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Sammanfattning
Dagens fordonstillverkare behöver utveckla kvalitativa produkter på en kort tid för att nå
upp till kundernas förväntningar och för att sticka ut i konkurrensen. För att göra detta börjar
simuleringsverktyg att få ett större inflytande under utvecklingsprocessen. Det här beror på
att man med simuleringar har fördelen att snabbt kunna testa och utvärdera olika koncept
och varianter utan att ha fysiska prototyper (även om fysiska prototyper fortfarande är
vanliga för validering av utvecklingen i olika stadier). Målet med det här arbetet är att bidra
till denna trend genom att utveckla och utvärdera en process för att optimera
kontrollparametrarna för ett EPAS (electronic power assist steering) system genom att endast
använda datorverktyg (CAE, computer aided engineering). Kontrollparametrarna väljs så att
styrkänslan för föraren förbättras. Den process som utvecklats kan sedan ge bättre initiella
värden innan styrsystemet testas i verkligheten alternativt helt välja parametrarna.
I detta projekt utvecklades en fullständig process från att etablera simuleringsmiljön till att ta
fram en optimeringsprocess. En fordonsmodell simulerades med realtids-verktyget IPG
CarMaker, vars fordonsmodell byggs upp av data från flerkroppssimuleringar och mätningar
av däck. Själva styrsystemet modellerades av underleverantören i Simulink så att
fordonsmodellen kunde köras i co-simulering med styrningen. För att utvärdera prestandan
av styrsystemet användes objektiva mätetal som alla har ett specifikt målområde.
Optimeringsprocessen utnyttjar optimeringsverktyget Tomlab vilket är en kraftfull Matlab
toolbox. Denna toolbox använder en komplex strategi för att utvärdera ett systems svar på
indata när förhållandet mellan indata (kontrollparametrarna för styrsystemet) och utdata (de
objektiva mätetalen) är okänd. En kostnadsfunktion som anänder skillnaden mellan
börvärdet och ärvärdet på mätetalet definierades och vägningsfaktorerna för varje enskilt
mätetal bestämdes av dess känslighet mot den parameter som skulle optimeras.
Den utvecklade processen testades på tre specifika mätetal för två specifika styrparametrar.
Dessa mätetal var friktionskänsla, momentuppbyggnad och moment deadband. Alla tre av
dessa motsvarar den styrmomentsrespons i ratten som föraren upplever.
Alla tre värden på mätetalen kunde förbättras men den utvecklade processen lyckades ändra
dessa dessa så att de hamnade närmre sitt optimum. Dessa resultat behöver valideras, men
detta projekt visar på att det i teorin är möjligt att parameterisera ett fordons delsystem
genom att endast använda simuleringsverktyg.
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Abstract
The vehicle brands of today need to develop high quality products in a short period of time
to satisfy the consumer needs and to stand out in the competition. To be able to do this
simulation tools have been used more and more in the development process. This would
enable quick evaluation of different concepts and setups without the need of building
physical prototypes (though physical prototypes are still common to validate development in
different stages). The goal of this thesis is to contribute to this trend by developing and
evaluating a process of optimizing the control parameters of an EPAS (electronic power
assist steering) system by solely using computer aided engineering (CAE) tools. This tuning is
done to improve the steering feel for the driver. The process could then be used to improve
the initial tuning of such a system or in a later stage completely parameterize it.
In this project, a complete process from setting up the simulation environment to developing
the optimization process of the parameters was developed. A vehicle model was simulated
using the real time simulation software IPG CarMaker, parameterized by multi-body
simulation results and tyre measurements. The steering system itself was modelled by the
supplier in Simulink so that the entire vehicle could be co-simulated using both CarMaker
and Simulink. To evaluate the performance of the steering system objective metrics were
used, each of which had a target range.
The optimization process itself utilizes the optimization tool Tomlab, which is a powerful
Matlab toolbox. Tomlab uses a complex strategy of evaluating the response of a system when
the relationship between the inputs (in this case the EPAS control parameters) and the
outputs (in this case the objective metrics) is unknown. A cost function using the difference
between the target metric value and the actual metric value was set up and the weighing
factors for each of the tested metrics were determined by their sensitivity to the optimized
parameter.
The developed process was tested on three specific metrics for two specific parameters of
the controller. These metrics were the friction feel, the torque build-up and the torque
deadband, all three of which relates to the torque feedback of the steering wheel.
All three metric values had room for improvement but after going through the developed
process they could be adapted to be closer to the optimal target. These results need to be
validated, but as a proof of concept the work described in this thesis shows that it is possible
to parameterize a vehicle subsystem by only using CAE tools.
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1 Introduction
This chapter introduces the reader to the concept of the thesis project by giving an introduction to the area, the
reasoning behind starting the project, the thesis goals and limitations of the project.

1.1

Background

The modern car manufacturer have to deal with a very competitive business where it is of
great importance to develop new, exciting products with the newest technology; all in a
shorter time span than ever before. To do this the process of development needs to be more
time efficient and less costly, requiring a large amount of specialists from a multitude of
areas.
One way of achieving such a process is by moving away from physical testing and towards
virtual simulations. Simulations, if performed correctly, provide a fast iterative process where
features can be tested and adapted without having to modify a prototype car or perform time
consuming tests on tracks.
The feedback of the steering system is an important factor when attempting to achieve a
better driver experience and can provide a unique character or DNA for a car manufacturer.
The parameterization of such a system has the goal of an optimal steering feel, which is
something that is highly subjective [1] and varies between drivers of different background
and experience resulting in difficulties in setting targets.
There are a number of ways to evaluate the performance of steering feedback, using both
subjective assessments and objective testing or a combination of the two [2]. Today the final
tuning is performed by experienced test drivers who decide the end values for the parameters
during testing in physical vehicles, something that would be possible to do using CAE tools
instead.

1.2

Problem description

As mentioned in 1.1, the current tuning process of the steering feedback is too slow to keep
up with the required development time of today. It is an iterative process that requires
prototype vehicles and some amount of iterations before the desired result is reached.
Another issue with the process of today is that the initial conditions or initial parameters
being provided to the test drivers can have been of low standards. Better initial values would
reduce the amount of iterations and evolve the final tuning to only require very fine tuning.
By developing a well-defined optimization process that only utilizes CAE tools better initial
values could be obtained.
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1.3

Thesis goals

The goal of this thesis is to develop a new tool that optimizes the Electronic Control Unit
(ECU) control parameters of a servo motor that provides power assist in an electric power
assist steering system. These parameters should be optimized towards a greater overall torque
feedback that is being evaluated using objective metrics. These metrics should be within a
specific target range.

