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Abstract

Demands for including more functions such as haptic guiding in power
steering systems in road vehicles have increased with requirements on new
active safety and comfort systems. Active safety systems, which have been
proven to have a positive effect on overall vehicle safety, refer to systems that
give the driver assistance in more and less critical situations to avoid accidents.
Active safety features are going to play an increasingly important roll in future
safety strategies; therefore, it is essential that sub systems in road vehicles, such
as power steering systems, are adjusted to meet new demands.

The traditional Hydraulic Power Assisted Steering, HPAS, system, cannot
meet these new demands, due to the control unit’s pure hydro-mechanical so-
lution. The Active Pinion concept presented in this thesis is a novel concept
for controlling the steering wheel torque in future active safety and comfort
applications. The concept, which can be seen as a modular add-on added to
a traditional HPAS system, introduces an additional degree of freedom to the
control unit. Different control modes used to meet the demands of new func-
tionality applications are presented and tested in a hardware-in-the-loop test
rig.

This thesis also covers various aspects of hydraulic power assisted steering
systems in road vehicles. Power steering is viewed as a dynamic system and is
investigated with linear and non-linear modeling techniques. The valve design
in terms of area gradient is essential for the function of the HPAS system;
therefore, a method involving optimization has been developed to determine
the valve characteristic. The method uses static measurements as a base for
calculation and optimization; the results are used in both linear and the non-
linear models. With the help of the linear model, relevant transfer functions
and the underlying control structure of the power steering system have been
derived and analyzed. The non-linear model has been used in concept validation
of the Active Pinion. Apart from concept validation and controller design of
the active pinion, the models have been proven effective to explain dynamic
phenomena related to HPAS systems, such as the chattering phenomena and
hydraulic lag.
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[VII] Degerman P., Rösth M. and Palmberg J-O., “A Full Four-
Quadrant Hydraulic Steering Actuator Applied to a Fully Automatic
Passenger Vehicle Parking System,” in Proc. of Fluid Power Net In-
ternational - PhD Symposium , 4th FPNI-PhD 2006, CD-Publication,
Sarasota, FL, USA, 13th-17th July, 2006.
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Nomenclature

αAP Actuation valve angle generated by the pilot motor [rad]
αv Angular displacement of the valve [rad]
βe Bulk modulus [Pa]
δ Steering wheel angle [rad]
δopt Optimal steering angle in the LKA system [rad]
ẋp0 Break speed for the column friction [m/s]
γ Angle of the bevel in the valve [rad]
ρ Oil density [kg/m3]
τ Exponential constant for the column friction [−]
A Connection to cylinder chamber A
A[±Tsw] Valve area opening [m2]
A1,2 Area openings within the valve [m2]
A1,2 Valve area opening [mm2]
Ap Cylinder area [m2]
b Width of the valve bevel on the spool [m]
B Connection to cylinder chamber B
b1 Total width of grove in valve body [m]
b2 Total width of land on the spool [m]
Bsw Viscous damping in the steering wheel [Ns/m]
Bw Lateral viscous damping in the [Ns/m]
C Hydraulic Capacitance [m5/N ]
c Stiffness on the torsion bar in the valve [Nm/rad]
cq Flow coefficient [−]
D Disturbance [Pa]
dpECA Pressure drop over the ECA [Pa]
dpvalve Pressure drop over the valve [Pa]
Fassist Assisting Force applied on the steering rack [N ]
Fmanual Manual Force applied on the steering rack [N ]
FObj Object function in the optimization
Ftot Total force applied on the steering rack [N ]
FWeight Weight function in the optimization
FA Assisting force ratio [−]
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Fj Pretension of the joke [N ]
FL Maximal external load [N ]
FL External load acting on the steering rack [N ]
FM Manual force ratio [−]
h0 Clearance between spool and valve body [m]
K0,1,2,3,4 Coefficient in the polynomial area function
Kc Linearized flow–pressure coefficient [m5/Ns]
Kp Pressure gain [Pa/mm]
Kq Flow gain [m2/s]
Kt Equivalent spring coefficient in the torsion bar [N/m]
Kw Lateral spring coefficients in the tire [N/m]
L Length of the land in on the spool [m]
msw Mass of the steering wheel [Kg]
mw,i Mass of the wheels f–front, r–rear [Kg]
mb Mass of the body [Kg]
mr Mass of the rack [Kg]
ms Mass of the sub-frame [Kg]
P Connection to supply line
PECA Energy loss in the ECA [w]
PLoffset Change in load pressure to generate Toffset [Pa]
PLN Nominal load pressure, undist. valve characteristic [Pa]
Ppump Energy loss in the pump unit [w]
Pvalve Energy loss in the valve unit [w]
pL Load pressure [Pa]
pp Maximal pump pressure [Pa]
ps System pressure, pressure before the valve [Pa]
q Load flow normalized with system flow [−]
qECA Flow consumed during pressurization of the ECA [m3/s]
qleak General leakage in the valve unit and the piston [m3/s]
qp Flow delivered by the pump [m3/s]
qshunt Flow shunted back to the suction side of the pump [m3/s]
qL Load flow due to motion of the cylinder [m3/s]
qS System flow entering the valve [m3/s]
Rvalve Radius of the spool [m]
rr Gear radius of the pinion [m]
T Connection to tank line
Tassistance Assisting torque generated by the load pressure [Nm]
Toffset Offset torque due to the actuation of the pilot motor [Nm]
Tsw Steering wheel torque [Nm]
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T ∗
sw Nominal torque, undisturbed valve characteristic [Nm]
Ttot Total torque sum of Tassistance and Tsw [Nm]
w Area gradient [m]
V0 Total volume in cylinder [m3]
Vv System Volume, volume between pump and valve unit [m3]
X Parameters optimized in the optimization
xA1,2

Equivalent linear displacement of the valve [m]
xAP Valve displacement of the valve due to the actuation of

the pilot motor
[rad]

xsw Displacement of the steering wheel [m]
xb Displacement of the body [m]
xr Rack position [m]
xr Displacement of the rack [m]
xv Linear displacement of the valve [m]
xw Displacement of the wheel [m]
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1
Introduction

1.1 Background

Safety is a predominant issues today; therefore, a great deal of research
concerns safety issues. Safety in cars can be divided into two categories, passive
and active safety. Passive safety refers to functions that help mitigate the sever-
ity of accidents when such as seat belts, airbag etc. Active safety features refer
to functions that assist the driver to avoid an accident such as anti-lock brakes,
traction control [1], and active yaw control. Wilfert proposed a definition of
passive and active safety where he also suggested a classification [2]. A more
resent work concerning active safety was performed by E. Donges, [3], who
divides active safety functions and driver assisting functions into four levels,
Information, Warning, Vehicle Dynamic Control and Action Recommendation.
The effect of active safety functions has been proven successful for overall ve-
hicle safety. A. Tingvall et al. stated that the dynamic yaw control system
increases safety up to 38%, especially on winter road conditions [4]. Several
other investigations have reached similar conclusions, see for instance [5–8].
The active yaw control system was the first active safety system on the market,
where the potential for the systems was visible. New systems are entering the
market such as Adaptive Cruise Control, ACC, which is a system that helps
the driver in the longitudinal control of the car, thereby keeping a safe distance
to the vehicles ahead, [9].

The systems mentioned above use the brakes, the drive-train or a combi-
nation of both to enable active safety functions. Power steering systems have
not been involved in active safety system with the exception of the newly intro-
duced variable ration power steering system, Active steering, which is described
by P. Köhn, [10, 11]. When implemented in the vehicle, the system does not
effect active safety but could be used for active yaw control. Research concern-
ing dynamic yaw control utilizing the power steering system has been carried
out by J Ackermann et al., [12–14].

9



Hydraulic Power Steering System Design in Road Vehicles

avhandling marro

2007/03/07
20:41
page 10

Active safety features are going to play a more important roll in future safety
strategies; therefore, it is essential that vehicle sub systems are adjusted to
meet new demands. Next generation active safety might also involve the steer-
ing system in guiding the driver out of a safety critical situation such as Lane
Keeping Aid, LKA. LKA systems help the driver keep the lateral position of
the vehicle, thereby reducing the risk for road departure accidents; this can be
compared to the ACC system, which is a longitudinal control. The LKA sys-
tem has been investigated by different researchers and with different actuation.
Franke et al. enable the system by adding a correction to the driver’s input
steering, [15]; whereas Pohl and Ekmark added a guiding torque to the steering
wheel, thereby enabling a haptic communication with the driver, [16]. The last
example can be seen as an action recommendation that guides the driver out of
a safety critical situation. There are also other safety functions that can utilize
enhanced functionality in the steering system, which will be discussed further
in the thesis.

There are a number of feasible concepts to enable steering intervention rang-
ing from additional actuators applying torque to the steering column to Electric
Power Assisted Steering, EPAS, systems, [17]. The latter has recently entered
the market, mainly in order to meet future requirements on emission and fuel
consumption, as the efficiency of traditional hydraulic power assisted steering,
HPAS, systems, especially for highway driving, is quite low. However, unless
42V technology is available, the application of EPAS systems will be restricted
to smaller and medium sized vehicles, [18]. This thesis concerns hydraulic ac-
tuator design in HPAS systems to support and enable active safety functions
that demand haptic communication with the driver.

1.2 Limitation

This thesis focuses on enhancing the functionality of a traditional hydraulic
power steering unit. In the development of this project, different simulation
environments have been developed and used to support the design process re-
garding performance prediction, controller development and prototype design.
These models has also been proven effective to analyze, predict and explain
different problems related with the hydraulic power steering, such as the chat-
tering phenomena and hydraulic lag. This thesis describes the design process
of power steering systems in a general manner with no intension of develop
or contribute to important areas such as energy consumption; noise, vibration,
and harshness, NVH, problems or improving handling characteristics. The ac-
tive safety and comfort functions that are to use the increased functionality of
the hydraulic power steering system are described to give a background for the
different control strategies and are not a focus in this thesis. In the project,
different existing dynamic vehicle models have been used as tools but should
not be considered to be a part of the research project.

10
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1.3 Contribution

The main contribution of this thesis is the concept for enhancing functionality
in traditional hydraulic power assisted steering systems. This project is a novel
approach to enhance the functionality of HPAS systems to meet the demands of
future active safety systems. The development of the enhanced power steering
unit includes simulation and testing of different control strategies that can
be used in both active safety systems and comfort systems. This project has
resulted in a new concept called Active Pinion, which is can be seen as a
modular add-on to a traditional hydraulic power steering system. The focus of
the active pinion concept is to enable a haptic communication with the driver,
which can be used for guiding and easing the driver when performing different
driving tasks.

In addition to the concept, different controller designs are developed to meet
future demands for active safety and comfort systems such as LKA systems and
automatic parking systems. Apart from concept validation and controller design
of the active pinion, the models have been proven effective to explain dynamic
phenomena related to HPAS systems, such as the chattering phenomena and
hydraulic lag.

11
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2
Power Steering

Systems

2.1 History

Power steering systems are probably the most used servo∗ system by the
common man, even though most users never give it a second thought. The first
power steering unit was invented by Francis W. Davis in the mid 1920’s [19],
but was not introduced in passenger cars until 1951. A figure of the system can
be seen in Figure 2.1. This system was of the type: ball and nut, and is still in
use in vehicles with higher steering forces, typically larger trucks.

