between the actual and reference brake pressure nr49 results 

 

 
Table 4-6 maximum deviations in [bar] and [%] between the actual and reference brake pressure nr49 

of the first two waves, Constant average 80bar, A=20 bar @ 0.1Hz 
 

 
Figure 4.7 the deviation between the actual and reference brake pressure nr78 results 

 

 
Table 4-7 maximum deviations in [bar] and [%] between the actual and reference brake pressure nr78 

of the first two waves, Constant average 80bar, A=20 bar @ 1Hz 
 

In measurement nr 78 the frequency is increased to 1Hz compared to nr 49. This 
results into an increase of the deviations. The relative high amplitude of 20 bar 
influences the pressure dynamics, compared to measurement nr 14. Figure 4.8 to 
4.10 shows a visible pressure drop when the frequency s increased more. Figure 4.8 
shows a deviation of the actual and reference pressure of about 8bar with an 
increased to 8Hz. Up to 10Hz the deviation is about 12bar. Increasing to 15Hz, the 
deviation is about 15bar, see figure 4.10. 
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Figure 4.8 the deviation between the actual and reference brake pressure nr100 results 

 

 
Figure 4.9 the deviation between the actual and reference brake pressure nr102 results 

 

 
Figure 4.10 the deviation between the actual and reference brake pressure nr104 results 

 
These static brake pressure measurement results show a significant brake pressure 
dynamics regression by increasing the frequency of the measurement setup. There is 
almost a linear relationship between the frequency change and pressure dynamics. 
This indicates a large damping or restriction of the measurement setup, especially in 
the relatively large and flexible rubber brake hose, as well as a flow rate limit within 
the actuating brake valve. 
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Design improvements: Stainless steel braided brake hose situation: 
 
It is a hypothesis to improve this limited bandwidth property by replacing the original 
brakes hose with a stainless steel braided brake hose. The advantage of increased 
hose material stiffness and the decreased diameter should result into an increase of 
the fluid pressure build-up within the same amount of time. An improvement in time 
response of the brake actuation is expected. 
 
Figures 4.15 and 4.16 show the result of the brake pressure dynamics with the 
stainless braided hose. The results of measurement nr 60 show a well iterated 
progress of the deviations compared to the results with the original situation. 
Probably are amplitudes of 30bar still influencing the pressure dynamics negatively. 
 

 
Figure 4.11 the deviation between the actual and reference brake pressure nr60 results 

 

 
Table 4-8 maximum deviations in [bar] and [%] between the actual and reference brake pressure nr60 

of the first two waves, Constant average 50bar, A=30 bar @ 0.5Hz 
 

Let’s observe measurement nr 134, again a well iteration can be seen in table 5-0, 
achieved by the design improvement. The maximum achievable actual brake 
pressure is 97,91bar, while the reference reaches 100bar. 
There is still a pressure loss of 100bar - 97,91bar =2,09bar decrease, compared to 
the results of nr 78 with the original situation: 99,65bar - 96,81bar =2,84bar decrease. 
There is 0,75bar increase reached. This low increase is an improvement, but this is 
not the finally solution for the VTL measurement setup. 
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Figure 4.16 the deviation between the actual and reference brake pressure nr134 results 

 

 
Table 4-9 maximum deviations in [bar] and [%] between the actual and reference brake pressure nr60 

of the first two waves, Constant average 80bar, A=20 bar @ 1Hz  
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Chapter 5 
System Identification 

 
Initially the static brake pressure measurements by the sinus wave excitation are 
done to observe the differences in pressure dynamics. It is a relatively simple and a 
quick measurement method to show the effects between the original and new brake 
hose situation. This information was too poor to identify which system parameters 
might have to be changed for bandwidth improvement. In order to check changes in 
the dynamical behaviour of the system, system identification of the whole 
measurement setup is needed. 
 

5.1 Introduction identification Measurement Setup 
 
Identification of the measurement setup has been done by exciting the brake 
pressure by random noise; this is a random non-deterministic signal. A random signal 
contains several signal values within a certain range, see figure 5.1. The range is 
described by means of statistical distributions that give the probability that the value 
is within the range. Also the frequency spectrum, which is the distribution of these 
frequencies can only described in statistical terms. Noise can be indicated by a 
colour term to indicate their frequency spectrum. Like white noise, this has an equal 
presence of all frequencies over the entire frequency spectrum [28]. 
 

 
Figure 5.1 example of a random waveform in the time domain with low frequency area A-B and high 

frequency C-D [28] 
 
Due to much larger frequency content, a random signal has an advantage above a 
sinus signal to calculate the systems’ transfer function, i.e. the output signal (actual 
brake pressure) divided by the input signal (reference brake pressure). The transfer 
function contains information about the resonance frequency and bandwidth of the 
system, in this context it is about the measurement setup. Matlab is used to estimate 
its transfer function (tfestimate) and coherence (mscohere). The length of the 
measurement is doubled from 20 seconds to 40 seconds ( mt ) to improve the 

calculations with more data, with a sampling rate ( sf ) of 1024 Hz. The choice of this 
frequency will be explained on page 47 in section coherence. 
 