1.4

Project assumptions

When using simulations the validity of the model is of high importance if the results are to be
used in vehicles. This validity is reduced due to these factors;
• The steering wheel and steering column dynamics are not modelled,
• The tyre model parameters were fitted using data from testing in dry road conditions.
All vehicle parameters come from CAE tools such as MSC ADAMS® and CAD and may
have discrepancies when compared to real vehicle measurements.
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2 Literature study
The following chapters give the reader an understanding of the relevant fields of interest for this project.
Relevant fields being the functionality of an electric power assist steering (EPAS), modelling of a vehicle with
different complexity levels, modelling of tyres, statistical methods for evaluation of results and methods for
optimization.

2.1

Steering systems

2.1.1 History and common variants
The steering system is one of the main systems in a vehicle, providing the interaction
between the driver and the wheels. Throughout the history, different systems to achieve this
interaction have been used. In a very early stage of car history, due to difficulties in achieving
steering for two front wheels, a three wheeled car was developed by Gottlieb Daimler and
Carl Benz in 1886 [3] (see Figure 1). For this tricycle, a centre pivot steering was used where
the control arm is mounted on the steering shaft.

Figure 1. The first car in the world, the “motorwagen” [3].

It did not take long until two wheel steering was introduced and in 1893 Carl Benz got a
patent for the first kingpin steering system which was then used in the first mass produced
car; the Benz Velo.
Since then, numerous different systems have been introduced. A simple and commonly used
one is the rack-and-pinion steering; it uses a pinion gear in combination with a gear rack to
convert the rotational movement of the steering wheel to the translational movement of the
steering rack as can be seen in Figure 2. Other variants of this, such as the worm and roller
system are also used but in this work the rack and pinion setup was used.
4

Figure 2. Rack and pinion (left) and worm and roller steering system (right) [4].

2.1.2 Power assisted steering basics
To move the steering rack, especially at low speeds, a large torque from the steering wheel is
required. Before power steering was introduced, large steering wheels would instead provide
the leverage needed to achieve such a torque. The purpose of a power assisted steering is to
provide an assisting torque on the input shaft or an assisting force on the steering rack.
Different variants of power assist exist and the most common ones are the hydraulic systems
[5], the electro-hydraulic systems [6] and the electric power assist systems (EPAS) [7].
The electric power assist steering system (EPAS) is a modern variant of a steering system
where no hydraulics is needed. This is beneficial with regard to packaging [8], fuel economy
[9] and cost. Many modern cars use this system and it is getting more and more common.
There are three main types of EPAS [10] that comes down to how the assisting torque of the
servo is transferred to the steering; either the motor is mounted on the steering column
(Figure 3, picture a), coaxially to the steering rack with a belt connected to a ballnut-gear
(Figure 3, picture b) or the motor powers a second pinion acting on the rack (Figure 3,
picture c).

Figure 3. Main types of EPAS systems [11].

Focus in this thesis is on variant b), which is the system being used in the evaluated vehicle.
Figure 4 shows the different parts of this steering system. The steering column connects to
the input shaft and the tie rods transfers the rack force to the rotational movement of the
wheels.
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Figure 4. The different parts of a coaxial EPAS system with ballnut gear.

2.1.3 Coaxial EPAS system modelling
A simple way to model a complete EPAS system is to only include kinematics (i.e. no
steering system compliance) and to include the servo motor by using lookup-tables to
calculate the level of assist [12]. When calculating steering feel metrics a more advanced
model is required to fully capture the torque acting on the steering wheel. Pfeffer et al. [13]
presented such a steering system that was divided into two parts; the strictly mechanical
system representing the driver input being transmitted from the steering wheel to the rack via
the steering column, torsion bar and pinion gear and the second part being the servo motor
input through the output shaft to the rack via the belt and the ballnut-gear. The mechanical
system was modelled by using the setup in Figure 5 including the combined inertia of the
steering wheel and steering column, the compliance of the torsion bar, hardy disc and
column as well as the inertia of the steering rack.

Figure 5. Mechanical model of steering wheel to steering rack by Pfeffer [13].
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This model in combination with compliance data from measurements and a non-linear,
speed dependent friction model for the steering column and the rack mountings provided
results with small errors when compared to measurements.
The modelling of the power assist itself can, as mentioned before, be done by using look-up
tables relating the assisting torque to e.g. vehicle longitudinal velocity. More advanced models
including the ECU and physical motor properties to calculate the actual torque output of the
motor. In [14] is an example of how this was done for a column mounted EPAS.

2.2

External forces from tyre

The external forces acting on the steering rack come from the lateral and longitudinal tyre
forces and are transmitted via the upright and steering arm to the tie rods. When the vehicle
is in motion and the wheel angles are larger than zero (e.g. due to steering wheel input or
when going over a bump) the lateral forces act to bring the wheels (and the steering wheel) to
their original position. The reason for this is that a pneumatic tyre has asymmetric
deformations around the contact patch leading to an uneven distribution of the lateral forces
according to Figure 17.

Figure 6. Pneumatic trail (left) providing a self-aligning moment on the wheel acting on the steering
rack (right) [15].

Eq. 1 describes the pneumatic trail (𝑡! ) in two dimensions, which is the ratio between the
self-aligning moment 𝑀!   and the equivalent lateral force 𝐹! acting on the tyre.
𝑀!
Eq. 1
𝐹!
In the linear region of the tyre where the lateral acceleration and slip angle is small, the
pneumatic trail is close to constant. As the slip angles become larger and reach the non-linear
range of the tyre, the pneumatic trail becomes smaller as the force distribution becomes more
equal around the contact patch. The moment around the z-axis then translates to a force on
the steering rack according to the right picture of Figure 6.
𝑡! =
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2.3

CarMaker® vehicle model

To provide for fast simulations a real-time full vehicle simulation software named CarMaker®
is used. This program uses a combination of look-up tables from measurements or multibody simulations (kinematics and compliance), advanced tyre models, aerodynamics and
three dimensional dynamics calculations. The vehicle model of CarMaker is divided into five
bodies; four wheel carriers with attached wheels (sprung masses) and the vehicle
body/chassis (unsprung mass). Each body has its own mass and inertia around each cartesian
axis (𝐼!! , 𝐼!! , 𝐼!! ), the wheel carriers and tyres have separate masses and inertias.
There are three main coordinate systems; Fr1, Fr2 and the centre of mass (Figure 7). Fr1 is a
reference coordinate system at the centre and rear of the vehicle. It always follows the vehicle
and coordinate inputs for the sprung and unsprung masses are with regard to this. Fr2 is the
individual wheel coordinates and is based in the mounting point of each wheel. The x-axis is
always pointing in the forward direction of the vehicle and the y-axis is perpendicular to it.

