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2 1 INTRODUCTION

1 Introduction, Objectives

A persistent and accelerating improvement of mechatronic systems can generally
be observed in the automotive industry, where the electronic actuators and digital
technology is used for the further enhancement of road safety and driving enjoyment.
One of the mechatronic devices supporting the driver of the modern car is the
electronic steering system where servomechanisms were introduced to reduce the
steering effort required from the driver.

By today, power steering systems have spread in automotive industry because
numerous factors (such as greater vehicle mass and wider tires) increase the re-
quired steering effort. The traditional power steering systems are hydraulic systems
equipped with an engine-driven pump and are called hydraulic power assisted steer-
ing systems (HPAS). Newer solutions provide the hydraulic pressure with the help
of a pump that is driven by an electric motor. These systems are called electro-
hydraulic power assisted steering systems (EHPAS). The major advantage of EH-
PAS systems over the conventional hydraulic systems is that the direct influence on
the hydraulic pressure enables a more sophisticated assist strategy. Obviously, the
direct use of an electrical motor coupled to the rack or to the steering column allows
an even more flexible assistance. Another distinct advantage of these so-called elec-
tric power assisted steering systems (EPAS) lies in their fuel efficiency. HPAS and
EHPAS systems both have to maintain a pressure in the hydraulics constantly but
EPAS systems consume energy only during power assistance. On the other hand,
EPAS systems increase the energy demand from the electrical network of the car and
therefore the size of vehicles where they can be used is limited. The possibilities pro-
vided by EPAS systems enable the implementation of many unprecedented features
such as variable assistance depending on the driving conditions (such as steering
angle, steering angle velocity, speed and acceleration of the vehicle and each wheel
and yaw rate) or the choice between different boost curves with the aim of opti-
mizing the assist force depending on driving situation. With appropriate control
algorithms, several novel functionalities can be achieved on EPAS systems e.g. the
compensation of the effects of side-wind forces on the vehicle or park assist. All these
features offer more and more comfort, security, and convenience for the driver but
EPAS systems are also lighter and easier to package and install than the hydraulic
alternatives. One example for the feedback control of an EPAS steering system is
presented in [3] where the assist torque is determined by a two-degree-of-freedom

control law. Nonetheless, logistical benefits can be still further increased allowing
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actuation independently of the driver. Steer-by-wire steering systems are the most
common representatives of this freest type of steering assistance. In steer-by-wire
steering systems, both of the steering wheel and the rack can move independently,
both of them introduce one degree of freedom. Nevertheless, the critical role of the
steering system in road vehicles is to make us appreciate that solutions are preferred
where the mechanical link between the steering wheel and the rack is maintained
to ensure system safety. Consequently, a solution is required where the degrees of
freedom of the complete steering system is increased, however, the mechanical link
between the components is preserved. Such steering systems are already available
on the market where a planetary gear with two input shafts and one output shaft
was added. One input shaft is linked to the steering column of a HPAS system,
while the other engages with an additional electric motor. These steering systems
are planed to make it possible to change the steering angle in addition to the angular
position determined by the steering wheel with an extra steering angle generated
by the electric motor, if necessary. In other words, the complete system is able to
modify the steering kinematics, increasing or reducing the effective steering angle
on the wheels, and to provide the correct steering ratio for the respective driving
situation.

One of the most important producer of steering systems, namely ThyssenKrupp
Presta Steering also took the decision to develop a similar system. From different
possible mechanical setups, they chose one where the additional degree of freedom
was introduced with the use of a harmonic drive built into the so-called super imposed
actuator (STA) unit. Also the steering system is called SIA steering system after
the SIA unit. In contrast to the variable ratio steering systems based on HPAS
systems, the base of the SIA steering system is an EPAS system and so not only on
the additional electric motor but also on the rack servo motor it is possible to apply
forces determined by a sophisticated control algorithm. For this reason a practical
goal of my research was the achievement of the decoupling control for this steering
system in order to decouple the steering wheel from the rack (with the steered road

wheels) and thus the full realization of a virtual steer-by-wire steering system.

1.1 Research Methodology

The steering system can be modeled as a multi-body system where the motion of
the system is constrained by kinematic motion constraints. The use of the harmonic

drive in differential gearing configuration is a novel application. The mathematical
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modeling of the dynamics of this system implied the definition of a more general
system class. I analyzed this more general case with regard to modeling aspects and
modified system attributes such as controllability and observability.