FFT 
Fast Fourier Transform (FFT) is applied on the measured data by the tfestimate 
Matlab function. The basic idea of a Fourier transform is that a periodic signal can be 
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decomposed into harmonically related frequencies and inverse. Only under the 
condition that the function contains no discontinuities as these would lead to a non-
converging series. This mathematical method transforms a function from the time 
domain into the frequency domain, see figure 5.2. 
 

 
Figure 5.2 example of a random waveform approximated by the sum of several harmonic terms 

corresponding Fourier series. On the right the discrete version is displayed [28] 
 
When a sample of a signal is taken over the defined time span, this sample is 
multiplied with a series of sine and cosine frequencies to cover the spectrum of 
interest. The outcome of each multiplication results in the amplitude of each of these 
frequencies and represented graphically in the form of a frequency spectrum. This is 
achieved by the algorithm Fast Fourier Transform (FFT) and with this, the frequency 
responses (which are the responses of the dynamic system) can be shown in Bode 
plots, see figure 5.3. 
 

 
Figure 5.3 example of a Bode-plot of a motion system, the upper graph shows the magnitude of the 
position response by the magnitude of the force stimulus. The lower graph shows the phase relation 

between the position response and the force stimulus [28]. 
 
The Bode plots shows the magnitude and phase response upon a continuous 
frequency stimulus in two graphs as a function of the frequency, one for the 
magnitude and one for the phase. The upper part is the magnitude plot with the ratio 
between the magnitude of the response and the magnitude of the stimulus on the 
vertical axis [28]. Figure 5.4 shows an example of a (closed-loop) Bode-plot. This 
example includes different damping ratios ς  [-] and belonging quality factors Q  [-], 
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when these parameters are increasing then the resonance peak of the natural 
frequency will decrease. See Appendix A-2 for some related Laplace basics. 
 

 
Figure 5.4 an example of a (closed-loop) Bode-plot of a damped mass-spring system, giving a natural 

frequency 0f  of 100Hz for different damping ratios ς  and quality factors Q  [28] 
 
The exact curve of the magnitude response can be thought of consisting two 
asymptotes. The frequency at which the two asymptotes meet is called the corner or 
cut-off frequency 0ω . This frequency divides the frequency-response curve into two 

regions: a low-frequency 




 <
T

1ω and a high frequency 




 >
T

1ω region see figure 5.5. 

 

 
Figure 5.5 log-magnitude curve, with the asymptotes and phase-angle curve [29] 

 
In engineering is the term bandwidth often used. Defined as the frequency band 
where the power of the output signal of a system becomes less than half the desired 
power level. In terms of signal amplitude the corresponding value is equal to

7.0
2

1 ≈ . In decibels this value is equal to -3 dB (see figure 5.6), a well-known 

definition for the bandwidth of filters and other frequency dependent functional 
devices like loudspeakers [28]. 
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Figure 5.6 a closed-loop frequency response curve with the frequency bω  and bandwidth [29] 

 
Coherence 
The coherence shows the reliability between the output and input signal waves. How 
well correlated the output and input signal waves are as quantified by the cross-
correlation function. This is visualized by values from zero to one as a function of the 
frequency, see figure 5.7. Perfectly coherent is when two waves are combined they 
can be completely constructed interfered/super positioned at all times, this agrees to 
value one.  
 

 
Figure 5.7 example coherence of two random noise waves 

 
There is a relationship between the coherence time and bandwidth. If the coherence 
is high, the transfer function becomes reliable. A perfect coherence will not 
automatically lead to a desired transfer function. A low coherence results into 
sensitivity to disturbances uncorrelated to the input. To improve the calculation of the 
coherence, a larger number of transfer function blocks are preferred to average. For 
a given dataset this can be achieved by reducing the block size and consequently 
also the frequency resolution. There is a trade-off found by earlier research 
presented in [11]. A value nFFT=1024 is chosen and according to this work, this 
value is the best compromise between the coherence and the resolution. This value 
is also used for this research. The transfer functions begin at 0,5Hz and end at the 

Nyquist frequency of 500 Hz: sN f
2

1=ω  with Hzf s 1000= . 
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5.2 Coherence measurements 
 
These test results are from the stainless steel braided brake hose situation and the 
original settings. To check the coherence increase, very low amplitudes of 0.1 to 
0.9bar are used at a constant average of 50 and 80bar. These results show the 
influence of amplitudes on the coherence, but these very low amplitudes are not 
useful for practical applications. Random noise excitation is used to show the 
magnitude, the phase shift of the transfer functions, the bandwidth, and coherence. 
The best coherence results are shown below, the rest of the results can be found in 
appendix A-4 Signal analysis. 
 