Figure 7. CarMaker coordinate systems.

2.4

Objective metrics using CAE

2.4.1 Introduction
Using objective metrics as a way of tuning and evaluating vehicle parameters and tyres is
commonly used due to its upside of creating reproducible results. It is also a way to compare
and assess vehicles numerically. Examples of this are [16] where objective metrics were used
to evaluate tyre performance and [17] where a vehicle simulation tool (MSC ADAMS) was
used to tune suspension hard points and parameters. Both proved to be accurate, fast and
8

less costly than conventional physical testing. In [18] physical testing and data fitting was
used to calculate metrics based on common measurement outputs; steering wheel angle,
steering wheel torque, lateral acceleration, yaw rate and roll velocity.

2.4.2 Commonly used metrics
As mentioned in the previous chapter, objective metrics state the relationship between
different measurable variables (e.g. steering wheel angle, steering wheel torque, lateral
acceleration, yaw rate, roll velocity and pitch rate). Some of the metrics are related to steady
state characteristics and some to transient and non-linear behaviour. Chapter 3.4 describes
more about the manoeuvres needed to extract these metrics; namely on centre test
(sinusoidal steer), frequency sweep, ramp steer and sine with dwell (moose test). Table 1
shows a handful of objective metrics that are typical for full vehicle evaluation [17] [16] [19].
Table 1. A handful of commonly used objective metrics.

Metric name [unit]
Steering sensitivity [g/100°]

Description
Lateral acceleration per steering
wheel angle normalized by 100. Low
value represents a slow response in
steering car, high value the opposite.
Understeer gradient [°/g]
Steering wheel angle per lateral
acceleration,
normalized
to
Ackermann
steering.
An
understeering vehicle has a positive
value, zero value is neutral steer and
negative value is oversteer.
Yaw rate phase lag [ms]
The time between the e.g. steering
wheel angle (other comparisons are
used) and yaw rate reach their
respective peaks. Low value means
responsive vehicle.
Lateral acceleration phase The time between the e.g. steering
lag [ms]
wheel angle (other comparisons are
used) and lateral acceleration reach
their respective peaks. Low value
means responsive vehicle.
Window [°]
Steering wheel angle at 0.05 [g].
Roll gradient [°/g]
Roll rate during steady state
manoeuvre. Stiff suspension gives a
low value.
Pitch gradient [°/g]
Pitch rate during braking or
acceleration. Stiff suspension gives a
low value.
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Manoeuvre
Circular driving, ramp steer.

Circular driving constant
radius or constant speed.

Sine with dwell

Sine with dwell

Ramp steer
Ramp steer
Straight line braking

2.5

Optimization methods

The area of optimization is broad and has different methods for different levels of problem
complexity. By using the correct algorithm for the problem at hand, the best local or global
available solution within set constraints can be found. The problem or function itself can
range from simple linear functions to complex systems of differential equations where the
correlation between the input variables and the function output is unknown. Almost all
optimization problems can be written as Eq. 2 [20].
Minimize
𝑓(𝐱)
Eq. 2
so that   𝐱   ∈   ℱ
Where 𝐱 = x! , . . . , x! !    ∈    ℝ𝑛 is a vector containing the n number of variables, ℱ is a
subset of ℝ! also known as the allowed range and f is a cost function (known or unknown
dependency from x). There are three important special cases of optimization of different
complexity;
§ Linear programming (LP): Linear programming is applicable when the cost function
is linear within ℱ and if the allowed range is defined by a number of linear
constraints.
§ Quadratic programming (QP): Similar to LP but the cost function in this case is a
quadratic function within ℱ but the allowed range is also here defined by a number
of linear constraints.
§ Non-linear programming (NLP): In this case either 𝑓(𝐱) is a non-linear function or
the allowed range is described by non-linear constraints. The function and the
constraints have to be differentiable for all x.
All these problems are assumed to consist of continuous and differentiable functions and
constraints. If the derivatives for the function with regard to the input variables are
unknown, the problem can be described as a black-box problem. In addition to that, if the
calculations leading up to the function value are time consuming and computationally heavy
(e.g. full vehicle model simulations, CFD) the problem is also considered to be costly as was
defined in e.g. [21] where this type of optimization problem was solved for military
operations. In vehicle optimization attempting to achieve a global optimum, this type of
problem known as a Costly Global Optimization, is highly relevant due to the complexity of
the system.
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3 Methodology
This chapter describes the methods used to reach the results of the research.

3.1

Simulation method

The simulation software chosen for this project is CarMaker® provided by the company IPG
Automotive [20]. This program has the benefit of being able to simulate faster than real time
by utilizing lookup tables for kinematics and compliance in combination with a tyre model of
choice. Another benefit is that any system of the vehicle in CarMaker can be replaced with a
custom one in a Simulink environment, which in this project would be a custom steering
system model created by the steering supplier (SS).
When CarMaker and the steering system are connected, simulations can be run. What needs
to be defined to run these simulations are the manoeuvres (with a set speed, steering wheel
angle input, pre-defined lateral acceleration, road surface) and, if applicable, extra load. The
manoeuvres used in this research are Volvo Cars standardized test procedures for steering
DNA testing (the same procedures used in physical tests). How they are defined can be seen
in chapter 3.4. The results from these simulations are saved for post-processing in MatLab.