With the results of this more general study, I gave the equations of motion of
the harmonic-drive system in two setups. In the first setup, the harmonic drive is
modeled as a holonomic scleronomic constraint that limit the motion three bodies
(each with one degree of freedom). In the second setup, the harmonic drive is
augmented with a spring that results in a generalized spring. Finally, I derived
the nonlinear dynamical model of the new steering system of ThyssenKrupp Presta
Steering that includes universal joints, as well.

[ implemented the noninteracting control algorithms for all systems according to
the steps in the modeling process. The accomplishments in the closed-loop perfor-
mances were proven with simulation studies.

During my research, I worked in cooperation with the Advanced Vehicles and
Vehicle Control Knowledge Center and ThyssenKrupp Presta Steering. The later
parter offered me the opportunity to use their hardware devices such as a test bench,
their electronic control units (ECU) with motor control software for the control of
the electric motors mounted to the test bench and the rapid prototyping (hardware-
software) tools of dASPACE (AutoBox and ControlDesk), which they apply for de-
velopment and real-time product tests. The measurements for the identification of
the parameters as well as for the verification of the closed-loop behaviour in the

harmonic-drive system, were performed with the use of these pieces of equipment.

2 Summary of the New Results

2.1 Modeling of Constant Linear Constrained Mechanical

Systems

Many processes can be described by linear second-order multi-variable differential
equations of the form HqG+ Dq + Sq = Fu. The most common examples of pro-
cesses to be modeled with such differential equations are mechanical and electrical
processes. The analogy between them is given in Table 1 for the coefficient matrices
on the left-hand side and the coefficient F' is called input mapping matrix. The
motion of such systems is often constrained by holonomic scleronomic linear con-

straints of the form C'¢ = 0. The equations of motion of a mechanical setup with
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Constant Linear Constrained Mechanical Systems

Notation | Mechanical interpretation | Electrical interpretation
H inertia inductivity
D damping resistance
S stiffness elastance
q displacement quantity of charge
U force/torque voltage

Table 1: Analogy between mechnical and electrical systems

a harmonic drive, which plays a central role in the SIA steering system, have the

above form and the mechanical setup belongs to this system class.

Thesis Group 1. [ have defined a class of linear second-order multi-variable sys-
tems with constant coefficient matrices where the evolution of the configuration vari-
ables 1s restricted by linear holonomic scleronomic constraints. I have given the
transformation for the elimination of constraint forces and redundant coordinates
from the equations of motion. I have given a procedure for the determination of
the transformation matrixz. I have given the projection for the calculation of the

constraint forces, too.
Related publications: [6,8, 10]

Thesis 1.1. [ have shown that the redundant variables and the constraint torques
in the equations of motion of the systems in the defined system class can be reduced
with a linear transformation applied to the input mapping matriz and congruent
transformations applied to the other matrices. The matriz of the transformations is
built of the column vectors that span the right null space of the coefficient matriz C'

i the kinematic constraints.
Related publications: [6,8, 10]

Thesis 1.2. [ have given bounds for the eigenvalues of the transformed matrices
with the help of a set of basis vectors in the right null space of the coefficient matrix
of the kinematic constraints. I have given a procedure, as well, that builds the matriz
of the transformation to the reduced form, which transforms the inertia matriz to

the identity matriz.
Related publications: [6]

Thesis 1.3. [ have shown that the closed form of the constraint forces in this system

class is given by a linear transformation that is a projection. The matriz of the
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projection can be expressed with the inertia matrix and the matriz of the kinematic

constraints.

Related publication: [6,8,10]

2.2 Controllability and Observability of Constant Linear

Mechanical Systems

Underactuated mechanical systems are systems that have less number of actuators
than degrees of freedom. The variable gear ratio steering system of ThyssenKrupp
Presta Steering, namely the SIA steering system has 3 degrees of freedom but only
2 electric motors are mounted to actuate the whole system. Accordingly, the STA
steering system is an underactuated mechanical system. The question naturally
arises, under which conditions the whole system is controllable. Another economic
question, which arises in the industrial production concerns the minimal number of
actuators (sensors) such that the system is still controllable (observable) and the
objectives of the control can be fulfilled. This thesis group addresses controllability
and observability properties of the system class defined in Thesis Group 1 with a

special approach.