Transfer function and time delay at a constant average of 50bar and an 
amplitude of 0.3bar, cross over frequency of 150Hz 

 

 

 
Figure 5.8 A-0.3bar_50bar, resonance frequency at 74.22 Hz, bandwidth at approx. 116Hz and a time 

delay till approx. 400Hz 
 

   
Figure 5.9 Coherence A-0.3bar_50bar  Figure 5.10 reference (std.=0.0939bar) and 

actual pressure [bar] during measurement 
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The best coherence results of the constant average of 50bar are coming from the 
varying amplitude of 0.3bar and 0.8bar. These results show a reasonable resonance 
frequency of approx.75Hz and a relative high bandwidth of approx.115Hz. The time 
delay keeps steady till approx. 200Hz and allows relative high pressure dynamics. 
The standard deviation of the varying amplitude 0.3bar is 0.0939bar and for the 0.8 
bar 0.2498bar. In most cases the resonance frequency is around 75Hz. 
 

Transfer function and time delay at a constant average of 50bar and an 
amplitude of 0.8bar, cross over frequency of 150Hz 

 

 

 
Figure 5.11 A-0.8bar_50bar, resonance frequency at 74.71 Hz, bandwidth at approx. 115Hz and a 

time delay till approx. 400Hz 
 

   
Figure 5.12 Coherence A-0.8bar_50bar  Figure 5.13 reference (std.=0.2498bar) and 

actual pressure [bar] during measurement 
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Transfer function and time delay at a constant average of 80bar and an 
amplitude of 0.3bar, cross over frequency of 150Hz 

 

 

 
Figure 5.14 A-0.3bar_80bar, resonance frequency at 83.98 Hz, bandwidth at approx. 118Hz and a 

time delay till approx. 300Hz 
 

   
Figure 5.15 Coherence A-0.3bar_80bar  Figure 5.16 reference (std.=0.0939bar) and 

actual pressure [bar] during measurement 
 
The constant average of 80bar shows the best coherence result with the varying 
amplitude of 0.3bar. . In most cases the resonance frequency is around 84Hz. This is 
increased compared to constant average of 50bar results. There is a comparable 
relative high bandwidth of approx.118Hz. The time delay keeps steady till approx. 
250Hz and is increased compared to the constant average 50bar results, which also 
allows relative high pressure dynamics. The standard deviation of the varying 
amplitude 0.3bar is 0.0939bar.  
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5.3 Measurements with design improvements 
 
These test results are from the measurement setup with the stainless steel braided 
brake hose with the original as well as new settings. Random excitation is used to 
show the magnitude and phase shift of the transfer functions and the coherence with 
amplitudes of 20bar at a constant average of 50 and 80bar. These amplitude 
measurements are done to see the effects on the resonance frequency and the 
bandwidth. 
 

Transfer function and time delay at a constant average of 50bar and an 
amplitude of 20bar, cross over frequency of 150Hz 

 

 
Figure 5.17 A-20bar_50bar, resonance frequency at 24.9 Hz, bandwidth at approx. 40Hz and a time 

delay till approx. 350Hz 
 

   
Figure 5.18 Coherence A-20bar_50bar  Figure 5.19 reference (std.=6.2561bar) and 

actual pressure [bar] during measurement 
 
The curve of the transfer function shows a resonance peak with a relative low 
amplitude which could be indicated by the large damping or restriction within the 
measurement setup. This is physically visualized in figure 5.19 where the actual 
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brake pressure (red) is decreased compared to the reference brake pressure (blue). 
The varying amplitude of 20bar has a standard deviation of 6.2561bar. This indicates 
the varying amplitude much better than the presumed 20bar setting. The decrease at 
approx.10Hz of the time delay showed in the phase shift plot indicates a decrease in 
pressure dynamics at low frequencies. The coherence shows to approximately 
350Hz well, see figure 5.18. After this frequency the time delay displays 
disturbances. 
 

Transfer function and time delay at a constant average of 80bar and an 
amplitude of 20bar, cross over frequency of 150Hz 

 
Figure 5.20 A-20bar_80bar, resonance frequency at 19.04 Hz, bandwidth at approx. 40Hz and a time 

delay till approx. 400Hz 
 

   
Figure 5.21 Coherence A-20bar_80bar   Figure 5.22 reference (std.=6.2560bar) and  

actual pressure [bar] during measurement 
 
The resonance frequency is decreased by approx. 6Hz compared with the previous 
measurement at a constant average of 50bar. There is no obvious resonance peak, 
but multiple peaks. The decrease in pressure dynamics with the original settings 
indicates an increase in counteracting of the damping or restriction in the brake line. 
Reaching the presumed maximum of 100bar is not possible, see figure 5.22. This is 
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confirmed by the standard deviation of 6.2560bar. The coherence shows higher 
peaks but shows well to 350Hz, see figure 5.21. The bandwidth is the same, there is 
no improvement by increasing the brake pressure from 50bar to 80bar with the same 
varying amplitude. The results of the research described in [11] found a bandwidth of 
around 20Hz. This result was based on an average brake pressure of 10bar with a 
small variance of 0.5bar.The measurements including the stainless steel braided 
brake hose situation show a bandwidth of approximately 40Hz, an increase of 20Hz 
is achieved with the original settings. The next results have a cross over frequency 
from 150Hz to 300Hz to see the effects on the bandwidth. 
 