The predominant system used

Figure 2.1 Figure from one of the first
patents by Francis W. Davis [20].

today is of the type: rack and
pinion, which was introduced in
the late 1960’s in medium per-
formance sports cars. There are
several different power assisted
steering, PAS, solutions for pas-
senger cars on the market today.
The most common is the rack and
pinion solution with a constant
flow controlled pump, Hydraulic
Power Assisted Steering - HPAS
system. More recently an Electric
Power Assisted Steering, EPAS
system, was introduced in smaller
cars.

∗Latin: servio -ire (with dat.), [to be a slave, to serve, help, gratify].
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2.2 Working Principle of Hydraulic Power Assisted

Steering Systems

The main task of a power steering system in passenger cars is to decrease the
steering effort of the driver in certain situations such as low speed maneuvering
and parking. Power steering has become a necessary component in modern
cars of all sizes due to high axel weight, larger tire cross-sections and front
wheel drive. In most medium and larger cars, the reduction of steering effort is
accomplished by using a hydraulic system, which produces an additional torque
to the torque applied by the driver.

The basic principle of a hydraulic power steering system is an ordinary hydro-
mechanical servo parallel to a pure mechanical connection. A hydromechanical
servo is a system that copies an operator applied movement, normally with the
possibility to cope with higher forces or torque. In a normal configuration of a
follower servo, the force fed back to the driver is minimal.

2.2.1 Influence of steering property on vehicle handling char-
acteristics

The main task of the power steering system is to reduce, not remove, the
steering effort of the driver by adding a certain amount of torque to the driver’s
torque, while at the same time supplying the driver with a relevant amount of
road feel through the steering wheel torque. Assistance torque and road feel are
an inherent compromise in conventional hydraulic steering systems due to the
system’s architecture, which will be discussed later. Car companies have spent
a great deal of effort in balancing these two characteristics.

VehiclePower Steering
Unit

Driver

Road

Reference
Value

Torque Feedback

Lateral Acceleration

Steering
Angle

Wheel
Angle

Driving
Direction

Actual
Value

_

Disturbance

e.g
Side wind

e.g.
Torque Steer

e.g.
Bad Wether

Controler

Figure 2.2 The power steering system is part of the vehicle’s closed loop [21]

Driving a car is really a closed loop system, where the driver is the controller
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and the steering unit is the actuator. The steering system transfers the steering
wheel angle to the wheel angle, where the action changes the heading of the
vehicle. As the main reference, the driver uses the visual information to place
the car on the road, he/she also uses the lateral acceleration and the torque fed
back via the steering wheel to ensure that the steering command is performed
in the intended way. This closed loop system is described in Figure 2.2, where
it can be seen that different instances are subjected to disturbances, which
will affect the driving performance. In Chapter 5, this figure will be used to
discuss the possibility to reduce the effect of the disturbance. In the loop, it is
noticeable that the power steering unit is closest to the controller, which means
that the first feedback concerning the commanded steering wheel angle is from
the steering wheel.

L. Segel researched torque feedback in the 1960’s and found that the rela-
tionship between lateral acceleration and steering wheel torque plays an im-
portant role in safely placing the car on the road [22]. This work was continued
by F. Jaksch in the 1970’s and F.J. Adams and K.D. Norman in the 1980’s
[23], [24], [25]. Car manufactures use these results today to design power steer-
ing systems. To have a specified relationship between the build-up in steering
wheel torque and lateral acceleration is essential for the driver to make the road
feel fed back to the driver as consequent as possible. In Figure 2.3, a typical
specification of the relationship between the lateral acceleration and steering
wheel torque is displayed, notice the steep gradient in steering wheel torque at
low lateral acceleration to ensure a good torque feedback on center handling.
In order to obtain the specified relationship between the lateral acceleration
and the steering wheel torque, the assistance ratio of the power steering can
be used together with the layout of the front wheel suspension. However, this
assistance ratio is a trade off between different requirements not just the rela-
tionship discussed above. Normal driving requires steering wheel torque values
of 0-2Nm, [26].

One of the most important characteristics of the power steering unit is the
relationship between the manually applied torque and the the assisting torque
generated by the power steering unit, which is often visualized in the so-called
boost curve. The boost curve shows the static characteristic of the power steer-
ing unit and is determined by the shaping of the valve.

2.2.2 Static characteristic of the PAS-system

The shaping of the static characteristic is always a trade-off between assistance
and road feel. The reason for this trade-off lies in the nature of the system, and
that the vehicle is used in different driving situations. In Figure 2.4, a boost
curve is displayed where the characteristic is given by the static relationship
between steering wheel torque and load pressure. Also displayed in the figure
is three different driving scenarios, highway driving, city driving and parking.

As seen in this figure, the load pressure or assistance is kept minimal at low
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torque; at the same time, this implies a low gain, and a high road feel. When
demands increase and the driver applies more torque to the steering wheel, the
assisting load pressure increases almost exponentially, which reduces the haptic
feel fed back to the driver.

Due to the shape of the boost curve, the balance between manual force
and assisting force changes with applied torque. In Figure 2.5, the relationship
between assisting force and manual force is shown as a factor of the total
generated force, Equation 2.1. In the figure, it is shown that at low torque,
the manual force is dominant to ensure good road feel. At higher torque, the
assisting torque is increased, which also leads to less haptic interference with
the road. However, this is not critical during low speed maneuvering.

Ftot = Fmanual + Fassist

FM =
Fmanual

Ftot

FA =
Fassist

Ftot

(2.1)

In Figure 2.6, road disturbance is simulated with a sinusoidal input at two
different working points. The disturbance is held constant at both of the work-
ing points. It can be seen that haptic feedback varies depending on which
working point the disturbance has initiated. As mentioned earlier, the higher
torque areas support the driver during parking and slow city driving when hap-
tic feedback is not important. Unfortunately, high performance driving eases
demands on steering wheel torque in the higher region. This means that the
driver will not be able to sense the road, no haptic feedback, at a working point
with high steering wheel torque. Additional technical solutions to reduce this
problem will be discussed in section 2.4.

2.3 General Design of Power Steering Systems

There are basically two different types of power steering units on the market
today, hydraulic power assisted steering, HPAS, systems and electric power
assisted power steering, EPAS, systems. EPAS systems have been on the market
for a few years and are installed in small and medium sized cars, due to its
limitation to cope with higher steering forces. However, the functionality of
these systems is greater than a traditional power steering unit, which will be
discussed in Chapter 5. In this chapter, the EPAS system will not be discussed
further; basic information regarding layout and performance can be found in
an article written by R. Backhaus, [27].

HPAS system layout is basically the same from car to car, see Figure 2.7. This
figure shows the power steering unit in a more detailed view. As seen in this
figure, the steering wheel is connected to the steering rack via the valve, which
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is the controlling element in the steering unit. The displacement of the valve
together with the hydraulic system modulates the pressure in the cylinder such
that appropriate assistance is added to the steering rack. The haptic feeling
of the forces acting on the steering rack is essential to the driver, which is
one reason why the hydraulic system is parallel to a mechanical connection.
The assistance generated by the hydraulic system is in relation to the torque
applied by the driver on the steering wheel, earlier mentioned as the boost
curve, Figure 2.4.

-

+

Hydraulic
System

Steering
wheel

Front
AxleCylinder Steering

Rack
Valve

Power Steering Unit

Steering Wheel
Torque

Steering
Angle

External
Load

Wheel
Angle

Wheel Angle

Steering Wheel Torque

Figure 2.7 The power steering system is a part of the vehicle’s closed loop [21].

.

Since the valve is the controlling element in the HPAS system, the shaping
and design will affect the characteristic of the system deeply. Most of the power
steering systems used in cars today utilize an open center valve solution instead
of a closed center solution. The reason for this is that the open center valve
is an inherit pressure control valve together with a constant flow. A specific
valve displacement will result in a specific load pressure when neglecting the
motion of the controlled cylinder, pumping motion, where a closed center valve
is more suitable for velocity control. A specific valve displacement will result in
a specific cylinder velocity, when neglecting the variation in load. Based on this
knowledge, it is natural that most power steering units utilize an open-center
valve over a closed-center valve. However, some researchers and car manufac-
tures are considering closed-center valves, due to the fact that a valve based
on closed-center technology will have the possibility to reduce energy consump-
tion. Energy consumption in power steering systems will be discussed further
in section 2.5.

In Figure 2.8, a cut-through sketch of a HPAS system including pump, valve
assembly, rack and the hydraulic cylinder is shown. The interesting part of this
figure is the valve assembly with the torsion bar in the core of the valve. In
Figure 2.9, a photo of a separated valve unit, showing the pinion, torsion bar,
spool and valve body is shown. The function of the torsion bar is to activate
the valve and at the same time transfer the applied manual force down to the
pinion. The top part of the torsion bar is attached to the spool and the lower
part is attached to the pinion. Since the valve body is also solidly attached to
the pinion, a displacement of the torsion bar will create an angular displace-
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ment between the spool and the valve body. When torque is applied to the
steering wheel, the torque will be transferred down to the valve via the steering
column. When torque is applied to the torsion bar it will twist. The twisting
of the torsion bar is linear to the applied torque. This means that the valve
displacement is proportional to the applied torque. When the valve is activated
or displaced, the valve will modulate the pressure within the chambers of the
hydraulic cylinder in order to assist the driver. Figures 2.8, 2.10 and 2.11 show
the different modes of the valve.

• In Figure 2.8, the cut-through view of the valve displays the valve in a
neutral position, which means that the pressure is equal in both chambers
A and B, thereby not assisting the driver.

• In Figure 2.10, a cut-through is made of the valve when counter clockwise
torque is applied to the steering wheel. As seen in the figure, the valve
is twisted such that the A side of the cylinder chamber is opened to the
pump and the B side of the chamber is opened to the tank outlet. Due to
the change in metering orifice area, the pressure in the hydraulic cylinder
is modulated to assist the driver.

• Figure 2.11 shows the valve when the torque is applied in a clockwise
direction, which will displace the valve in the opposite direction, thereby
changing the direction of the assisting pressure.

2.3.1 Characteristic defined by the valve

When it comes to defining the characteristic of the HPAS system, the valve
is the most important component. As mentioned earlier, the traditional power
steering system is based on an open center valve and a flow controlled pump.
The main reason for using an open center valve is that the system’s main task
is to perform pressure control to generate assistance to the driver. In an open
center solution, the valve displacement is directly related to a generated load
pressure. This means that the main task of the system is built into the concept.
In the valve solution shown in Figure 2.8, the torsion bar will work as a trans-
lation from applied steering wheel torque to valve displacement. This means
that there will be a function that statically defines the relationship between
the load pressure generated by the hydraulic system and the applied torque,
see Equation 2.2. In order to meet the desired function, the area openings of
the valve have to be designed.