3.2

CarMaker vehicle setup

To perform simulations using CarMaker, the following inputs need to be provided [21]:
§ Vehicle body data (unsprung mass) including centre of gravity (CoG), mass, inertias in
all directions (Ixx, Iyy and Izz). A rigid or flexible body can be used, in these
simulations a rigid one was selected due to the flexible body parameters not being
available.
§ Sprung masses divided into wheel carriers and wheels (front left, front right, rear left
and rear right). For each body the CoG, mass and inertias (Ixx, Iyy and Izz) have to
be defined.
§ Suspension data lookup tables for springs (stiffness [N/m]), dampers (damping
[Ns/m]), bushings data (stiffness [N/m]), stabilizer (stiffness front and rear [N/m])
and kinematics and compliance tables.
§ Tyre model input file (.tir) containing all the constants used for the chosen tyre model,
in this case the Pac 2002 magic formula.
These data come from different sources and the process of extracting or calculating this data
will not be treated in this report. For the body data the mass, the centre of gravity and the
11

inertias come from MSC ADAMS calculations. The parameter values for the sprung masses
come from the CAD model created in Catia.
To achieve valid simulation results it is of great importance to include properly calculated or
measured kinematics and compliance in the suspension. Since this project deals with only
using CAE tools (except for tyre parameterization), the kinematics and compliance of the
vehicle is also derived from simulation. A highly detailed model was modelled in a multibody simulation tool (MSC ADAMS) and by using the kinematics and compliance
functionality the relation between forces/moments and toe angle, camber angle, caster angle,
wheel displacement as well as inertias and the position of the centre of gravity could be
extracted. The use of multi-body simulation instead of measuring in e.g. a suspension
parameter measuring machine (SPMM) has the advantage of being less time consuming, no
physical prototype has to be built and different suspension and chassis setups can be tested
iteratively.
When the suspension kinematics and compliance and the data of the sprung mass and
unsprung masses have been simulated, an accurate tyre model with well measured input
parameters is required. In this case, the PAC2002 tyre model, which is a modern adaptation
of the magic formula as formulated by Pacejka [22] was used. The tyres used were 20 inch
tires using standard tire parameters from CarMaker. Different user modes can be chosen for
the PAC2002 if for example only lateral slip is of interest. More advanced modes can be used
(with the downside of increasing the simulation time) to catch relaxation effects and
combined forces/moments. In the simulations of this thesis, a user mode with combined slip
and including relaxation behaviour was chosen as highly dynamic manoeuvres needed to be
performed (see chapter 3.4).
A summary of the different data sets and the sources of their parameter values can be
observed in Table 2 below.
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Table 2. The different inputs and their sources required to perform simulations with CarMaker.

Vehicle Data Set
Vehicle body
Unsprung masses
Suspensions

Steering
Tyres
Brakes
Powertrain
Aerodynamics

Source
MSC ADAMS

Includes
CoG position, mass, inertias
(Ixx, Iyy, Izz)
Catia
CoG position, masses, inertias
(Ixx, Iyy, Izz)
MSC ADAMS
Spring stiffness, damper
damping, buffer stiffness,
stabilizer stiffness, suspension
kinematics and compliance.
SS simulink model
Steering system geometry and
masses,
friction,
motor
parameters and gear ratios.
CarMaker
standard
tyre MF
Tyre
coefficients
parameters
(longitudinal,
lateral,
overturning, rolling, aligning).
Continental measurements
Pressure distribution, response
time, build-up time, pressure to
brake.
Powertrain department VCC
Parameters for engine, clutch,
gearbox and driveline.
Continental
Drag and lift coefficients

A summary of the simulation process can be seen in Figure 8. When all the data required by
CarMaker is gathered, the next step is to define the manoeuvre inputs. To define a
manoeuvre, the following input parameters need to be set; longitudinal velocity (the built in
IPG Driver adapts the throttle input to keep the set velocity), start time (it is important not
to set the steering input to start immediately, as it takes time for the vehicle to reach static
equilibrium after the simulation has started), duration and steering wheel input. The
manoeuvres used to extract the steering DNA metrics can be found in chapter 3.4.

3.3

Steering system implementation

To properly capture the response of the steering system a sophisticated model is required.
The model should include the frictions, gear ratios, inertias and compliances from the
steering wheel down to the tie rods but some simplifications are used in this project. Figure 9
shows the flow of forces acting on the steering rack. One of the simplifications is that the
steering wheel and steering column is not modelled, the input shaft represents the input to
the system.
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Figure 8. The simulation process used. IPG CarMaker is provided inputs from different software and
measurements but no prototype vehicle is used to get these parameters.

Figure 9. The flow of forces acting on the steering rack.

The steering system is divided into six different systems; input shaft, torsion bar, rack to
pinion gear, servo motor (with ECU), ballnut gear and steering rack. Each of them has the
following properties:
• The steering wheel and column dynamics to the are not modelled. This means the
friction, inertia and gear ratios of the u-joints in the steering column are left out.
Instead the input to the system is the angle and velocity of input shaft. These two
together with the vehicle longitudinal velocity are the driver inputs to the servo motor
controller.
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• For the torsion bar the friction of the input shaft is included, as well as the friction of
the torsion bar attachments and the stiffness/damping of the torsion bar itself.
• The pinion gear that translates the rotational movement of the torsion bar to the
translational movement of the rack is modelled as a gear ratio and a friction.
• The system model for the servo motor and its ECU is detailed, ECU voltage, driver
inputs, motor temperature and motor current affect the response of the controller.
When looking at the motor itself the inner friction is used.
• A gear ratio and inertia emulates the function of the ballnut gear that transfers the
torque from the motor to a servo force on the rack.
• A mass represents the rack, on which the resulting forces from the driver, the servo
and the rod forces act. The rack acceleration is calculated as can be seen in Eq. 3 and
by integrating twice in Simulink the displacement is derived. The servo mass acting on
the rack is also included.
𝑋!"#$ = (𝑚!"#$ + 𝑚!"#$% ) ∙ (𝐹!"#$ − 𝐹!"# )

Eq. 3

Below (Figure 10) is a flow chart of the model. The blue arrows are applied forces from the
driver and servo motor, the red arrow represent disturbances from the road acting on the
tyres.

Figure 10. The flow chart of the complete steering system.

Measurements for gear ratios, frictions and efficiency are provided by the supplier of the
system.
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3.4

Manoeuvres

3.4.1 Frequency sweep
The purpose of the frequency sweep is to evaluate the magnitude and phase delay of the
vehicle at different steering wheel frequencies. This is done by e.g. starting at a low steering
wheel frequency and slowly increasing the frequency to the desired maximum (or by going
from high to low frequency), see Figure 11. For the relevant objective metrics of this project,
the frequencies used are 0.3 Hz to 3 Hz and a velocity of 120 km/h. The maximum lateral
acceleration is 0.32 g, which determines the steering wheel angle amplitude. To find this
steering wheel angle, a steady state ramp steer (see chapter 3.4.4.) is simulated and the
steering wheel angle is extracted from the steering wheel angle to lateral acceleration curve.