The rest of the results are obtained by a failure in the FeedForwardBrakingJP 
dSPACE model, the reference pressure is not visible and is affecting the magnitude 
of the transfer functions. The filtered analog output signal in dimensionless dSPACE 
[1-0] as well as in [bar] was not displayed on the ControlDesk panel. After searching 
the problem, it seems to be in the FeedForwardBrakingJP dSPACE model, which is 
not sending the dSPACE signal anymore. This is solved by copying the signal 
generator with the constant blocks at the output of the model. In Matlab the plots are 
scaled, because the transfer functions begin at a magnitude of 100 instead of 1. 
 

Transfer function and time delay at a constant average of 80bar and an 
amplitude of 20bar, cross over frequency of 300Hz 

 

 

 
Figure 5.23 A-20bar_80bar, resonance frequency at 18.5 Hz, bandwidth at approx. 31.25Hz and a 

time delay till approx. 500Hz 
 
Compared to the previous result with the cross over frequency of 150Hz, the 
bandwidth is decreased with approx.10Hz. The relative high amplitude of 20 bar is 
causing this phenomenon. Only the time delay ends at 500Hz instead of 400Hz. 
Increasing the cross over frequency show no bandwidth improvement. 
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Figure 5.24 Coherence A-20bar_80bar   Figure 5.25 reference (std.=0.0626bar) and  

actual pressure [bar] during measurement 
 

Transfer function and time delay at a constant average of 80bar and an 
amplitude of 0.5bar, cross over frequency of 300Hz 

 

 

 
Figure 5.26 A-0.5bar_80bar, resonance frequency at 75.2 Hz, bandwidth at approx. 119Hz and a time 

delay till approx. 400Hz 

   
Figure 5.27 Coherence A-0.5bar_80bar  Figure 5.28 reference (std.=0.0016bar) and  

actual pressure [bar] during measurement 
 
Observing the result with varying amplitude of 0.5bar, an increased resonance 
frequency as a relative high bandwidth is displayed in figure 5.26. The bandwidth is 
comparable with the bandwidth displayed in figure 5.14. 
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Transfer function and time delay at a constant average of 80bar and an 
amplitude of 5bar, cross over frequency of 40Hz 

 

 

 
Figure 5.26 A-5bar_80bar, resonance frequency at 31.74 Hz, bandwidth at approx. 44.43Hz and a 

time delay till approx. 50Hz 
 

    
Figure 5.27 Coherence A-5bar_80bar   Figure 5.28 reference (std.=0.0156bar) and 

actual pressure [bar] during measurement 
 
The measurement above is executed with varying amplitude of 5bar and a cross over 
frequency of 40Hz. The results display decreased dynamics with a resonance 
frequency of 31.74Hz and a bandwidth of 44.43Hz. The coherence displays well from 
0 to 50Hz, for the remaining frequencies the coherence is decreased. The time delay 
curve shows an agreement with these frequencies. 
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Transfer function and time delay at a constant average of 80bar and an 
amplitude of 1bar, cross over frequency of 300Hz 

 

 

 
Figure 5.29 A-1bar_80bar, resonance frequency at 75.2 Hz, bandwidth at approx. 119Hz and a time 

delay till approx. 400Hz 
 

   
Figure 5.30 Coherence A-1bar_80bar   Figure 5.31 reference (std.=0.0031bar) and  

actual pressure [bar] during measurement 
 
These results are comparable with results of the varying amplitude of 0.5bar. The 
time delay ends earlier at approx. 300Hz. The coherence shows a steeper dip at 
150Hz than the coherence of the 0.5bar amplitude. This could be related to the little 
resonance peak at 150Hz, visible in the magnitude plot of the transfer function. The 
bandwidth is comparable with the bandwidth showed in figure 5.14 and 5.26. 
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Transfer function and time delay at a constant average of 80bar and an 
amplitude of 1bar, cross over frequency of 300Hz, filtered input channel 6 

 

 

 
Figure 5.32 A-1bar_80bar, resonance frequency at 32.71 Hz, bandwidth at approx. 115Hz and a time 

delay till approx. 350Hz 
 

   
Figure 5.33 Coherence A-1bar_80bar   Figure 5.34 reference (std.=0.0031bar) and  

actual pressure [bar] during measurement 
 
In order to check the effects in filtering of signals from the dSPACE data equipment 
towards the controller equipment, channel 6 of the amplifier is added in the input of 
the model. Channel 6 is equipped with a filter to send an input signal with limited 
frequency content instead of white noise of channel 5. This is done to compare the 
filtered input signals in a fair way. The reference input wire is connected between the 
analog controller and the filtered reference channel 6. 
From above a decreased resonance frequency with a flattened curve can be seen. 
The bandwidth is almost the same as the previous result; there is a similarity with the 
channel containing white noise. The coherence is increased and the curve is flat to 
approx.350Hz. 
So the original input channel 5 using white noise provides a correct input signal 
which is not positively biased by filters.  
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Transfer function and time delay at a constant average of 80bar and an 
amplitude of 1bar, cross over frequency of 300Hz, upper gain knob: 2.00 

 

 