The system can be simplified by lumping the multiple orifices in the valve,
normally 3-4 multiples, into a Wheatston bridge representation, Figure 2.12.
Based on Figure 2.12, it is possible to calculate the load pressure as a function
of opening areas, which in turn is related to the applied steering wheel torque,
Tsw. Equations 2.3 and 2.4 refer to the calculations made by H.D. Merritt [29],
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Figure 2.8 HPAS system including, pump, cylinder and valve assembly. Valve
is displayed in neutral position. Figure is inspired by [28].
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Figure 2.9 Photo of the valve when separated, notice the pin in the pinion,
which is used to connect the valve body to the pinion.
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Figure 2.10 Valve displacement in a counterclockwise direction, metering P to
A and B to T.
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Figure 2.11 Valve displacement in a clockwise direction, metering P to B and
A to T.

which establish the load flow and system flow depending on the system pressure,
load pressure and the area openings.

pL = f (Tsw) (2.2)

qS = cqA [−Tsw]

√
pS − pL

ρ
+ cqA [Tsw]

√
pS + pL

ρ
(2.3)

qL = cqA [−Tsw]

√
pS − pL

ρ
− cqA [Tsw]

√
pS + pL

ρ
(2.4)

Based on these equations, establishing qS and qL, make it possible to estab-
lish the flow relationship, which in turn is used to resolve the load pressure
and system pressure depending on the area opening and induced load flow.
The displacement of the valve is related to the applied steering wheel torque;
therefore, the area openings are a function of the applied steering wheel torque,
A[−Tsw] and A[Tsw]. Notice that the system flow, qs, is used rather than the
pump flow, qp. The reason to differentiate between system flow and pump flow
is that they can differentiate dynamically; in a static view, they will be equal,
see Figure 2.12. Equations 2.3 and 2.4 can be reformulated and described as
Equations 2.5 and 2.6, which in turn can be reformulated and described as
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Figure 2.12 Valve configuration of the power steering unit. Wheatstone bridge
representation, where the multiple orifices are lumped together.

Equations 2.7 and 2.8.

qs + qL = 2cqA [−Tsw]

√
pS − pL

ρ
(2.5)

qs − qL = 2cqA [Tsw]

√
pS + pL

ρ
(2.6)

pS − pL =
ρ

4

(
qs

cqA [−Tsw]

)2(

1 +
qL
qs

)2

(2.7)

pS + pL =
ρ

4

(
qs

cqA [Tsw]

)2(

1 − qL
qs

)2

(2.8)

From Equations 2.7 and 2.8, the load pressure and system pressure can be
resolved, Equations 2.11 and 2.12. The difference between load pressure and
system pressure is also of interest as it gives a good indication on how effective
the valve is, Equation 2.7. High differences between load and system pressure
result in high losses over the valve. As seen in Equations 2.7-2.12, the quota
of load flow and system flow is defined. This can be simplified to a normalized
flow, q. Normalized flow, q = 1, defines the limit of the rack speed, ẋrmax

, with
maintained ability to generate assisting pressure.

q =
qL
qS

(2.9)

ẋrmax
=

qs
Ap

(2.10)
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pL(Tsw, q) =
ρq2S
8c2q

((
1 − q

A[Tsw]

)2

−
(

1 + q

A[−Tsw]

)2
)

(2.11)

pS(Tsw, q) =
ρq2S
8c2q

((
1 − q

A[Tsw]

)2

+

(
1 + q

A[−Tsw]

)2
)

(2.12)

In Equation 2.11, load pressure is shown as a function of the opening areas
of the valve; when equal, the generated load pressure is zero and no assisting
force will be produced. Notice also that the valve opening areas are functions
of the applied steering wheel torque, Tsw. Other variables that affect the load
pressure are the flow delivered by the pump down to the valve, system flow, qs,
and load flow, q.

Vehicle and system data

Vehicle weight 1600 kg
Front axle weight 950 kg
Controlled pump flow 8.20 l/min
Maximal pump pressure 11 MPa
Cylinder area 8.26 cm2

In this chapter, the following graphs will be based on a fictive vehicle. The basic
information of the vehicle and system are presented above. In Figure 2.13, the
valve area openings are shown as a function of applied steering wheel torque.
In reality, the increased area is limited by the orifices in the valve body and
levels off between 20 and 30 mm2. This does not affect the analysis and will be
discussed further in Chapter 4. The static characteristic of the power steering
system is displayed in Figure 2.14; this curve will later be referred to as the
boost curve. However, this graph is only valid when the steering rack velocity
is low. As discussed earlier, the generated load pressure is also quasi statically
affected by the load flow, which in turn is a result of the motion of the rack.
Depending on the direction of the motion in relation to the generated pressure,
the assistance will increase or decrease.

Figure 2.15 shows the effect of the load flow, q. The curve in the middle
represents the static curve when the load flow is zero. The lower curve represents
a load flow of q = 0.8. A positive value means that the assistance and the rack
velocity are acting in the same direction, see Figure 2.16. This case is probably
the most common when the driver needs assistance to perform a maneuver. As
seen in Figure 2.15, assistance is reduced with increased rack speed and will
eventually result in loss of assistance; this phenomena is called catch-up and
is discussed in paper [II]. The second scenario is when the assisting pressure
and the rack motion are acting in the opposite direction of each other, which
results in an increase of the generated assistance, Figure 2.17. In order for the
rack motion and the generated assistance to act in opposite directions, the rack
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Figure 2.14 Generated load
pressure as a function of applied
steering wheel torque. Related to
the area openings in Figure 2.13.

has to be driven by an external load, which can be the case when exiting from
cornering. The external load is then the aligning torque, which is a result of
the front suspension geometry. The increase of assistance can be a problem in
a dynamic perspective; an increase in assistance means that the system gain
also increases. Since the system is a closed loop system, the gain will lead to
low amplitude or phase margin and result in instability. This is discussed in
paper [I].
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Figure 2.15 Quasi static plot of the boost curve. Outer limits in the graph
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2.3.2 Design aspects and internal system dependencies

In this subsection, the design process or sizing of a HPAS system will be briefly
discussed. The focus of the discussion is mainly on the hydraulic part; mechani-
cally the system also has demands depending on structure problems, gear ratio
etc, which are not treated in this thesis.

The dimension of the HPAS system depends primarily on the front axle
weight of the vehicle. Based on the expected power steering load, the system
can be sized statically. The components that have to be sized are listed in the
box below.

Components concerning the hydaulic

• Hydraulic cylinder

• Pump

• Valve

• Expansion Chamber Attenuator, ECA

• Cooler

The internal dependencies between the ingoing components are described and
discussed below. These dependencies have an impact on the sizing of the com-
ponents.

Hydraulic cylinder

The sizing of the cylinder depends mainly on the load in which it has to over-
come during different driving scenarios. The load is in turn dependent mainly
on the front axle weight, but also on the tires and the geometry of the sus-
pension. The size of the maximal load indirectly gives the size of the hydraulic
cylinder when the maximal pump pressure level, ppmax

, is set between 110−130
Bar, Equation 2.13.

Ap =
FLmax

ppmax

(2.13)

Hydraulic cylinder design requires external information regarding:

• Gear ratio steering wheel to wheel

• Pinion gear ratio

• Front axle weight

• Maximal pump pressure
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Pump

The system is an open center system, which relies on a constant flow source, a
flow controlled pump. The normal pump configuration is a fixed displacement
pump directly driven by the vehicle’s engine, and a flow control valve, see
Figure 2.18. Other pump configurations can also be used such as a variable
displacement pump and a directly driven electric pump. Choicing the pump
technology is mainly related to the energy consumption of the system, which
will be discussed later in section 2.5. The required maximal steering rack speed
decides the flow that has to be delivered and controlled by the pump, this can
be seen as a function requirement, which is independent from the choice of the
pump solution. Therefore, the pump size, or the controlled flow delivered by the
pump, is mainly dependent on the performance demand set by the manufacture
regarding maximal rack speed. In order to be able to assist the driver, the pump
has to deliver at least the flow amount that the hydraulic cylinder is demanding
at required maximal speed, Equation 2.14.

qp = Apẋrmax
(2.14)

The relation discussed above, gives the static layout of the pump without
leakage, which has to be compensated for. The flow pressure characteristic of
the pump, which varies with pressure and temperature, has to be considered. In
Figures 2.19 and 2.20, the flow pressure characteristic of a power steering pump
is shown; notice that the variation in delivered flow varies greatly when the
pump speed is 850 rpm. In Figure 2.19, the characteristic is dominated by the
characteristic of the pump core or pumping elements; whereas in Figure 2.20,
the characteristic of the flow controller is visible.

There is also leakage in the valve unit depending on the geometry of the
valve, which means that none of the orifices in the valve can be assumed to
be fully closed, Equation 2.15. Another thing that has to be considered is the
dynamic effect of the same problem called the hydraulic lag, which is an affect
of the oil compressibility and the expansion of ingoing components, such as
the Expansion Chamber Attenuator, ECA. The ECA expands during pressur-
ization. The catch-up effect and hydraulic lag are discussed in more detail in
appended paper [II].

qp = Apẋrmax
+ qleak + qECA (2.15)

Pump design requires information regarding:

• Hydraulic Cylinder

• ECA

• Valve due to leakage
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Figure 2.18 Pump including flow compensator. Dashed area in the picture rep-
resents the high pressure side of the pump. Double dashed area represents the
low pressure side, only one of two is visible.
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Figure 2.19 Measurement on the
pump characteristic at 850 rpm with
variation in working temperature. In
the graph, the flow controller in the
pump is not controlling. The visible
characteristic represents the pumping
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Figure 2.20 Measurement on the
pump characteristic at 1500 rpm with
variation in working temperature. In
the graph, the flow controller in the
pump is controlling. The visible char-
acteristic represents the flow con-
troller in the pump.
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Expansion Chamber Attenuator

The function of the Expansion Chamber Attenuator, ECA, is to reduce the
noise level in the system. It is mounted between the pump and the valve. The
component that generates the most noise in the system is the pump, which
causes the ECA’s dependency. The function of the ECA is to work as a hydraulic
filter and dampen the pulsation emitted by the pump. The difficulty in the
automotive industry is that the pump is often driven directly by the engine,
which implies that the undesired frequency spectrum varies with the pump
speed. Attenuator technology in industrial applications is often easier to design
when the spectrum of frequency is fixed. In this research, the function of the
ECA is not studied in detail; the focus has rather been on the drawbacks with
the attenuator, which will reflect on the overall system layout [30].

Tuner cableRestrictor

Figure 2.21 Expansion Chamber Attenuator, ECA, including two expansion
chambers, tuner cable and restrictor.

There are some drawbacks with the ECA that have to be considered during
the design process. There are different design solutions to the ECA, but the
ECA used in this project includes two chambers and an orifice in between the
chambers, see Figure 2.21. This means that introducing an ECA will lead to
increased system pressure, which in turn generates losses both in the ECA and
the pump. Due to the function of the ECA, it will reduce the effective bulk
modulus of the system, which can result in hydraulic lag or dynamic catch-
up. The effect of the hydraulic lag is loss of assistance. This occurs when the
pressure rises rapidly in the system, which leads to an expansion of the ECA.
The expansion will result in less effective flow to the valve and assistance is
reduced. This effect will be mentioned later in Chapter 4, but can also be
found in paper [II]. Positive effects of the ECA that are not often mentioned
are added dampening to the system dynamic, as well as reducing the noise level
it. This is due to the fact that it softens out the pressure peaks generated by
the system dynamics; this can be seen as soft pressure feedback.