Figure 11. The steering wheel angle input of a frequency sweep from 0.3 to 5 Hz.

3.4.2 On centre test
The on centre test is a manoeuvre where the steering wheel angle is a sine wave with a fixed
frequency and amplitude (see Figure 12). This test is used to e.g. evaluate the hysteresis
behaviour of the steering and vehicle response at different velocities and lateral accelerations.
This on centre behaviour is evaluated for three different velocities and 1-2 different lateral
accelerations (see Table 3) that cover both response and torque feedback. Five periods with a
low frequency of 0.2 Hz is used (low frequency to stay within the linear range of the tyres).

3.4.3 Sine with dwell
This test, also known as the “Elk test” is used to determine how the vehicle reacts to an
evasive manoeuvre. For the steering DNA it is used to evaluate the delay (time lag) between
different variables such as the delay between steering wheel angle input and yaw rate.
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Figure 12. Steering wheel input for on centre test.

Initially the steering wheel angle is set based on the amplitude required to achieve a certain
lateral acceleration (measured with a ramp steer manoeuvre). This steering wheel angle is
then multiplied by a factor until the vehicle reaches its maximum lateral acceleration and thus
spins out.
The steering angle of a sine with dwell test can be seen in Figure 13, this angle is then
multiplied by 2 up to 7 with an increment of 1.

Figure 13. Steering wheel angle input for a sine with dwell manoeuvre at a velocity of 80 km/h.

3.4.4 Ramp steer
A ramp steer is a manoeuvre where a constant longitudinal velocity is set and the steering
wheel angle is increased at a slow rate (see Figure 14) to achieve steady state values of the
vehicle variables such as lateral acceleration. The metrics extracted from this manoeuvre are
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steady state gradients (e.g. understeer gradient [°/g]) and relations (e.g. window, steering
wheel angle at 0.05g).

Figure 14. Steering wheel input for a ramp steer manoeuvre simulated with a velocity of 75 km/h.

The ramp steer is also used as a pre-event to determine what steering wheel angle is required
to reach a specific lateral acceleration, this angle is then used as an amplitude input for all the
manoeuvres mentioned above (on centre, frequency sweep and sine with dwell). Below
Figure 15 shows an example of such a pre-event.

Figure 15. Pre event relation between steering wheel angle and lateral acceleration.
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3.4.5 Summary
A summary of the different manoeuvres and the settings used can be seen in Table 3. These
manoeuvres (including pre-events and the different multiplication factors used in the sine
with dwell manoeuvre the total number of simulations is 46) are required to simulate to get
the full steering DNA and the required output data is used in the post processing. Each of
these simulations follows these steps;
1. Extract the appropriate steering wheel angle amplitude from the pre-event
(alternatively set simulation stop at a set lateral acceleration for the ramp steer).
2. Run vehicle at set velocity for 3-5 seconds to achieve static equilibrium.
3. Perform set manoeuvre.
4. Save output data required for metric extraction.
Each time an updated model is used the pre-events need to be run.
Table 3. Summary of the simulated manoeuvres.

Manoeuvre
Frequency sweep
On centre

Sine with dwell
Ramp steer

3.5

Target
velocity
[km/h]
120
50
75
75
120
80
75
120

Target
lateral acceleration
[g]
0.32
0.4
0.2
0.4
0.2
0.3
0.6
0.6

Output data required
𝑡𝑖𝑚𝑒, 𝑎! , 𝜓, 𝜑!" , 𝑇!" , 𝜙
𝑡𝑖𝑚𝑒, 𝑎! , 𝜓, 𝜑!" , 𝑇!"
𝑡𝑖𝑚𝑒, 𝑎! , 𝜓, 𝜑!" , 𝑇!"
𝑡𝑖𝑚𝑒, 𝑎! , 𝜓, 𝜑!" , 𝑇!" , 𝜙

Objective metric extraction

This chapter has the purpose of going into detail in the post processing part; going from
output signals to the steering DNA metrics. Since there are 32 different metrics, the exact
method for each is not dealt with in this report.

3.5.1 Complete simulation process
Figure 16 shows the complete simulation process with the required inputs from the different
sources. The model parameters are embedded into CarMaker, the steering system is
integrated with CarMaker via Simulink and the manoeuvre inputs are defined in CarMaker. A
total of 46 simulations with variations of velocities, lateral accelerations and steering wheel
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angle amplitudes are required to extract the 32 different metrics. Each of these simulations is
defined and controlled via Matlab, the post processing is also done in this program.

Figure 16. Complete simulation process with inputs coming from multi body simulation, manoeuvre
definition and ECU control parameters for the steering system.

3.5.2 Filtering
The process of extracting the metrics from physical testing requires filtering of noisy signals
and averaging over several test runs. Since the signals in simulation do not have noise,
filtering is in many situations not necessary. An example of a signal that normally has a high
signal-to-noise ratio is the lateral acceleration [23] but as can be seen in Figure 17, which
represents the simulation result for a sine with dwell manoeuvre, there is a low level of noise.
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Figure 17. Lateral acceleration for a sine with dwell manoeuvre at 80 km/h.

3.5.3 Post processing and examples of metrics
The value of each metric is calculated using a Matlab toolbox specifically designed for this.
Inputs to the toolbox consist of the different simulation output signals as was described in
chapter 3.4.5. Three of these metrics, all related to steering wheel torque, was looked at for
the initial optimization. These metrics are “torque deadband”, “torque buildup” and “friction
feel” and are categorized as torque feedback metrics within straight ahead controllability.
Torque deadband is described as the steering wheel angle required to achieve a steering wheel
torque of 1.3 Nm A low number on this metric would result in a steering wheel that feels
heavy and non-compliant while a too high of a number means that the steering is too light.
This metric is evaluated with a ramp steer at 120 km/h. Figure 18 shows an example of a
torque deadband.
Torque buildup is another metric that is tested with a ramp steer, this one is the gradient of the
steering wheel torque to steering wheel angle (here simplified as input shaft angle and
torque), normalized by dividing with 100 according to Eq. 4
𝑇𝑜𝑟𝑞𝑢𝑒  𝑏𝑢𝑖𝑙𝑑𝑢𝑝 =

∆𝑇!"
∙ 0.01
∆𝜑!"