 
Figure 5.35 A-1bar_80bar, resonance frequency at 90.82 Hz, bandwidth at approx. 112 Hz and a time 

delay till approx. 500Hz 
 

   
Figure 5.36 Coherence A-1bar_80bar   Figure 5.37 reference (std.=0.0031bar) and  

actual pressure [bar] during measurement 
 
In the following measurement results the proportional gains of the analog controller 
are changed to see the effects. The analog controller contains two vertically placed 
proportional gain knobs. The upper knob is connected to measured error, where the 
actual and reference signal are compared and adjusted by the analog controller. The 
above result is coming from the situation where the upper gain knob setting is 
decreased from the standard 7.95 to 2.00. The results display an increased 
resonance frequency of 90.82Hz and an improved time delay to 500Hz. The 
bandwidth remains approx. 112Hz. The coherence has a dip around 150Hz and 
remains flat to approx. 400Hz. 
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Transfer function and time delay at a constant average of 80bar and an 
amplitude of 1bar, cross over frequency of 300Hz, upper gain knob: 5.00 

 

 

 
Figure 5.38 A-1bar_80bar, resonance frequency at 49.32 Hz, bandwidth at approx. 117Hz and a time 

delay till approx. 300Hz 
 

   
Figure 5.39 Coherence A-1bar_80bar   Figure 5.40 reference (std.=0.0031bar) and  

actual pressure [bar] during measurement 
 
The upper gain knob is turned to 5.00, a decrease in the resonance frequency and 
coherence can be seen in figure 5.38 and 5.39 when comparing with the previous 
result with the gain setting 2.00. Also a little increase of the bandwidth and a little 
decrease of the time delay are observed.  
  



 
64 

 

Transfer function and time delay at a constant average of 80bar and an  
amplitude of 1bar, cross over frequency of 300Hz, upper gain knob: 9.90 

 

 

 
Figure 5.41 A-1bar_80bar, resonance frequency at 32.71 Hz, bandwidth at approx. 114Hz and a time 

delay till approx. 300Hz 
 

   
Figure 5.42 Coherence A-1bar_80bar   Figure 5.43 reference (std.=0.0031bar) and  

actual pressure [bar] during measurement 
 
The gain is set on 9.90; the resonance frequency and time delay are decreased, the 
bandwidth remains roughly the same. The coherence stays flat till approx. 300Hz. No 
improvements are noticed with this upper gain knob setting. 
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Transfer function and time delay at a constant average of 80bar and an 
amplitude of 1bar, cross over frequency of 300Hz, lower gain knob: 2.00 

 

 

 
Figure 5.44 A-1bar_80bar, resonance frequency at 75.68 Hz, bandwidth at approx. 115Hz and a time 

delay till approx. 500Hz 
 

   
Figure 5.45 Coherence A-1bar_80bar   Figure 5.46 reference (std.=0.0031bar) and  

actual pressure [bar] during measurement 
 
In this case the upper gain knob is back to its original setting of 7.95 and the lower 
gain knob decreased from 4.50 to 2.00. This is another proportional gain setting knob 
of the analog controller. A resonance frequency of 75.68Hz and a bandwidth of 
approx. 115Hz can be seen from figure 5.44. Just like the setting of 2.00 with the 
upper gain knob, the time delay goes to 500Hz and the coherence remains flat till 
400Hz. 
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Chapter 6 
Conclusion 

 
Based on research presented in [11], system identification of the brake measurement 
setup in the VTL is done to show if its bandwidth can be improved. A stainless steel 
braided brake hose in addition with other settings are used to measure differences in 
brake pressure dynamics. 
 
Sinus wave excitation results of the original situation show clearly decreased brake 
pressure dynamics when increasing the frequency. Also relative small maximum 
pressure increase of 0,75bar for the stainless steel braided brake hose situation is 
observed, in case of applying relative high amplitudes with relative low frequencies. 
Decreasing the varying amplitude will improve the dynamical behaviour of the 
measurement setup. 
 
Random noise excitation results are used to estimate the magnitude and phase shift 
of the transfer function, the bandwidth and coherence. Increasing the coherence by 
using very low amplitudes is useful for measurement results, but is not practical for 
the measurement setup. However these results show relative high bandwidth values 
of approx. 115 to 120Hz. 
Comparable bandwidth values are also found by applying 0.5 and 1bar varying 
amplitudes. Increasing the cross over frequency from 150Hz to 300Hz shows no 
differences in bandwidth. Decreasing the cross over frequency from 150Hz to 40Hz 
shows a decreased bandwidth. By adding amplifiers’ channel 6, which analog 
reference input signal contains limited frequency content, the original reference input 
channel 5 shows to deliver its white noise input signal in almost the same way. 
When changing the proportional gains, little difference in bandwidth is noticed. The 
upper knob gain setting of 5.00 shows the best bandwidth of approx. 117Hz. 
 
The stainless steel braided brake hose in the VTL measurement setup including 
relative low varying amplitudes of 0.5bar and 1 bar show bandwidth increase to 
approx. 120Hz. A bandwidth of about 20Hz was found by Van Ditten reported in [11] 
and a frequency range of 0-80Hz observed by Zegelaar which can be found in [4]. 
 