ECA design requires external information regarding:

• Pump
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Valve

The function of the valve is to modulate the pressure such that it assists the
driver while driving and eases the steering effort during parking maneuvers. As
discussed earlier, the shaping of the valve defines a large part of the character-
istic of the steering unit. However, the characteristic is not only dependent on
the valve, but also on the flow delivered by the pump, qp, and piston area of
the cylinder, Ap. This can be seen in Equations 2.16 and 2.17. As mentioned
earlier, the torque pressure characteristic also depends on the load flow.

pL(Tsw, q) =
ρqp
8c2q

((
q − 1

A2(Tsw)

)2

+

(
q + 1

A1(Tsw)

)2
)

(2.16)

Fassist = pLAp (2.17)

Valve design requires external information regarding:

• Pump

• Cylinder

Cooler

Due to the system layout, some systems will need a cooler to keep the system’s
temperature down. The temperature in the system is mainly due to losses in
the system and, therefore, depends on the efficiency of the ingoing component.
In some cases, the cooler also has to be designed to handle external effects, such
as heat radiation from the exhaust manifold. In the power steering system, the
component that generates the most losses, heat, in the system is the pump, due
to the fact that it normally produces excessive flow that has to be shunted back
to the suction side of the pump. There will also be losses due to the pressure
drop of the valve and the ECA.

Cooler design requires external information regarding:

• Pump

• Valve

• ECA

• External heat sources

Each component has its problems and in depth design aspects. A few of
these component’s characteristics and design will be studied in more detail in
the chapters concerning modelling, Chapters 3 and 4.
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2.4 Speed Dependent Assistance

In order to increase handling, the power steering system can be equipped with
a valve that changes the characteristic depending on the velocity of the car. In
low speed maneuvering, the system has a higher assistance ratio compared with
high speed maneuvering, see Figure 2.22. HPAS systems with speed dependent
assistance, progressive steering, have been on the market for some time and
are standard in sports cars and high-end models today. Progressive steering
increases the road feel transferred to the driver via the steering wheel at higher
vehicle speeds. There are different ways of realizing this, to name a few:

• Reduce flow delivered to the valve

• Change stiffness of the torsion bar

• Variable geometry in the valve

The traditional way of accomplishing progressive steering is to reduce the
flow to the valve, thereby decreasing the assisting torque generated by the
hydraulic power steering system, [31]. Another way is to change the layout of
the valve and make the valve body move axial on the spool, where the spool
has variable geometry. This will make the area opening of the spool not only
depend on the twisting of the torsion bar, but also the axial position of the valve
body [32]. Since the twisting is dependent on the stiffness of the torsion bar,
it is obvious that an increase in stiffness will reduce the assistance produced
by the hydraulic power steering system due to the reduction in the movement
of the valve. The system that is preferable from a road feel point of view is
the variable torsion bar, where assistance is reduced simotaniously as the pure
mechanical connection between the steering wheel and rack stiffens.
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Figure 2.22 Vehicle dependent assistance to increase
road feel and handling. Change in assistance depending
on vehicle speed.
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2.5 Energy Aspects of Hydraulic Power Assisted

Steering Systems

Until recently, hydraulic power steering was the only technology available on
the market to ease the steering effort of the driver, and energy consumption
was not an issue. When the EPAS system was introduced a few years ago,
the main benefit of the system was low energy consumption. This addressed
energy consumption as a total for the power steering system including the
HPAS system.

The advantages of the EPAS system are mainly in the area of energy con-
sumption. However, due to the design concept of the EPAS system, there are
many other built-in advantages. One of the features that is quite convenient
is the possibility to adjust the assisting torque continuously during driving.
The energy saving in EPAS systems, compared to HPAS systems, is done by
more or less shutting down the power steering system during highway driving
as assistance is less needed, which is also one of the reasons for low energy
consumption. According to R. Herkommer, [33], fuel consumption can possibly
be reduced up to 0.25 liters of fuel per 100 km when EPAS systems are intro-
duced in cars; whereas, traditional HPAS systems consume approximately 0.3
liters of fuel per 100 km. However, these numbers are hazy, as energy consump-
tion is strongly dependent on the driving scenario and the size of car, which is
one thing that Breitfeld, [18], showed in his study between traditional HPAS
and EPAS systems, see Figure 2.23. In this study, the HPAS system was more
efficient during parking maneuvers, but power losses in straight driving were
more than the double; the number is based on a middle class car. The relatively
low losses in the EPAS system are due to the capability to shut down parts of
the system. Whereas, the HPAS system has full capability in the system due
to the low controllability of the pump. Based on this fact, the EPAS system
seems to be superior to the traditional HPAS system which is partly true. The
drawbacks to the EPAS system are its ability to only be used in small and
medium sized cars due to the fact that it can not handle the forces associated
with larger and luxury cars. Another problem with the EPAS system is the fail
safe mode, which is a strong argument for the HPAS system.

Energy consumption in HPAS systems is dependent on the delivery of oil.
Normally, hydraulic pumps are fix-mounted on the engine; since the engine
speed of the vehicle will change during the drive, the flow delivered by the
pump will also vary. The pumps are normally dimensioned to deliver full flow
at engine idle, which consequently leads to the production of surplus oil when
the engine does not run at idle, see Figure 2.24. This surplus oil is responsible
for most of the losses, energy consumption, associated with hydraulic power
steering, [34]. The valve is also a source of loss as oil continually flows through
restrictions in the valve unit. Both of these losses are aspects being looked
into. Reduction of losses in the system, including the valve, ECA, cooler and
return line will result in reduction in losses associated with the pump. This
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Figure 2.23 Efficiency and energy loss comparison for hydraulic and electric
power steering systems. Figures and numbers from [18].

is due to the fact that a reduction in system pressure will definitely benefit
losses related to the pump. The simplified equations describe the relationship,
Equations 2.18–2.20. Notice that the flow delivered by the pump affects the
total loss significantly. Reducing this will reduce the total system pressure and,
thereby the total losses. However, reduction in the controlled pump flow, qp,
will affect the characteristic of the system, as discussed earlier, but in ceratin
circumstances this can be accepted, speed dependent assistance.

Ppump = qshpsys = qsh(dpECA + dpV alve . . .) (2.18)

PECA = qpdpECA(qs) (2.19)

Pvalve = qpdpvalve(qs) (2.20)

To understand the losses of a hydraulic power steering system, the graph
displayed in Figure 2.25 can be used, which gives an overview of the hydraulic
losses associated with the pump and the valve unit. The graph is divided into
three different graphs. The two small graphs, to the left and on top, display
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Figure 2.24 Flow delivered from the pump depends on the pump speed. qp

represents the controlled flow delivered by the pump and qsh represents the
excessive flow that has to be directed back to the suction side of the pump.

the likelihood for a certain system pressure and the likelihood for a certain
engine speed. These two graphs help in the understanding of the likelihood of
a certain working point and estimating the associated hydraulic losses. The
third and main graph is divided into two parts; the left part displays energy
consumption and losses associated with the valve unit, the X-axis in this part is
the speed of the rack in percentage. The right part of the main graph visualizes
losses associated with the surplus discharge flow; the engine speed is on the X-
axis. As previously mentioned, the pump delivers full flow at idle speed, which
is set at 600 rpm in this graph. The area of the main graph is then the hydraulic
energy consumption and losses of the system.

In the graph in Figure 2.25, two scenarios are visualized; one scenario could
be highway driving with small steering corrections and low torque demands.
The losses in the valve unit are roughly 40W and the losses due to the surplus
oil created by the pump are approximately 160W. Even when the demand
is fairly low, the losses associated with the pump are dominant. The second
driving scenario could be city driving at low speeds, where the demands on the
power steering system increase.

2.5.1 Methods to reduce energy consumption

There are different ways to reduce energy consumption in traditional HPAS sys-
tems. The reason for using the term ”reduction in energy consumption” instead
of ”increase in efficiency” is that energy consumption can be reduced without
a significant improvement in efficiency. According to the graph in Figure 2.25,
energy consumption can be lowered by a decrease in system pressure or flow,
linear relation between flow and engine speed.

The surplus oil produced by the pump stands for most of the losses in the
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Figure 2.25 Graph covering energy consumption and losses in a power steering
system, where the pump is throttling the surplus flow in order to maintain a
constant output flow.

system. By removing the surplus oil and producing the exact amount of oil
required, both efficiency and energy can be improved. There are different so-
lutions to this problem; one solution is to introduce a variable displacement
pump instead of a fixed pump with a flow controller. The variable displace-
ment pump will then need an additional actuator to control the displacement.
The control actuator can be a pure hydraulic solution. If a more advanced
control algorithm is used, the control actuator could be an electro-mechanical
or an electro-hydraulic solution. Another solution is to use a directly electri-
cally driven pump. Both the variable displacement pump and the electrically
driven pump will minimize surplus oil losses; the reduction with such a solution
could reduce energy consumption by 48–64% compared to a conventional fixed
displacement pump solution, [35].

If only the pressure is reduced, the efficiency will not change; however, as the
amount of assisting torque decreases, energy consumption will also decrease.
Due to the decrease in assisting torque, this concept has to be based on a
more advanced control algorithm to meet the demands required by the driver,
compared to the solutions mentioned above. The algorithm has to take into
account vehicle speed, steering angle speed and the steering angle to estimate
the assistance required by the driver, [36], [35]. In order to reduce the pressure
in the system, the flow delivered from the pump and to the valve unit has to be
lowered. By doing this, a reduction of pressure drop over different restrictions
in the valve unit will be accomplished, thus reducing energy consumption.

In a traditional, directly driven, fixed displacement pump configuration with
a flow control valve, a reduction in pressure is realized by changing the flow me-
tering orifice in the flow controller and by making this orifice variable, [33] [36],
see Figure 2.26. By doing this, the flow delivered to the valve unit can be ad-
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justed by means of need. This does not reduce the amount of surplus discharge
oil fed back to the suction side of the pump, but reduces the pressure in the
system. By reducing the pressure, the losses based on the surplus oil are also
lowered. At the same time, the losses in the valve unit itself will be reduced.
Notice that this change in design will be reflected in the pressure likelihood
curve and push the peek pressure down, thereby reducing the overall energy
consumption of the system. According to Boots et al. [35], the potential saving
with this type of concept is between 28-45%, depending on the strategy of the
pump control.

The effects of these two methods of re-

qsh

qp

Shunt valve

qpc

Figure 2.26 Configuration of
a pump with variable flow me-
tering orifice, not included in
the picture is the pressure re-
lief valve.

ducing energy consumption have been in-
vestigated by R. Herkommer [33]. The best
result to reduce energy consumption is to
combine the two methods of improvement.
However, this combination is impossible
to accomplish with a traditional fix dis-
placement pump, which means that a vari-
able displacement pump with an electri-
cal control or a directly electrically driven
pump has to be used. With an electrically
driven pump, the losses in the generator,
power network and the electric motor have
to be added. The combination of the two
ways of improvement is also possible with
an electro-hydraulic or electro-mechanical
variable displacement pump.