Eq. 4

where 𝑇!" is the input shaft torque and 𝜑!" is the input shaft angle (see Figure 18). If the
relation between these two variables is non-linear, an average gradient is used. A large value
for this metric would infer a heavy steering feel and a low value the opposite. The torque
deadband can be seen as an initial torque buildup for small steering wheel angles.
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Figure 18. Torque deadband and torque buildup metric from simulation (example).

The third and final metric being looked in to for the initial optimization is the friction feel. This
metric is related to on centre feedback during a sine steer manoeuvre. The value of this
metric is the steering wheel torque value as the lateral acceleration of the vehicle is zero when
turning.

Figure 19. Friction feel derivation, the metric is evaluated at the point where ay=0.

3.6

Steering system control parameters and sensitivity analysis

There are a number of parameters to adapt and change in the controller of the steering servo.
Some of them are related to servo motor performance and mechanical limitations (e.g. one
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function limits the steering wheel angle so that the rack displacement does not hit its
mechanical end stops, thus reducing wear) while others are related to the torque assist. When
it comes to parameterization of objective metrics the torque assist parameters are of interest,
namely basic steering torque, active return and active damping.

3.6.1 Basic steering torque (boost curves)
Fundamental parameters in any EPAS are the velocity dependent boost curves [24]. These
determine the level of assist by using the relation between the desired rack force and the
steering wheel torque required to achieve it. Figure 20 shows these relations for seven
different longitudinal velocities (set by the supplier of the system). For 0 km/h a low steering
wheel torque is required to achieve the full range of rack force, this means that the steering
feels light during e.g. parking manoeuvres which is desired. As the velocity increases, a larger
amount of steering wheel torque is needed (the assist level is lower) which provides for a
heavier steering and more feedback from the road.

Figure 20. The initial boost curves provided by the EPAS supplier.

3.6.2 Active return
This function is responsible for the self-centring of the steering wheel and has the following
dependencies; steering wheel angle, steering wheel torque and longitudinal velocity. The
reason that this function can affect metric values is due to its small but significant damping
effect.
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3.6.3 Active damping
The purpose of the active damping function is to add additional damping in highly dynamic
steering situations. This function also has a number of dependencies each being adaptable by
different parameters. The level of damping being added from this function depends on the
steering wheel torque, vehicle speed, steering angle and the rotational velocity of the rotor of
the servo motor.

3.6.4 Sensitivity analysis
To evaluate how the different functions (and each of their parameter) affect the metric
values, a sensitivity analysis was performed. This can be done by individually changing the
parameter values between the different extreme values (maximum and minimum) with a
small increment in between and calculate the metric value for each step. In Appendix A,
Table A. 1 the parameters tested and their tested values can be seen.
A method to visualize this is by using the percentage of change between the minimum and
maximum metric value achieved by changing the specific parameter according to Eq. 5.
∆!"#$,!,! =

max 𝑴!,!

Eq. 5
∙ 100  [%]
min 𝑴!,!
Where 𝑴!,! is the vector containing the values for the i’th metric being evaluated with regard
to the n’th parameter.

3.7

Model validation

An important part when working entirely in simulation environments is to validate the
simulated results. The model validation is done by comparing the CarMaker results with
results from physical measurements, in this case by using the objective metrics as a reference.
The reference data comes from a vehicle with the same setup (body, suspension, wheels) as
the CarMaker model, but the steering system is different; similar mechanical design but
different steering ratio and software. Thus, the gear ratio of the pinion to rack gear was
adapted to be the same as the one in the steering system of the reference vehicle.

3.8

Optimization process

In this chapter the complete process of optimization is described.

3.8.1 Overview
Initially an individual parameter optimization is performed for three different metrics using
the Tomlab toolbox for efficient global optimization and the cost function described in 3.8.2.
Secondly the gradient around the optimal point for each metric is calculated to determine the
weighing factors for the optimization of multiple metrics according to 3.8.4. Finally the
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global optimization is performed for one or more variables according to 3.6.5. The steps can
be summarized as follows:
1. Optimize single steering system parameter globally for single metric.
2. Perform sensitivity analysis for metrics with regard to the specific parameter and
calculate relative gradient around optimal point.
3. The relative gradient of this metric will be set as weighing factor in the optimization
of multiple metrics.
4. Run global optimization process for all metrics.
5. Repeat steps 1 to 4 with a second steering system parameter if target is not reached.

3.8.2 Cost function
There are numerous amounts of optimization processes (see chapter 2.5) of different
complexity for different problems. Due to the high complexity of the simulation algorithm in
CarMaker, the problem can be seen as a black-box, global optimization problem since the
derivatives of the output data in relation to the steering system control parameters are
unknown. By using Tomlab’s EGO algorithm as previously described, the RMS value of the
normalized, weighed difference between the desired and actual metric value can be
minimized according to the cost function in Eq. 6.

                        𝐽 =

1
∙
𝑛

!

𝜔!
!!!

𝑀!,! − 𝑀!,!
𝑀!,!

!

    

Eq. 6

Where 𝐽 is the cost function to be minimized, n is the number of metrics being optimized, 𝜔!
is the i’th weighing factor, 𝑀!,! is the actual value of the n’th metric and 𝑀!,! is the desired
value of the i’th metric.
Since the target of each metric is a range and not a constant, either the mid-point or an end
point (depending on what is desired for the metric) is used. Table 4 shows the targets used.
The metrics used below are a selection of metrics that are highly affected by the steering
system parameters (see chapter 4.2).
Table 4. Metric targets for cost function.

Metric name
Torque deadband
Torque buildup
Friction feel
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Metric target range
1-1.8
23-28
1.25-1.55

𝑴𝐝𝐞𝐬
1
25.5
1.4

3.8.3 Single variable global optimization
As was described in 3.8.1 the first step is to optimize individual parameters for a single
metric. The first parameter to look into is the velocity dependent basic steering torque. Since
the three metrics being optimized are calculated from tests at 120 km/h, the boost curve for
this velocity is what is being adapted.
Instead of changing individual points of the boost curve, a power function curve fit was
used. The curve fit was done using the least square curve fit function in the Matlab
optimization toolbox where the function of Eq. 7 was fitted.
!
𝐵𝑆𝑇 𝐹!"#$ = 𝐴 ∙ 𝐹!"#$

Eq. 7

Where 𝐹!"#$ is the rack force, 𝐴 and 𝐵 are constants and 𝐵𝑆𝑇 is the basic steering torque.
The result of the curve fit can be seen in Figure 21 below with the resulting function
according to Eq. 8.
!.!"#$
𝐵𝑆𝑇 𝐹!"#$ = 0.2864 ∙ 𝐹!"#$

Eq. 8

Figure 21. Power function curve fit for basic steering torque at v = 120 km/h.