It is recommended to investigate the design of the remaining measurement setup 
components, especially the actuating brake pressure valve. Applying increased 
varying amplitudes will probably be inhibited due to possible flow rate limit of this 
valve. 
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Appendix A 

Vehicle Test Lab 
 
A-1 Signal Specifications 

 
 

Table A-1: VTL sensor signals  
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A-2 Transfer function Caliper 
 
The transfer function equation of the brake caliper provides a basic insight in terms of 
damping and amplitude. This is the brake actuator, one small component of the 
whole brake measurement setup. Before explaining the transfer function of the 
caliper, first a general Laplace transform will described. Laplace is fundamental in 
engineering, important to understand the results presented in this thesis and also 
basics of the transfer function equation of a brake caliper. 
 
Laplace transform: 
This transform is used to solve differential equations in the time domain by solutions 
in the frequency domain [28]. 
When )(tf  is a function of the time variable t , the Laplace transform is 

∫
∞

−=
0

)()( dttfesf st . Laplace variable s  is a complex number: ωσ js += , where 

12 −=j , σ  and ω  are real numbers.  
 
Laplace transform of a differential of a variable )(tx  over time is in the following 

expression in the frequency domain: )()(
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The integration action gives: 
ωω

)()()(
)(

0

sx
j

j

sx

s

sx
dttxL

t

−===







∫  

 
The term s  results due to the differentiation both in a proportional magnitude 
increase of the variable with increasing frequency by the multiplication with ω  and a 
positive phase shift of 90°. Which corresponds with  the positive imaginary term j . 
For the integration of a variable over time gives both a proportional magnitude 
decrease with increasing frequency, by the division of ω  and a phase shift of -90°. 
This corresponds to the j−  term. The phase angle is determined by the arctangent 
of the ratio of their imaginary and real terms, where the quadrant of the angle is given 
by the signs of the terms. For a positive real and imaginary value the angle equals: 

Phase= 






=
Re

Im
arctanφ . See figure A-2.1 for the real and imaginary axis 

representation. 

 
Figure A-2.1: Nyquist representation of the response of a damped mass-spring system at one 

frequency [28]  
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In order to analyse the transfer function of the caliper, the piston of the caliper with 
the brake pad can be simplified to a damped mass-spring system as figure A-2.2 
shows.  

 
Figure A-2.2: Caliper piston and brake pad as damped mass-spring system pushing on the rotating 

brake disc [3] 

With: 

0y : start position mass caliper piston     [ ]m  

y : displacement caliper piston     [ ]m  

m : mass caliper piston       [ ]kg  

k : spring stiffness of the brake pad     
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c : damping coefficient of the brake pad    
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)(tF : brake force depending on time     [ ]N  

F : brake force on disc       [ ]N  

v : velocity brake disc       
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Force equation in time domain: 
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Using Laplace transform, this differential equation can be written in the frequency 
domain:  
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The transfer of displacement y  as a result of force F  becomes: 
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The derived variables becomes: 

Eigen frequency:
m

k=0ω   Spring compliance:
k

Cs

1=   Damping ratio:
km

c

2
=ζ  

 
Using the derived variables in transfer function )(sCt : 
 








++
==

N

m

ss

C

F

y
sC s

t

12

)(

0
2

0

2

ω
ζ

ω

 

 
To determine the amplitude of the signal, the Laplace variable s  is substituted by 

ωj  to give the equation as function of the radial frequency )(ω : 
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The amplitude is of the transfer function )(ωtC  becomes: 
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In case of no damping: 0=ζ , the brake caliper shows an uncontrolled resonance. 
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In presence of damping, )(ωtC  at this frequency relative to the spring-line, becomes 

maximal when ωω =0 : 

ζ

ω
ωζ

ω
ω

ω
ω

ω
2

2

)(
2

0

0

2

2
0

2
0

2
0

2
0

ss
t

CC

F

y
C →









+








−

==  

ζ2

1max
=

s

t

C

C
 

Sufficient hydraulic damping of the caliper is needed, but too much hydraulic 
damping decrease the brake dynamics and results into a decreased bandwidth of the 
measurement setup. Decreasing the damping of the brake pads increases the brake 
frictional force.  
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A-3 Brake Pressure measurements sequence 
The brake pressure measurements sequence: 

– Open Matlab Simulink, click on file “init.m” within 
D:\FeedforwardBraking\BrakePressureTest and load the 
Brakepressuretest_FeedForwardBrakingJP model (.mdl file), build 
this model by pressing “Ctrl B” on the keyboard at the highest level of 
the model. 

– Open dSPACE ControlDesk, open experiment in BrakePressureTest 
BrakePressureJPExperiment.cdx (including the control panel) and 
load the associated Brakepressuretest_FeedforwardbrakingJP.sdf 
file. Click on “animation mode” and adjust the settings of the data 
acquisition (where to safe, with which name, the length of each 
measurement, the number of down sampling). 

– Choose the settings to actuate the by-pass valve, wave form, 
amplitude, frequency and the constant value where the signal is varying 
on. Click “Brake Pressure” ON in the control panel. 