All solutions mentioned above are based on the assumption of using an open
center hydraulic system. Research concerning closed center solutions has been
done by several teams in order to reduce the energy consumption of hydraulic
power steering system, [37], [38], [39], [40]. By introducing a closed center solu-
tion, energy consumption can be reduced drastically; Boots et.al, [35], mention
a reduction of 72 % compared to a traditional HPAS system. The problem with
a closed center solution is that it has to be produced with high tolerance de-
mands, due to the fact that the pressure sensitivity, Kp = dpL/dxv, of a closed
center valve is high. This means that a small deviation in the valve could lead
to drastic changes in the valve characteristic. Due to this, the closed center
solution is only used in extreme solutions, such as in Formula 1 cars, [41].
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3
Valve Modeling and
Area Identification

The geometry of the valve is one of the most important factors when it
comes to shape characteristics of a power steering system. It is then quite obvi-
ous that this has to be modeled very carefully. Like most component manufac-
turers, power steering producers are also in need of powerful simulation models
to reduce time and cost requirements for the development of new power steering
racks. Often when a new power steering rack is developed, the main mechanical
structure is basically the same, only the geometry of the valve changes. Gen-
erally, new developments start with an initial valve performance and are then
changed repetitively until the desired vehicle performance is achieved [42]. To
reduce the amount of design iteration, a powerful model of the valve geometry
is essential. A large part of the iteration process can then be transferred from
hardware to model based optimization.

Depending on the reason for modeling the valve, the approach can be differ-
ent. If the reason is to design or redesign an existing valve unit, the geometry
is of great interest when considering the design variables for the new valve. If
the reason is to investigate an existing power steering unit, the area function
might be of more interest.

3.1 Geometry Modeling

In general, the geometry that can be adjusted to achieve desired vehicle perfor-
mance is the area openings of orifices as a function of applied torque. The area
openings are dependent on the shape of the orifice. The most common shape is
the single-beveled flat valve, displayed in Figure 3.2. Sometimes double-beveled
flats are used to achieve a smoother transition in the change of the area opening.
In order to model the valve properly, it has to be dissected and studied under
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a microscope. In Figure 3.1, the spool is displayed together with a close-up of
one of the orifice edges, compare with Figure 3.2.

g

Spool

Figure 3.1 To the left: a cast of the
spool is displayed. To the right: a close-
up of one edge through a microscope.
Picture scale 50:1.

The validation of the valve configuration is carried out with the help of the
previously discussed boost curve. The boost curve describes the characteristics
of the valve accurately enough to be used for the validation of the valve unit
isolated from the rest of the system; compensation has to be made regarding
the friction in the valve unit. The only parameter outside of the valve unit
that affects the results of the validation is the flow delivered to the unit. This
validation can nearly be achieved with a static simulation, as the pressure or
torque relationship can be described by the orifice equation, see Equation 3.1.

pL(Tsw) = pA − pB =
(qL − qP )2ρ

8A2(Tsw)c2q
− (qL + qP )2ρ

8A1(Tsw)c2q
(3.1)

The equation above also includes the load flow, qL, which is zero in the boost
curve measurement, as the rack is locked during the measurement. The pressure
will then vary with the applied torque, Tsw, which affects the area openings of
the orifices in the Wheatstone bridge. In reality, the flow coefficient, cq, will vary
with the opening geometry and pressure will drop over the orifice. This is not
implemented in the model, but rather assumed to take care of small deviations
in the geometry after the validation. Experimental investigation concerning the
variation in the flow coefficient has been carried out by Birsching [42]. In this
investigation, the area openings were first measured, then the valve was assem-
bled and tested concerning pressure build-up. From these measurements, it is
possible to establish the flow coefficient as a function of valve displacement.
Birsching noticed variation in the value close to center and close to maximal
displacement of the valve. These changes were not fully reliable as the reso-
lution in the sensor was not good enough to handle small pressure deviations
close to center. The variation close to maximal displacement, the slope of the
pressure curve, could result in large errors due to mismatch in the assembly af-
ter the geometry measurement. Since the aim of Birsching’s work was to design
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Figure 3.2 Orifice geometry of valve unit. Figure displaying a single-beveled
flat configuration.

a new valve based on given boost curve requirements, variation in the flow coef-
ficients has been neglected. This being the case, a valve geometry based on this
assumption should give the system a characteristic close to the requirement.
This assumption is based on the fact that in the manufacturing of these valves,
the tolerances will have a greater impact on the characteristic, especially on an
individual level.

In order to define the geometry of the valve, some key parameters have to be
given such as the angle of grind, γ , the under-lap in zero position, Equation 3.6,
the length of land, L, and the clearance between the valve body and the spool,
h0, see Figure 3.2. The area is then calculated by multiplying the gap with
the length of the slot. In neutral position, the distance between the slot edges
of the valve body and the spool is the gap described in Equation 3.2. After
a certain angular displacement, the gap is calculated between the slot edge of
the valve body and the normal to beveling surface of the spool, Equation 3.3.
Equation 3.4 describes the area transient from the inner slot edge of the spool to
the constant clearing, h0. In neutral position, no torque applied (Tsw = 0Nm),
the opening areas are equal. When torque is applied, half of the orifice opening
areas will decrease, referred to as A2, and the other half will increase, referred
to as A1.
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A1,2 = L
√

x2
A1,2

+ (h0 + b tan(γ))2 (3.2)

if xA1,2
≥ (h0 + b tanγ) tan γ

A1,2 = L(xA1,2
tan γ + b tanγ + h0) cos γ (3.3)

if h0 tan γ − b ≤ xA1,2
< (h0 + b tanγ) tan γ

A1,2 = L
√

h2
0 + (x2

A1,2
+ b)2 (3.4)

if − b ≤ xA1,2
< h0 tan γ − b

A1,2 = L · h0 (3.5)

if xA1,2
< −b

x2
A1

=
(b1 − b2)

2
+Rvalveαv x2

A2
=

(b1 − b2)

2
−Rvalveαv (3.6)

3.2 Area Modeling

Three different ways of determine the valve geometry have been investigated in
this work. One destructive method has been used where the valve is cut in half
and studied under a microscope, see Figure 3.1. In this case, the measurement
was made before the destruction. Another method is to use a coordinate mea-
suring machine; even in this case, the valve has to be disassembled. This does
not destroy the valve itself, since the valve can be reassembled. However, the
valve is sensitive to mismatch between the spool and the valve body. A small
deviation in mounting angle between the valve body and the spool will give an
unbalanced pressure curve. The third way is based on pressure measurements,
the valve characteristic, and geometry adjustments until a match between the
measurement and the simulation appear. This is carried out with the help of
an optimization routine. The benefit to this method is eventual variation in the
flow coefficient lumped together with the geometry function. When modeling
the area instead of the geometry, the physical geometric design is party lost;
on the other hand, this connection is only interesting when the power steering
valve is designed from the very beginning. If an existing system is to be studied,
the geometry of the specific valve is not interesting. When modeling the area,
the model can be simplified without losing to much information.

As mentioned previously, the valve consists of multiple sets of orifices. This
means that there exists between three and four set metering areas; depending on
the valve layout, these can be seen as three or four parallel Wheatstone bridges.
In Figure 3.2, there is a multiple of three orifices. In the model, these parallel
Wheatstone bridges are seen as one single Wheatstone bridge, see Figure 2.12.
When doing this, the deviation that exists between the Wheatstone bridges’
areas is neglected. In Figure 3.3, the miss match between the valve body and
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Figure 3.3 Deviation in the aligning between
the groves in the valve body and the spool.

the spool is illustrated; the centering lines of the lands are not matching. In a
production valve, the metering areas are not perfectly aligned, but the valve
can be calibrated such that the valve is pressure balanced, pA = pB when
Tsw = 0. These variations are measured and the the variation is within ±4% of
the maximal displacement∗. This variation is illustrated in Figures 3.4 and 3.5,
where the area function of a valve with a four multiple orifice configuration is
shown. Due to the variation in the alignment of the orifices, a pure geometric
area function is not valid when simplifying the valve to a single Wheatstone
bridge.
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Figure 3.4 Multiple metering ori-
fices with individual deviation due to
tolerances.
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Figure 3.5 Zoomed area of fig-
ure 3.4.

In Figures 3.6-3.9, the difference between a lumped area function and a single
area function is illustrated. The single area function is one ideal area opening
based on the geometry of the valve, whereas the lumped area function is an
average of, in this case, four individual area openings. As seen in Figures 3.7 and

∗This is not statistically verified and is only valid for the studied valve.
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Figure 3.6 Area openings based on
single and lumped area functions.
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ure 3.6.
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3.9, the transition from one area gradient to another is smoother due to the
variation in multiple area functions.

In order to model the valve geometry correctly, all Wheatstone bridges, in-
cluding individual deviations, have to be included in order to cover the real
characteristic; however, this would be tedious work. Therefore, another ap-
proach has to be used. The modeling approach used in this work has mostly
been carried out with the help of the area function instead of the geometric
shaping of the valve. On the one hand, it can easily cover deviations in the
valve and the function itself can be a simple single expression compared to the
geometrical modeling that has to be divided into several regions, see Equa-
tions 3.2-3.6. On the other hand, it cannot be directly related to the design of
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the valve. However, this drawback is not significant, especially when modeling
an existing power steering unit.

Polynomial functions that can be used to describe the area are evaluated; it is
found that a polynomial function of the third degree is suitable for this purpose,
Equation 3.7. The advantage to using a third degree polynomial function is that
it continuously covers the whole working envelope. This means that the area
function will be continuously derivable.

A1 = K3T
3
sw +K2T

2
sw +K1Tsw +K0

A2 = −K3T
3
sw +K2T

2
sw −K1Tsw +K0

(3.7)

In Figure 3.10, a comparison between the two different ways of modeling the
valve is displayed, one based on the geometry and one based on the third degree
polynomial function, notice the agreement in the closing metering edges during
the whole valve displacement. The agreement between the opening edges is also
good to a certain point; after this point they start to diverge. However, this is
of minor importance, since the closing metering orifices are dominant.

Apart from the metering area discussed so far in this chapter, there are fixed
external orifices, which become the dominant restriction, thereby limiting the
opening areas when the valve is displaced, see A2limit

in Figure 3.10. Primarily,
these orifices are between the valve and the cylinder and physically placed on
the valve body. The effect of neglecting this limit is displayed in Figure 3.11,
where the absolute load pressure error is shown as a function of valve displace-
ment. In a normal valve, the external fixed orifices become dominant between
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20− 30 % of the valve displacement. As can be seen, the maximal error in the
load pressure curve is approximately 3%, when the opening area function is
limited to 20% valve displacement. Error in this region is acceptable. In a non-
linear simulation, it is easy to implement this area limit; neglecting the external
orifices is primarily beneficial when it comes to linear analysis.

The benefits of using the polynomial function are mentioned prior to the
possibility of using one function to represent a lumped model for the valve,
thereby also covering tolerances in the valve, which in the geometrical model
are tedious and time consuming to cover. The polynomial function is also sim-
pler than the geometric representation of the valve. This method also covers
double beveled valve geometry with the same function description. The simple
polynomial function is also useful when it comes to identifying the area function
with the help of optimization routine, due to fewer parameters that have to be
optimized. Below, the required input needed to perform geometric modeling or
area function modeling is summarized.