The initial problem to solve is adjusting the parameters A and B so that the metric values fall
within range. The optimization problem can then be formulated as
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min!,!        𝐽 𝐴, 𝐵
𝑠
𝐴
𝐴
𝐴
           !            ≤           
         ≤              !
𝐵
𝐵!
𝐵
𝑡
!
𝐼𝑛𝑖𝑡𝑖𝑎𝑙  𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑠 =   

Eq. 9

𝐴!
𝐵!

where J(A,B) is the cost function as defined in Eq. 6, AL and BL are the lower boundaries, AU
and BU are the upper boundaries of the linear constraints and A0 and B0 are the initial values.
The Tomlab EGO solver with the settings in Table 5 was used to run the optimization.
Table 5. Tomlab EGO settings for optimization.

Metric

Torque deadband

Torque buildup

Friction feel

AL
BL
AU
BU
A0
B0

0.1
0.25
0.4
0.4
0.2864
0.3421

0.1
0.25
0.4
0.4
0.2864
0.3421

0.1
0.25
0.4
0.4
0.2864
0.3421

3.8.4 Determination of weighing factors
The initial optimization for individual metrics will provide different A and B values for each
metric. To determine how sensitive the metric is to changes in the power function, a
sensitivity analysis needs to be performed here as well. By varying the A-value between its
extreme values (0 and 2 in this case due to constraints provided by the supplier) with a small
increment, the gradient around the optimal point can be studied. If the gradient around the
optimal point is low, it means that the metric is insensitive to change around its optimum
while the opposite applies for a large gradient. This behaviour is used in determining the
weighing factors, where the relative gradient is calculated according to Eq. 10.
𝑑𝑀
1
Eq. 10
∙
= 𝜔!
𝑑𝐴 !"# 𝑀!"#
!"
Where ∆!,! is the relative gradient around the optimal point, !" is the gradient around the
∆!,! =

same point !

!

!"#

is a normalization factor and 𝜔! is the weighing factor.

The value of the relative gradient will equal the weighing factor of the metric value in the
optimization of multiple metrics.
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3.8.5 Optimization of multiple metrics using single parameter
With the weighing factors being calculated according to Eq. 10 (chapter 3.8.4), the new cost
function for the three chose metrics is as follows in Eq. 11.

  𝐽 =

=

1
∙
3

1
𝑀!,!"# − 𝑀!,!"#
∙ 𝜔!,!"#
3
𝑀!,!"#

!

𝜔!,!
!!!

!

+ 𝜔!,!"#

𝑀!"#,! − 𝑀!"#,!
𝑀!"#,!
𝑀!,!"# − 𝑀!,!"#
𝑀!,!"#

!

   =
!

+ 𝜔!,!!

𝑀!,!! − 𝑀!,!!
𝑀!,!!

Eq. 11

!

  

where index TDB is the torque deadband, TBU the toque buildup and FF the friction feel
metric.
By using the EGO settings from Table 5. Tomlab EGO settings for optimization. the
optimization for all three metrics were run. When this optimum was found, it was used as a
starting point for adapting a second tuneable parameter of the servo. This time, due to the
results from the sensitivity analysis, the active damping as a function of steering wheel angle
was looked in to. The same procedure as with the basic steering torque was performed with
the result of a combined optimal point for both parameters with regard to the three metrics.
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4 Results
4.1

Carmaker and steering system model validation

The vehicle model used in CarMaker was validated with a similar vehicle as a reference and
the results of the straight ahead controllability are shown in Figure 22 where the orange
values are the reference values and the green values are the simulated ones. This reference
vehicle has the exact same setup as the CarMaker model (body, engine, suspension and tyres)
with the exception of the steering system hardware and software as well as the aerodynamics
where the coefficients are generic. When looking at the torque feedback, the required torque
is higher than the torque in the reference vehicle.

Figure 22. The model validation of the CarMaker model where the steering DNA values are used as
comparison. Orange values are the reference values and the green values are the simulated ones.

4.2

Steering system parameter sensitivity analysis

The results of the steering system sensitivity analysis can be seen in Appendix A, Figure A. 1.
The figure shows a table of the change in per cent when changing the different control
parameters as described in Chapter 3.6.4 and a large influence of the torque assist metrics can
be observed when changing the parameter basic steering torque (for a graphical display of this,
see Appendix A, Figure A. 2). Values tested for which parameter can be seen in Appendix A,
Figure A. 1.

4.3

Parameter optimization

This chapter presents the results of the ECU parameter optimization by using the same
outline as the method itself. First the results of the individual optimization is shown, where
each metric was adapted to be within the target range. Secondly the sensitivity analysis of
these individual metrics is shown with regard to the ECU control parameter, which is then
used to calculate the weighing factor for the global optimization of multiple metrics. Finally
this final optimization is presented.
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4.4

Individual optimization

Using the results from the sensitivity analysis (see Chapter 4.2), the metrics chosen to be
optimized due to their sensitivity to the control parameters were the following three; torque
deadband (
Figure 23), torque build-up (Figure 24) and friction feel (Figure 25).
The figures show different sample values of the A and B-factors (see Chapter 3.8.3)
determined by the EGO solver as well as the final optimized solution. The optimization
resulted in metric values with small deviations from target and all within range (see Table 6).

Figure 23. The individual optimization of the torque deadband metric.
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Figure 24. The individual optimization of the torque build-up metric.

Figure 25. The individual optimization of the friction feel metric.
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Table 6. Value table of adapted metrics using individual global optimization.
Metric
Torque deadband
Torque build-up
Friction feel

4.5

Initial metric
value
0.853
30.14
1.767

Target metric
value
1.4
25.5
1.4

Adapted metric
value
1.3975
25.4739
1.3993

Deviation (%)
0.0025 (0.17)
0.0026 (0.102)
0.0007 (0.05)

Optimal
(A,B)
(0.29,0.28)
(0.24,0.35)
(0.31,0.26)

Sensitivity analysis and gradient calculation

The sensitivity analysis of the metric values in response to the A-factor of the basic steering
torque power function resulted in what can be seen in Figure 26 with the optimal points
from the individual optimization marked out. At this point the relative gradient is calculated
which determines the weighing factor for the simultaneous tuning of multiple metrics.