– Switch the following ON:  

– Load force equipment and switch the small metal knob down and up, 
the by-pass valve controller (proportional analog controller), plug the 
hydraulic pump into the 380V socket. 

– Reset the charge amplifier by switching 1 second, 1 tick down and up. 
– Click on “Start” of the data acquisition part, the measurement data is 

from now logging. The measured brake pressure is on zero bar. 
– Turn the voltage supply of the by-pass valve ON and the brake 

pressure is building up. 
– At the ends of each measurement click on “Stop” of the data acquisition 

part. 
– Turn the voltage supply of the by-pass valve OFF. 
– Reset the brake pressure receiver by switching 1 second 1 tick down 

and up, the brake pressure for the next measurement is reset to zero. 
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A-4 dSPACE ControlDesk sequence 
 
To actuate and measure the VTL test setup, a control panel in ControlDesk has to be 
made, its design is up to yourself. From the existing Feed-Forward ABS model, the 
specific parameters are carefully chosen. Be aware of dimensionless dSPACE 
parameters in 0.1 order, Volts are times 10 and the pressure are times 100 the 
dSPACE parameters. 
After modelling the control panel, the pre-defined experiment in dSPACE can be 
linked to the control panel by opening the experiment as figure A-4.1 shows. 
 

 
Figure A-4.1 Open Experiment in dSPACE ControlDesk panel 

 
After opening the experiment, a belonging automatic generated SDF file has to be 
loaded to activate the actuation and measuring the data real time. The data is logged 
by the data acquisition of ControlDesk, see figure A-4.2. Every measurement is 
started and stopped with this tool by clicking on the Start / Stop button. Also the 
length of each measurement can be set and changed. 
 

 
Figure A-4.2 Data acquisition dSPACE ControlDesk panel 

 
Define the saving destination of the data during the logging, which is shown in figure 
A-4.3 There are five possibilities to save the data, depending on how the data has to 
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be stored. During this thesis project “Autoname” is used, after every twenty seconds 
the saved data gets is sequenced by a number. 
 

 
Figure A-4.3 Defining the saving destination of the data in dSPACE ControlDesk panel, click on button 

marked with the red arrow 
 
Figure A-4.4 shows the selection of the SDF file to load the application or model. This 
file is needed to connect the measured data with the model. 
 

 
Figure A-4.4 Open a SDF file in dSPACE ControlDesk panel, click on button marked with the red 

arrow 
 

To start the actuation and measurement the “Animation mode” has to be switched on 
in the ControlDesk panel as figure A-4.5 shows.  
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Figure A-4.5 Set on “animation mode” dSPACE ControlDesk panel, click on button marked with the 

red arrow 
 

 
Figure A-4.6 dSPACE ControlDesk panel for static brake pressure measurements 

 
 
The control panel contains (see figures A-4.5 and A-4.6): 

1. ON-OFF buttons 
2. A constant pressure value slider  
3. graphs with measuring parameters  
4. settings of the actuating signal 
5. data acquisition 
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A-5 The data preparation order 
 

1. Make a Matlab file to load the test data and display the graph(s) in Matlab.  
 
The selected signals to display the brake pressure graphs in the ControlDesk panel 
are the numbers 001 till 006 in green. These names are chosen by the people who 
were involved earlier in designing the Feed-Forward Matlab Simulink model. The 
data from 001 till 006 and the time are related to the data columns and presented 
with short names as time and P_act001 till P_act006 to identify easily in Matlab. 
 

 
Figure A-5.1 “JPanalizer” to load and display the test data 

 
2. Run “JPanalizer” in Matlab. 

 
Brake pressure data P_act001-P_act006 and time are displayed in Workspace of 
Matlab. The sizes of each data <1 row x 20481 columns> with the minimal as 
maximal values are shown in figure 4.2. 
 

 
Figure A-5.2 “JPanalizer” displayed in Matlab 



 
79 

 

3. To differ the several brake pressure data form each measurement, the data of 
each test getting a unique name. 

 
This is done for the actual brake pressure 001 (i.e. jpact77=P_act001’), the reference 
brake pressure 005 (i.e. jpact77=P_ref005’) and the time (i.e. t77=time’). The ’ sign 
indicates the transposed from 1 row and 20481 columns into 1 column and 20481 
rows. By selecting the whole column, it can be copied into an Excel sheet. 
 