Geometric vs. Area modeling of the valve

Geometric Area

- Geometry of every metering edge
- Individual deviation in matching be-
tween the metering edges
- Variation in flow coefficient

Boost Curve

3.3 Identification of Area Function with the Help
of Optimization

The main input data for the determination of the power steering character-
istics is the boost curve. In order to simulate the complete system, the valve
geometry must be determined. The geometry can be determined by physical
measurements of the valve, but this method is time consuming and not easy to
apply during development phases, as discussed earlier. Therefore, the opening
area will be determined by optimization. In order to determine the area func-
tion related to the boost curve, four parameters need to be determined. Three
of these parameters are obtained by optimization; the last can be established
by a static calculation based on the pressure drop over the valve, when the
valve is not displaced. From Equation 2.12, it is possible to resolve the areas
when equal, thereby calculating them based purely on the pressure drop, see
Equation 3.8. The results of this gives the coefficient K0 in Equation 3.7.

A|Tsw=0 =
qs
2cq

√
ρ

ps
= K0 (3.8)
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When optimization methods are applied, some trivial questions must be set
such as:

• What are the optimization parameters?

• Why optimize? What is the function objective?

• How to formulate the optimization problem?

In the present case, the optimization parameter is the opening area from the
valve as a function of the valve displacement angle, which is really dependent
on the applied steering wheel torque, Tsw. The optimization parameters are
the three parameters, K1−K3, determining the opening area in Equation 3.10.
The optimization function is defined by the integrated product of the objective
function and weight function, Equation 3.11. The objective function is defined
by the absolute value of the difference between the measured load pressure and
the determined load pressure based on the opening area, see Equation 3.12.
Equation 2.11, described in Chapter 2, determines the calculation of the load
pressure used . The optimization problem has been specified to determine the
opening area parameters; the objective function is shown in Equation 3.9. In
order to improve the precision in the lower part of the boost curve, the objective
function has different weighting, see Equation 3.13.

Optimization

{

min
X

F (Tsw, X)

Xmin < X < Xmax

(3.9)

X = [K1,K2,K3] (3.10)

F (Tsw, X) =

Tswmax∫

0

(FObj (Tsw, X) · FWeght (Tsw))dTsw (3.11)

FObj (Tsw, X) = [|PLcalc (Tsw, X) − PLmeasure (Tsw)|]
︸ ︷︷ ︸

Objective

(3.12)

FWeight(Tsw) =







C1 Tsw ≤ 1
C2 1 < Tsw ≤ 2
C3 Tsw > 2

(3.13)

The results of one optimization are displayed in Figure 3.12, where both the
load pressure, calculated and measured, and representing object function values
are displayed. The measured load pressure used for the optimization is in the
routine limited to 7 MPa to minimize the effect of the pressure relief valve.
Since the curve is strongly non-linear, almost exponential, the object function
has to be weighted. In this case, the errors generated below 1 Nm are weighted
400 times higher than values at the end and values under 2Nm are weighted
10 times higher, see Equation 3.13. The results in the form of an area opening
function are shown in Figure 3.13. The optimization routine used in this work
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is called the Complex Method and was first presented by M.J. Box [43]; a
description of this method can also be found in the PhD thesis written by J.
Andersson [44].

The obtained parameters for the opening area are used in the following cal-
culations, where the characteristics of the total system are determined. In the
present case, the same parameter settings are used for all orifices. In the area
function, which is the result of the optimization, not only does it contain the
shape of the geometrical area, but also covers eventual variation in the flow
coefficient, cq.
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Figure 3.12 The top graph shows the results of the optimization, measured
and simulated load pressure. The lower graph shows the object function value,
F (Tsw), displaying the integrated error between measured and simulated load
pressure. Observe that errors below 1 Nm are weighted 400 times harder than
errors at high torque.

It must be noted that the methods presented above are useful when the the
valve geometry or area function is not known, vehicle manufactures. A valve
manufacture that has this knowledge will not benefit from these methods as
they are described. However, the optimization routine can be used to generate
the geometry from a given boost curve. In the area function described above,
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Figure 3.13 The optimized area function cor-
responding to Figure 3.12.

the tolerances and the variation in the flow coefficient are lumped together. If
these variations are known, the optimization routine could be used to find a
geometry that will fit the boost curve given by the car manufactures. The area
function modeling would be interesting for valve manufactures if they would
perform stability analysis of the system or carry out analysis of the robustness
of the design in the dynamic sense.

In this work, the main reason to model the valve in detail is to be able to
build reliable models both linear, for stability analysis, and non-linear models,
for functional analysis as well as investigation of non-linear phenomena such as
hydraulic lag. These models are described in the following chapter.
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4
Modeling of

Hydraulic Power
Assisted Steering

Modeling and simulation are important parts of improving and devel-
oping the design of most systems. The main reasons to utilize modeling and
simulation are cost, knowledge and design freedom, [45].

In this thesis, two different approaches to modeling have been used, frequency
domain and time. The first approach investigates the power steering system in
the frequency domain in order to understand the system’s controller and to get
information regarding the system’s stability and robustness for tolerances. The
second approach investigates the system in the time domain. The strength of
this approach is that the different components included in the complete system
can be modeled in a ”close to reality” way, thereby easing the analysis of the
components. This way of modeling is also feasible when it comes to introducing
and simulating new designs and changes. Both methods have their strengths
and weaknesses and they should be seen as compliments to each other. For
example, the time domain model is useful when it comes to validating the
model parameters used in the linear model. However, stability analysis is hard
to perform in a global sense in the time domain.

The system needing to be modeled is displayed in Figure 4.1, where a simpli-
fied view of the system is displayed. In the figure, the power steering system is
solidly attached to the sub-frame, where the steered wheels are also attached.
To reduce the transfer of vibration, the connection between the wheels and the
sub-frame is made through rubber bushings, which is also the case between the
sub-frame and the body. These bushings can be seen as a spring damper system
that connects ingoing parts. Some of the non-connecting parts can also be seen
as a spring, for example the tie-rod. A different view of the system is displayed
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BwKw
BwKw

Sub-frame Body

Tie-rod

Connection between sub-frame and body

Figure 4.1 Power steering position connected to the chassis of a vehicle, in-
cluding the possible connection to the surrounding elements. Connections are
illustrated with spring and damper elements. There are other mounting possi-
bilities than the one displayed.

in Figure 4.2, where the ingoing components are arranged as a multiple spring
mass system together with the power steering system. The focus of this work
is to study the power steering unit, which also reflects on the model view of
the system. It can be seen in Figure 4.2 that the power steering unit is in the
center; note also that the mass of the surrounding system is aligned and related
to the motion of the HPAS system. The steering wheel and the steered wheels
are also transformed from an inertia to a mass. In order to model the system
completely, not only the parameters of the power steering system are needed,
but the parameters of the surrounding components and the connection between
the components also have to be identified.

Depending on the reason for modeling, different complexity levels of the
model have to be chosen. In this case, the complexity level can be seen as
the level of detail. The complexity and usability of the model is not a linear
relationship. As a model grows, the usability of the model increases rapidly.
After a certain point, usability does not increase with complexity; it can even
decrease, see Figure 4.3. The reason for this halt in increased usability is that
the new level of detail is not validated or there exists an amount of uncertainty
concerning parameter values. The level of detail could also be unbalanced; part
of the model has a high level of detail while a different part has a low level of
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Figure 4.2 Equivalent system representation of power steering system. Includ-
ing the wheels (w,f , w,r), rack (r) including sub-frame (sf), steering wheel (sw)
and the connection to the chassis. Note the grounding points have different ref-
erences, s - sub-frame, b - body and r - road.

detail.

Normally, the level of detail choice comes naturally, especially when the
model is used to seek an answer to an already asked question, problem seeking.
When a model evolves, it has to be validated with real measurements until a
match between the model and reality is acceptable. A subjective judgement
based on earlier modeling experiences or system knowledge is acceptable. If no
hardware or data exists to be used in the validation of the model, the detail
level of the model is naturally low but can still be useful for system under-
standing and early sizing. In this work, an even simpler view, compared to the
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Figure 4.3 Model usability
verses model complexity.

msw
mr

xr
xsw

Bsw
Br

Kt

Bw

Kw

Tdriver

Figure 4.4 Simplified representation of the
system, which is used in this work.

one displayed in Figure 4.2, has been chosen. In the applied model, the effect
of the body is neglected, this is due to the fact that a simpler view of the sys-
tem, Figure 4.4, has been accurate enough for the studied problems. Involving

53



Hydraulic Power Steering System Design in Road Vehicles

avhandling marro

2007/03/07
20:41
page 54

the body would lead to an unnecessarily complex model. The motion of the
sub-frame in relation to the body is thereby neglected; this information might
be interesting from a handling point-of-view, but not when studying the power
steering unit. One could argue that the spring damper system, which connects
the body and the sub-frame, could affect the dynamic behavior of the steering
unit. However, this effect is minor when the body mass is large and could be
seen as a ground, equal to the road, in higher frequencies; therefore, it is pos-
sible to lump the springs mounted between the body and the sub-frame with
the spring effect in the tire. The spring effect in the tie-rods is also neglected.
However, this simplification is only valid in the configuration concerning cars;
in trucks, the spring coefficient in the linkage system is not negligible.

4.1 Linear Model

When it comes to stability analysis and system understanding, the linear view of
the system is suitable. Dynamic connection and interaction between the ingoing
components can be studied. In this section, the linear model used in this work
is presented along with analysis regarding stability and dynamic robustness of
the system. Below are the equations describing the system as Figure 4.4 stated.
Note that all motions are linear and related to the motion of the steering rack.

The force of the steering wheel is described in Equation 4.1 below. In this
equation, the torque applied by the driver, Tdriver, is transferred to a linear
force by the radius of the pinion gear, rr.

ΣFsw : ẍswmsw +Bswẋsw +Kt(xsw − xr) −
Tdriver

rr
= 0 (4.1)

Equation 4.2 describes the rack, also including the tires.

ΣFsw : ẍrmr + (Br +Bw)ẋr +Kt(xr − xsw) +Kwxr + FL = 0 (4.2)

The hydraulic system is described according to Equation 4.3.

ṗL = −Kc

C
pL +

Kq

C
xv − Ap

C
ẋp (4.3)

The actuation of the valve is created by the difference between steering wheel
position and the rack position, Equation 4.4.

xv = xsw − xr (4.4)

As previously mentioned, the power steering system is a closed loop system
where the controlled variable is the position of the rack. The input and reference
signal is the steering wheel angle. This can be seen as a classic follower servo
solution with a weak controller and manual feed forward. Using the linear
system to understand the fundamental principle of the system is useful. In
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Figure 4.5, the system is illustrated as a block diagram, which is based on
the equations presented above, Equations 4.1-4.4. In the block diagram, the
input signal is the driver’s torque, Tdriver, and the output is the position of
the steering rack, which represents wheel angle on the steered wheels. All of
the motion in the system is transferred to linear motion related to the motion
of the steering rack. In the block diagram, the control loop is also visible; the
reference value is given by the position of the steering wheel. Since the system
contains a closed loop, the question regarding stability is interesting. In order
to study the stability margins, the open loop system is of interest. The open
loop system in Figure 4.5 is marked with a dashed line. As mentioned earlier,
activation of the hydraulic system is accomplished by a difference in the steering
wheel angle and the angle of the pinion. When the system motion is transferred
to pure linear motion, the difference between the steering wheel position and
the position of the steering rack is shown. The difference between them creates
a valve displacement, xv, which modulates the pressure within the hydraulic
cylinder.