Figure 26. Sensitivity test results for metrics in response to the A-factor of the basic steering torque
power function.
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The resulting weighing factors was then
𝜔 !" = 0.01  ; 𝜔 !"# =   0.21; 𝜔!! = 0.007
Where index TD is for torque deadband, TBU for torque build-up and FF for friction feel.

4.6

Multiple metric optimization

By using the weighing factors above in the cost function for multiple metrics, see Eq. 10, the
results according to Figure 27 were achieved. One can see that all metrics except for the
friction feel end up within their target range. The friction feel, however, can be adapted by
changing the active damping as a function of steering wheel angle according to the sensitivity
analysis (44% change, see Figure A. 1). By going through the same steps as with the basic
steering torque, the results shown in Figure 28 were the outcome. After this step, all metrics
are within the target range.

Figure 27. The optimization results from the global optimization of the basic steering torque.
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Figure 28. The global optimization of multiple metrics using the previously optimized basic steering
torque as a base and then optimizing the active damping as a function of steering wheel angle.
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5 Discussion
The goal of this thesis was to develop a CAE process that could parameterize an ECU
controlling a servo motor in an EPAS system to improve the steering feel of a vehicle. This
should be solved by using a combination of global optimization algorithms and objective
metrics as targets. A vehicle model parameterized by measurements and multi-body
simulations was evaluated using a real time simulation tool in co-simulation with an advanced
steering system model. By using objective metric targets provided by Volvo Cars a reference
for the performance the ECU control parameters could be optimized with the assistance of
the optimization tool Tomlab with a positive outcome.
This chapter provides a critical view and discussion of each step of the developed process.

5.1

Simulation method

The chosen method of simulation, using lookup-based software to simulate in (or faster
than) real time, is proven to be a quick process suitable for iterative processes. Another
option is to use a multi-body simulation tool with more complexity and higher accuracy (e.g.
by using high resolution flexible bodies) but this would considerably increase the
optimization time.
The model validation of the virtual vehicle showed that in low frequency, close to steady
state manoeuvres the results have a high correlation with the test vehicle with the exception
of time delay, lateral acceleration gain difference between maximum and curb weight and roll
rate gradient. The time delay is not related to lateral acceleration and the lateral acceleration
difference would not affect the torque feedback metrics since only the curb weight is used in
the corresponding manoeuvres. When it comes to roll rate gradient, however, the larger roll
angle would give different wheel angles than the actual vehicle due to roll steer effects.
Validating the torque feedback metrics is difficult since the used vehicle and steering system
combination does not exist in reality. The comparison shows that the torque assist of the
virtual steering system is lower than that of the measured system (larger steering wheel torque
required). It can also, on the other hand, be seen that the virtual vehicle has realistic values of
these metrics.

5.2

Objective metrics and their extraction

Without objective metrics numerical optimization is a difficult task. Having well defined
metrics with precise target values is very powerful and enables a quick parameterization
process as oppose to manual tuning by professional drivers. One limitation of using objective
metrics is that they have to be able to capture the sensation the driver later on feels when
driving the car, something that is highly subjective. A second limitation is that the target
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setting of these metrics is a difficult task and is usually determined by benchmarking in
combination with the experience of the previously mentioned professional drivers. A poor
target would make the optimization results redundant.
There is however plenty of research going on in the area of developing new objective metrics
and finding ways of correlating objective metrics with subjective assessments (e.g. the
iCOMSA project [25]). Using this research in combination with the developed process could
prove to be a very efficient way of parameterizing not only ECU parameters but also
complete vehicles.
The extraction of the metrics is often a well-defined process but it is important to extract
them the exact same way when comparing different results. Here the metric values of
physically tested vehicles are highly dependent on the performance of sensors and the
selection of filtering methods as well as the weather, asphalt and tyre conditions. This means
that the usage of physical tests as a reference when validating the performance of the CAE
tools may lead to false conclusions (what is the “correct” vehicle?) if the measurements are
performed poorly.

5.3

Optimization process and its results

The area of optimization is an area of research in itself. Powerful tools are developed to aid
engineers in performing their optimizations in an efficient and well-defined way. Tomlab is
an intuitive toolbox for Matlab that in this thesis provided the desired end results.
Determining the weighing factors is also something that can be done in many ways, though
using the gradient from the sensitivity analysis gave the desired results. The resulting
parameter values do however need to be validated with testing.
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6 Recommendations
This chapter provides useful recommendations that could result in improved results. These
recommendations are as follows:
• When performing the sensitivity analysis, other methods can be used such as design
of experiment (DoE) together with factorial test methods. This could be used to evaluate
synergy effects when changing the values of multiple parameters at the same time.
• Physical validation is a necessity and will be performed in the future for this project.
The test vehicle should have as close of a similarity to the virtual vehicle as possible.
• New ways of determining the weighing factors should be tested. Many different ways
of doing this exist and a thorough evaluation of some of these could improve the results.
• When finding discrepancies between the actual vehicle and the simulated that affects
the results in a significant manner, these discrepancies need to be reduced. This was
done throughout this project but the vehicle, tyre and steering system models are
something that can always be improved.
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7 Future Work
This project resulted in a proof of concept, showing that there are a lot of possibilities in
CAE tuning of vehicle subsystems. Following is proposed as a continuation of this project;
•

More parameters should be studied to further improve the final results. Different
controllers do of course have different software, testing the developed process for
different controllers could also be done to evaluate them.

•

The target setting of metrics is a hot topic in this area. Using the results of the
research in this area in combination with the developed process could further
improve the actual target of the parameterization; to improve the subjective
steering feel.

•

As described in chapter 6, physical testing and validation of the results need to be
performed. These results can then be used to further improve the process.

•

Create a fully automatized tool that utilizes the developed process. To do this the
selection of parameters to tune and metrics to include need to be done with an
algorithm. The tool should only require a proper co-simulation setup, available
input parameters and target metric values.
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Appendix A – Sensitivity analysis
parameters and results
Table A. 1. The parameters tested in the sensitivity analysis.
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Figure A. 1. The results of the sensitivity analysis.
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Figure A. 2. The percentile change of steering DNA metrics achieved by changing the basic steering
torque parameter.
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