 
Figure A-5.3 Selecting and copying the blue column 1 into an Excel sheet 
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A-6 Signal analysis 
1. Random noise excitation at a constant average of 50bar, varying amplitude of 

0.1-0.9 bar 
 

Figure A-6.1 Transfer functions at a constant average 50bar 

 
A-0.1bar_50bar, bandwidth at 113.8 Hz 

 
A-0.2bar_50bar, bandwidth at 115.2 Hz 

 
A-0.3bar_50bar, bandwidth at 116.7 Hz 

 
A-0.4bar_50bar, bandwidth at 113.3 Hz 

 
A-0.5bar_50bar, bandwidth at 111.8 Hz 

 
A-0.5bar_50bar, cross over frequency 300Hz bandwidth at 18.07 Hz 
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A-0.6bar_50bar, bandwidth at 112.8 Hz 

 
A-0.7bar_50bar, bandwidth at 112.8 Hz 

 
A-0.8bar_50bar, bandwidth at 115.2 Hz 

 
A-0.9bar_50bar, bandwidth at 112.3 Hz 

 
Figure A-6.2 Phase shifts/time delays at a constant average 50bar 

 
A-0.1bar_50bar 

 
A-0.2bar_50bar 

 
A-0.3bar_50bar 
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A-0.4bar_50bar 

 
A-0.5bar_50bar 

 
A-0.5bar_50bar, cross over frequency 300Hz  

 
A-0.6bar_50bar 

 
A-0.7bar_50bar 

 
A-0.8bar_50bar 

 
A-0.9bar_50bar 

  



 
83 

 

Figure A-6.3 Coherence at a constant average 50bar 
 

     
A-0.1bar_50bar   A-0.2_50bar   A-0.3bar_50bar 

    
A-0.4bar_50bar   A-0.5bar_50bar   A-0.5bar_50bar 300Hz 

 

 
A-0.6bar_50bar   A-0.7bar_50bar   A-0.8bar_50bar   

     
    A-0.9bar_50bar 
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2. Random noise excitation of at a constant average of 80bar, varying amplitude 
of 0.1-0.9 bar 
 

 
Figure A-6.4 Transfer functions at a constant average 80bar 

    
A-0.1bar_80bar, bandwidth at 115.2 Hz 

 
A-0.2bar_80bar, bandwidth at 116.7 Hz 

 
A-0.3bar_80bar, bandwidth at 116.7 Hz 

 
A-0.4bar_80bar bandwidth at 116.2 Hz 

 
A-0.5bar_80bar, bandwidth at 112.8 Hz 

 
A-0.6_80bar, bandwidth at 118.7 Hz 
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A-0.7bar_80bar, bandwidth at 118.7 Hz 

 
A-0.8bar_80bar, bandwidth at 113.3 Hz 

 
A-0.9bar_80bar, bandwidth at 112.8 Hz 

 
 

Figure A-6.5 Phase shifts/time delays at a constant average 80bar 

 
A-0.1bar_80bar 

 
A-0.2bar_80bar 

 
A-0.3bar_80bar 
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A-0.4bar_80bar 

 
A-0.5bar_80bar 

 
A-0.6bar_80bar 

 
A-0.7bar_80bar 

 
A-0.8bar_80bar 

 
A-0.9bar_80bar 
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Figure A-6.6 Coherence at a constant average 80bar 
 

     
 A-0.1bar_80bar        A-0.2bar_80bar       A-0.3bar_80bar 

     
      A-0.4bar_80bar        A-0.5bar_80bar      A-0.6bar_80bar 

     
           A-0.7bar_80bar        A-0.8bar_80bar     A-0.9bar_80bar 
 
 

3. Random noise excitation of at a constant average of 80bar, several varying 
amplitudes of 0.5bar, 1bar, and 20 bar and different corner frequencies shifted 
from 150Hz to 300Hz and 40Hz.Also different gain settings included. 
 

Figure A-6.7 Transfer functions at a constant average 80bar 

 A-0.5bar_80bar 300Hz bandwidth at 115.7 Hz 

 A-1bar_80bar 300Hz bandwidth at 118.7 Hz 
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A-1bar_80bar 300Hz bandwidth at 116.2 Hz (filtered input ch6) 

 A-1bar_80bar 300Hz bandwidth at 112.3 Hz bgain 2.00 

 
A-1bar_80bar 300Hz bandwidth at 117.2 Hz bgain 5.00 

 A-1bar_80bar 300Hz bandwidth at 114.3 Hz bgain 9.90 

 A-1bar_80bar 300Hz bandwidth at 115.7 Hz ogain 2.00 

 A-5bar_80bar 40 Hz bandwidth at 44.43 Hz 

 A-20bar_80bar 300Hz bandwidth at 31.25 Hz 
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Figure A-6.8 Phase shifts/time delays at a constant average 80bar 

 
A-0.5bar_80bar 300Hz 

 
A-1bar_80bar 300Hz 

 
A-1bar_80bar 300Hz (filtered input ch6) 

 
A-1bar_80bar 300Hz, bgain 2.00 

 
A-1bar_80bar 300Hz, bgain 5.00 

 
A-1bar_80bar 300Hz, bgain 9.90 

 
A-1bar_80bar 300Hz, ogain 2.00 
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A-5bar_80bar 40Hz 

 
A-20bar_80bar, 300Hz 

 
Figure A-6.9 Coherence at a constant average 80bar 

 

     
A-0.5bar_80bar 300Hz  A-1bar_80bar 300Hz   A-1bar_80bar 300Hz  

(filtered input ch6) 

    
A-1bar_80bar bgain 2.00    A-1bar_80bar bgain 5.00 A-1bar_80bar bgain 9.90 

     
A-1bar_80bar ogain 2.00    A-5bar_80bar, 40Hz   A-20bar_80bar, 300Hz 
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