-
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-
-
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msws2+Bsws+Kt
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mrs2+Brs+Kr
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1

1+ s
ωkc
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Kt

1/rr

Kq

Tdriver

FL

PL

xr

xr

xsw

Figure 4.5 Block diagram of the power steering system, open loop system is
outlined by the dashed line

A state space model of the open loop system is used in linear analysis of the
system concerning stability margins, Equations 4.1 and 4.1. In the model, most
of the parameters are related to the mechanical structure, such as masses, spring
coefficients and the viscous friction, also included are the hydraulic coefficients
that vary depending on the working points. The working point dependency
of hydraulic coefficients has to be established in order to be able to perform
system stability margin analysis.

ẋ = Ax+Bxv (4.5)
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x =
[
xrẋrxswẋswpL

]

A =










0 1 0 0 0
−Kw−Kt

mr
−Br

mr

Ktor

mr

Bsw

mr

Ap

mr

0 0 0 1 0
Kt

msw

Bsw

msw

−Kt

msw

−Bsw

msw
0

0
−Ap

C 0 0 −Kc

C










BT =
[

0 0 0 0 Kq
C

]

(4.6)

4.1.1 Calculation of the hydraulic coefficients

In order to make the state space model complete, the hydraulic coefficients,Kq,
Kc and C have to be established. Equation 4.3 is a linearization of the equations
describing the hydraulic system and the coefficients mentioned above are linear
coefficients valid only in the working point used for the calculation.

The calculation of these coefficients is essential for the stability analysis of
the power steering system and is used for calculating the stability margins
of the system in different working points, as will be shown later. In order to
design controllers for future enhanced functionality, a knowledge of the system
dynamic and stability is essential.

The first two equations to be linearized are first presented as Equations 2.3
and 2.4 in section 2.3. These equations concern the load flow, ql, and the sys-
tem flow, qs, dependency of the system pressure, load pressure and valve dis-
placement, ps, pL and xv, and are the orifice equations. The results of this
linearization are displayed in Equations 4.7 and 4.8.

QL = Kq1Xv +Kc2PS −Kc1PL (4.7)

QS = −Kq2Xv +Kc1PS −Kc2PL (4.8)

The load flow can also be described by the motion of the hydraulic cylinder
and the compressibility in the cylinder. This equation is considered the contin-
uous flow equation and the linearized result is displayed in Equation 4.9. Also,
system flow, qs, will variate due to compressibility and possible variation in the
delivered flow from the pump. Later in this analysis, the variation due to the
pump will be neglected but is kept here for completeness, Equation 4.10.

QL = ApsXr +
V0

2βe
sPL (4.9)

Qp −Qs =
Vv

βe
sPS (4.10)

With the help of Equations 4.8-4.10, the load pressure can be resolved as a
function of the valve displacement, xv, rack position, xr and the flow delivered
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by the pump, qp. In Equation 4.11, the hydraulic coefficients, Kc and Kq, are
identified.

PL =
Kc1

K2
c1 −K2

c2
︸ ︷︷ ︸

=1/Kc

≈ 1

1+ s
ωn

︷ ︸︸ ︷
(

1 + VV

Kc1βe
s
)

{

1 + 2 δ0

ω0
s+ s2

ω2
0

} ·







(

1 + VV s�
Kc1+

Kq2

Kq1
Kc2

�
βe

)

1 + VV

Kc1βe
s

︸ ︷︷ ︸

≈1

Kq1

(

1 +
Kc2Kq2

Kc1Kq2

)

︸ ︷︷ ︸

=Kq

Xv

−Kc2

Kc1

1

1 + VV

Kc1βe
s
Qp −ApsXr

}

(4.11)

Some of the dynamic in the equation can be neglected. The second order
dynamic formed by δ0 and ω0 is over damped and can, therefore, be separated
into two first order filters, where the break frequencies can be described ac-
cording to Equations 4.12 and 4.13. Notice that one of the resulting frequencies
from the separation fits the break frequency in the nominator, making it pos-
sible to reduce the dynamic to a low-pass filter of the first order. The dynamic
concerning the valve displacement is neglected, due to the fact that the break
frequencies are close to each other and, therefore, cancel each other out.

ω0 =

√

2 (K2
c1 −K2

c2)

V0VV
βe

δ0 =
1√
2

Kc1
√

K2
c1 −K2

c2

V0

2
+ VV√
V0VV

(4.12)

2δ0ω0 =
2Kc1

(
V0

2
+ Vv

)
βe

V0VV
≈ Kc1βe

VV
= ωt

ω0

2δ0
=
K2

c1 −K2
c2

Kc1

βe

V0

2
+ Vv

= Kc
βe

V0

2
+ Vv

= ωn

(4.13)

The load pressure can then be reduced and described as Equation 4.14.

PL =
1

Kc

(

1 + s
ωn

)



KqXv − Kc2

Kc1

(

1 + s
ωn

) Qp
︸︷︷︸

≈0

−ApsXr



 (4.14)

57



Hydraulic Power Steering System Design in Road Vehicles

avhandling marro

2007/03/07
20:41
page 58

The hydraulic coefficients can be described as in Equations 4.15 and 4.16.

Kc =
K2

c1 −K2
c2

Kc1
(4.15)

Kq = Kq1

(

1 +
Kc2Kq2

Kc1Kq1

)

(4.16)

The coefficients consist of partially linearized coefficients relating to the lin-
earization of the orifice equation describing the load flow and the system flow,
Equations 2.3 and 2.4 in section 2.3. As seen in these equations, they depend
on a specific working point referring to a certain level of system pressure, load
pressure and valve displacement. The valve displacement gives the area, A, and
the area gradient, w, Equations 4.17-4.20.

Kq1 = −cq
√
pS − pL

ρ
w [−xv] − cq

√
pS + pL

ρ
w [xv] (4.17)

Kq2 = cq

√
pS − pL

ρ
w [−xv] − cq

√
pS + pL

ρ
w [xv] (4.18)

Kc1 =
cqA [−xv]

2
√

(pS − pL)ρ
+

cqA [xv]

2
√

(pS + pL)ρ
(4.19)

Kc2 =
cqA [−xv]

2
√

(pS − pL)ρ
− cqA [xv]

2
√

(pS + pL)ρ
(4.20)

By using the expressions derived in section 2.3, Equations 4.17-4.20 can be
simplified by using Equation 4.21.

pS − pL =
ρ

4

(
qs

cqA [−xv]

)2(

1 +
qL
qs

)2

pS + pL =
ρ

4

(
qs

cqA [xv]

)2(

1 − qL
qs

)2

q =
qL
qS

(4.21)

Instead of depending on the pressure as a working point, the coefficients
depend on the actual valve displacement and current load flow, qL. Notice that
the load flow is normalized with the system flow and noted as q. By doing so,
these equations are reformed into Equations 4.22–4.25.
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Kq1 = −qs
2

(

(1 + q)
w [−xv]

A [−xv]
+ (1 − q)

w [x]

A [x]

)

(4.22)

Kq2 =
qs
2

(

(1 + q)
w [−xv]

A [−xv]
− (1 − q)

w [x]

A [x]

)

(4.23)

Kc1 =
c2q
qsρ

(

A [−xv]
2

(1 + q)
+
A [xv]

2

(1 − q)

)

(4.24)

Kc2 =
c2q
qsρ

(

A [−xv]
2

(1 + q)
− A [xv]

2

(1 − q)

)

(4.25)

By reformulating Equation 4.14, the hydraulic system can be described as in
Equation 4.26, with the capacitance given in Equation 4.27.

ṖL = −Kc

C
PL +

Kq

C
Xv − Ap

C
Ẋp (4.26)

C =
V0

2
+ Vv

βe
(4.27)

In Figures 4.6-4.8 below, the hydraulic coefficients are plotted for different
values of valve displacement and normalized load flow. The value of the coef-
ficients is normalized based on the value at zero valve displacement. As seen
in the graph, the coefficients strongly depend on the working point, both valve
displacement and load flow. An additional coefficient is calculated from the
pressure dependent flow gain, Kc and the flow gain, Kq; the result is pressure
gain, Kp = δPL/δxv, see Equation 4.28. This coefficient reflects the derivative
of the boost curve due to the linear relationship between the applied steer-
ing wheel torque, Tsw, and the valve displacement, xv. Since the boost curve
is, by its design, highly non-linear, the hydraulic coefficients inherit this non-
linearity. Based on the knowledge of the hydraulic system and the mechanical
connections, it is now possible to perform stability analysis.
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Figure 4.6 Variation in the flow
gain, Kq, as a function of valve dis-
placement and for different values of
normalized load flow, q.
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Figure 4.7 Variation in the pressure
depending flow gain, Kc, as a function
of valve displacement and for different
values of normalized load flow, q.
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Figure 4.8 Variation in the pressure
gain, Kp, as a function of valve dis-
placement and for different values of
normalized load flow, q.
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4.1.2 Stability analysis

Power steering systems are closed loop systems; therefore, there is a possibility
to design a system that is instable. Stability problems in the power steering
unit normally result in limited cycling in the position feedback, which in turn
results in vibration and noise. The phenomena with limit cycling is a common
problem and is called chattering, also mentioned as shuttering, shuddering or
hydraulic grunt. The analysis carried out in this section is based on a power
steering unit for a truck, see Figure 4.9. The linear model is used to explain
the chattering phenomena. The design of the system is similar to the hydraulic
power steering units found in a car. The linkage between the HPAS unit and
the wheel has a different design. The HPAS unit is solidly attached to the
frame and spring coefficients and dampening between the rack and the frame
is, therefore, neglected. In the case studied, the linkage between the HPAS unit
and the wheel is more complex; the stiffness in the linkage is not negligible.

Steering gear

Link-rod

Frame Pump

Hub carrier

Figure 4.9 Steering linkage for a truck including power steering unit with pump
hoses and oil reservoir.

The stability analysis of
r
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xr
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Tdriver
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Figure 4.10 Equivalent system representa-
tion of the power steering systems in a truck.

the system is done in the
open loop system. The sys-
tem used is described in
the state space mode, see
Equation 4.29. The corre-
sponding equivalent system
is displayed in Figure 4.10.
The open loop system is de-
fined by the transfer func-
tion, Go(s) = xr/xv, which
is formed with the help of
the state space model.
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In Figure 4.11, the bode plot of the open loop system is shown. The working
point is zero valve displacement and no load flow, xv = 0 and q = 0. In the
graph, the resonance frequency of the system is ≈ 200 Hz. The dip in the
amplitude curve at 5 Hz is due to the steering wheel, which at its resonance
frequency annuls any incoming signals. In this case, the system is stable and
the system should have no problems with chattering. However, the system gain
is strongly dependent on the working point as discussed in section 4.1.1. In
Figure 4.12, two other working points are evaluated, one which is stable and
one where the amplitude margin is negative, which will result in an unstable
system behavior. In order to verify the stability margin for the system, every
possible working point has to be evaluated or at the least, identify the area in
the working envelope that could cause stability problem.