Thesis Group 2. [ have given lower bounds for the number of actuators (sensors) in
constant linear mechanical systems such that the system is controllable (observable).

The analyses are based on the Hautus rank tests [Hau69).
Related publications: [6]

Thesis 2.1. [ have shown that the minimum for the number of linearly indepen-
dent inputs (outputs) in a controllable (observable) state-space model is the maximal
number of the linearly independent eigenvectors of the system matrix belonging to
one of its eigenvalues. I have given a procedure that terminates with an appropriate

input (output) matriz.
Related publications: [6]

Thesis 2.2. [ have shown that the number of the independent torque inputs (position
outputs) in a controllable (observable) constant linear mechanical system is not less
than max {n —rank (\2H + AD + S)} where n stand for the degrees of freedom of
the system and the maximum is taken over all eigenvalues of the system matrix of
the state-space model. Obviously, at least 1 torque input (position output) is required

always for the controllability (observability).
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Related publications: [6]

Thesis 2.3. I have shown that constant linear mechanical systems with pure damping
(i.e. zero stiffness matriz) are controllable (observable) if and only if the number of
the independent torque inputs (position outputs) equals the number of the degrees of

freedom.
Related publications: [6]

Thesis 2.4. [ have shown that the number of the independent torque inputs (position
outputs) in a controllable (observable) constant linear mechanical system is at least

the highest multiplicity in the eigenvalues of the stiffness matrix.

Related publications: [6]

2.3 Control of the STA Steering System

The SIA steering system of ThyssenKrupp Presta AG is a multi-body system with
special kinematic constraints. The aim of the preceding thesis groups was to create
a framework for the modeling and analysis of mechanical setups such as the STA
steering system that makes the development of a control algorithm possible. This

thesis group applies the previous results to the SIA steering system.

Thesis Group 3. [ have given the equations of motion of the SIA unit. I have
identified the parameters of this harmonic-drive system and achieved the objectives
of the steering system application on this system. After the augmentation of the
harmonic-drive system with a spring, I accomplished the decoupling control of the
resulting underactuated system. I have given the nonlinear model of the SIA steering
system including universal joints and I have developed the noninteracting control for
it.
Related publications: [1,2,4,5,7-10]

Thesis 3.1. With the application of Thesis 1.1, I have given the dynamical model of
a multi-body system where three bodies, each with one rotational degree of freedom,
are connected by a harmonic drive. With the use of Thesis 1.3, I have expressed the
constraint torques in the system. I have identified the frictional parameters assuming
linear (viscous) and nonlinear (Coulomb) friction terms based on measurements.
With the use of the identified parameters, I implemented a feedback law that controls

the angular position of one axis and achieves the actuation of another axis with
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an additive torque term (force feedback for the driver). I have verified the control
law with simulation analysis as well as with measurements on the test bench of

ThyssenKrupp Presta Steering.
Related publications: [2,4,7,9]

Thesis 3.2. [ have shown that the harmonic drive with a spring on one of its axes
can be modeled as a generalized spring that actuates all of the connected three bodies.
I have achieved the decoupling control [Gil69, GP69] of this underactuated mechanical
system with two outputs. I have verified the closed-loop performance with simulation

study.
Related publications: [1,5]

Thesis 3.3. [ have given the nonlinear model of the complete SIA steering sys-
tem including universal joints. I have shown that this model is differentially
flat [FLMR99, FLMR95, Lan03] but the flat output does not coincide with the output,
which corresponds to the control objectives. After linearization, I developed the non-
interacting control law for this underactuated system and I verified the robustness of
the control algorithm with a simulation study with respect to parameter changes that

increase the modeling error arising from the nonlinearities.

Related publications: [8,10]

3 Conclusion

The dissertation summarizes the results of the research work towards the accom-
plishment of the decoupling control for the SIA steering system of ThyssenKrupp
Presta Steering in order to obtain a virtual steer-by-wire steering system with the
maintenance of the mechanical link that can provide system safety if the control
system collapses because of a system failure.

The kinematic properties of the components in this mechanical setup implied
the introduction of a system class that led to more general theoretical results in the
field of mathematical modeling and analysis of the controllability and observability
properties. These results were successfully applied to the SIA steering system and

to other similar mechanical setups.
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