The rest of this section focuses on using the linear model to explain the
shuttering problem; the case is also described in paper [I]. Measurements of
the studied scenario are displayed in Figure 4.13, where different variables are
plotted on the same graph. The graph shows measurements where the steering
unit is driven by the load rather than the torque applied by the driver. This
is representative of a vehicle exiting a curve; the aligning torque acting on
the wheel drives the power steering system, at the same time the driver applies
torque to the steering wheel to control the returning motion. This in turn means
that the motion on the steering gear and the applied steering wheel torque are
working in opposite directions, resulting in negative load flow, q < 0.

In the beginning of the sequence, Figure 4.13, the system is at rest and
the force balance between the external load and the force generated by the
hydraulic system, ps ≈ 63 bar, plus manual torque, Tsw ≈ 3.7 Nm, are equal.
The driver lets go of the steering wheel, t=7.9 s, and the returning motion is
started. At t=8.25 s, oscillation in the system starts, which causes vibration and
noise. Even though the system has unstable behavior, the main task, assisting
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Figure 4.11 Bode plot of the open loop system, Go. Working point: xv = 0,
qL = 0. The dip in the gain and phase plot at approximately 5 Hz is due to the
resonance frequency of the steering wheel.
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Figure 4.12 Bode plot of the open loop system, Go. Two different working
points. The working point defined by the solid line will result in a stable system;
whereas the working point defined by the dashed line has a negative amplitude
margin and will result in an unstable system.
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the driver, is not noticeably reduced. Therefore, the problem with chattering
is seen as a quality problem. At t=9.05 s, the vibration disappears. In order
to explain the behavior of the system, the amplitude margin of the system is
investigated and plotted as a function of the load flow and applied steering
wheel torque, which are the two variables that define the working point, see
Figure 4.14. In the figure, the contour lines represent the amplitude margin for
the actual working point.

The working point trajectory of the case displayed in Figure 4.13 is inserted
and also defined with time stamps, notice that the trajectory starts in an area
defined by the working points which are stable. Between T=8.1 and T=8.3,
the working point trajectory enters the unstable area of the system and will
stay there until T=8.9, which defines the system in an unstable area, working
envelope between 8.2 s to 8.9 s. This linear analysis can be used to explain the
chattering phenomena; it could also be used to avoid chattering. The chatter-
ing phenomena often appears after the vehicle is put into production, due to
the fact that the characteristic of the steering system is somewhat individual
from system to system, as all components are produced with tolerances. The
deviation in the geometrical shape and matching will give every system and
especially the valve an individual characteristic. This variation could result in
instability in the closed loop system and chattering. In the design of the valve
or the system, vehicle manufactures specify the characteristic of the valve to
the power steering manufactures, which respond to the demand by delivering
a specification of tolerances that may be produced. Such an example is seen
in Figure 4.15, where the valve producer has specified the tolerances regarding
the outcome of production. The curves in the graph specify the inner and outer
limits of the produced valves. The analyzes preformed above were preformed
on a characteristic close to the inner curve. Based on this graph, the spread in
characteristics could be analyzed in order to secure the stability of the system.
In order to prevent the shuttering problem, the valve design could, with the
help of the model presented above, be evaluated for stability before the vehicle
is put in production and there by reduce the risk of chattering later in the pro-
duction. Further discussion concerning the subject can be found in paper [I],
where a plot similar to figure 4.14 is shown with a nominal valve characteristic.
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Figure 4.13 Measurements of a chattering problem. The scenario is a returning
motion where the steering wheel speed and applied steering wheel torque work
in opposite directions.
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4.2 Non-linear Model

The non-linear modeling approach investigates the system in the time domain.
The strength of this approach is that the different components included in the
complete system can be modeled in a ”close to reality” way, thereby easing the
analysis of the components and test if the system meets specifications. This way
of modeling is also feasible when it comes to introducing and simulating new
designs and changes. When it comes to model validation, the non-linear model
is suitable as the available measurements are normally in the time domain.
Validating the model is essential in order to gain confidence in the model and
ensure that the level of modeling is enough to cover the interesting system
dynamics or phenomena. It is also necessary to establish values for unknown
parameters such as friction.

Every modelling effort starts with a problem related to either a dysfunction
in a component or machine, or too small of a knowledge base [46]. Different
problems have been evaluated in the project such as chattering, dynamic catch-
up and the early validation of the active pinion concept. Even if the nature
of the problem is that a linear model has to be used to solve or explain a
problem, or generate a controller, the non-linear model has to be used. This
makes it possible to validate the model with real facts, measurements in the
time domain. When a linear model has to be used, which is the case with the
chattering problem, the validated model coefficients and the modeling level are
transferred from the non-linear model to the linear model.

The non-linear simulation has been useful in the three different cases below.
Both friction in the power steering unit and the dynamic catch-up are strongly
non-linear, which makes the non-linear simulation suitable. In this project, the
program used for non-linear simulation is the HOPSAN simulation package,
[47], which also incorporates optimization used for validation of the models
and finding the coefficients such as friction coefficients.

4.2.1 Friction in the HPAS unit

In the non-linear approach, the components’ properties can be changed with
the states of the system such as friction, which is a non-linear behavior, for
example stick slip friction. Friction is one of the hardest things to estimate in
the modeling process and often has to be validated with measurements in order
to be implemented in the model. In paper [III], the friction in the steering unit
is investigated and validated with measurements; it was found that the friction
in the HPAS system apart from velocity is also strongly dependent on the
system pressure. This can be understood if the design of the cylinder seals is
studied. In Figure 4.16, one of the seals is visible and the shape of the seal is
such that the contact force between the sealing element and the cylinder rod
increases with increasing pressure, which in turn increases the friction level.
Also visible in the figure is the so-called yoke, whose purpose is to generate
friction in the steering rack to suppress some of the disturbances entering from
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Figure 4.16 Friction in the steering rack depends on the pressure due to the
shape of the seals. Also visible in the figure is the so-called yoke, which creates
a coulomb friction to suppress disturbance entering the steering gear.
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Figure 4.17 Stribeck friction model with correction for pressure variation.

the wheels, [48] [49]. The friction model used is based on the Stribeck model
with modification for variation in pressure, Equation 4.30. A 3D-plot of the
friction is visible in Figure 4.17.

Ffriction =
Fs

1 +
(

ẋp

ẋp0

)τ +Bpẋp +Kpl
pL (4.30)

4.2.2 Dynamic catch-up

The non-linear models of the power steering unit have been used in most of
the work presented in the papers appended to this thesis. In paper [II], the
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non-linear model is used together with measurements to investigate the static
catch-up and hydraulic lag. The model included apart from a detailed model of
the steering gear and valve also a detailed pump an line model this to be able to
cover the effects introduced by the Expansion Chamber Attenuator, ECA. It is
shown that the ECA is the main cause of hydraulic lag, due to the volumetric
expansion of the ECA in the pressurization phase. The ECA is adapted late in
the design proses of the power steering unit and main task is to reduce the noise
level of the power steering unit. In order to avoid dynamic catch-up/hydraulic
lag, the effect of the ECA has to be considered early in the design process. In
this early phase of the design, non-linear simulation of the system can be used
to take the effect of the ECA into account.

4.2.3 Co-simulation with vehicle model

This thesis covers the hydraulic power steering unit in a vehicle, which is to
be seen as a system in a system. In order to optimize the characteristic of the
whole vehicle, complex multi-domain systems are necessary. In these cases, co-
simulation techniques can be useful to make use of expert knowledge in each
domain, [50]. In these co-simulations the non-linear model is useful as it gives
a close to reality result in the time domain. In paper [III], a co-simulation
between a power steering system and a bicycle model was performed. The idea
with the vehicle model was to generate realistic load force on to the steering
rack model depending on the given driving scenario, vehicle speed and steering
wheel angle, [51] [52] .

By connecting the vehicle model to the power steering model, the possibility
to simulate the HPAS system with more realistic reaction forces is created.
The connection between the vehicle model and the HPAS model is in the tie-
rods and the steering wheel. The forces are calculated in the vehicle model
with the steering angle from the HPAS model. Engine speed, vehicle speed and
the steering wheel angle are variable in the two models. The steering wheel
angle is the input reference for the driver model implemented in the HPAS
model; the output from the driver model is the torque applied to the steering
wheel. Engine speed is used in deciding pump speed. Vehicle speed is sent to
the model due to the fact that it is necessary for the calculation of the tie-
rod forces. These variables can be changed freely during the simulation, see
Figure 4.18. The results of the co-simulation will not have the same accuracy
as the HPAS simulation based on driving scenario measurements, due to the
errors in both models combined. Nevertheless, the results of the co-simulation
are accurate enough to draw conclusions about the characteristics of the HPAS
design, when changes are introduced.

Co-simulation is also used frequently in the design of the active pinion con-
cept, which is presented in Chapter 5. In this case, the non-linear model has
been co-simulated with the control strategies. This eases the transitions be-
tween the desktop design and the test rig. In Figure 4.19, the possibility to
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switch between the HPAS simulation model and the hardware in the test rig,
or test vehicle, is displayed; this enables the controller to be used for all of the
solutions.

Vehicle
Model

HPAS

Vehicle Speed

Wheel Angle

Steering Wheel

Tie-Rod Forces
Engine Speed

Angle

Figure 4.18 Schematic sketch of the co-simulation. Displayed are the variable
exchanges between the models and the external input variables.

Co-simulation/HWIL

Controller
Linear

Model

Non-Linear

Model

Vehicle

Test Rig

Evaluation

Figure 4.19 Co-simulation of the controller design. The figure illustrates the
change of test objects from model to test rig and finally to full vehicle test.
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5
The Active Pinion

Concept

In order to drive a car there are three fundamental inputs required from
the driver, acceleration, retardation and steering. The interfaces with the driver
are the throttle pedal, brake pedal and steering wheel, which basically acti-
vate the engine/drive train, brakes and the steering gear. During the last two
decades, different functions have been added to assist the driver, for example
cruse control, which takes over the control of the engine in order to assist the
driver in maintaining a preset vehicle speed, and anti-lock brakes, ABS, which
prevent lock-up of the wheels during braking, thereby making it possible to
steer the car out of a critical situation. These two examples are two among
many more functions that have been introduced to assist the driver. Note that
all of these functions have been added to manipulate either the engine/drive
train, the brake system or a combination of the two. There are few examples
of functions that enable the steering system. This is partly due to low flexi-
bility controlling today’s hydraulic power steering systems, but is also due to
legislation and fail safe issues.

The need for new functions in HPAS systems is essential if these systems are
to be used in comfort or active safety functions in the near future. Even if the
EPAS system might be dominant in the long-term future, the HPAS system
is needed in the near future for passenger cars of the larger and luxury model
segments. The reason for this is the limitation in power supply by 12V and 14V
systems, which leads to limitations in peak power out-take by the electrical
power steering system. EPAS systems will not pe powerful enough until 42V
systems are installed in passenger cars. Breitfeld argues that even 42V systems
might not be powerful enough, as other systems are also converting from hydro-
mechanical to electro-mechanical systems [18]. Based on this, the active pinion
concept was developed to enable comfort and active safety functions dealing
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with the steering gear.
In this chapter, the active pinion concept will be described in detail, both

when it comes to the design of the highly functional power steering system
and how this concept can be used in different applications, both comfort and
active safety applications. Note that the aim of this research is not to develop
comfort or active safety functions; but rather to provide an actuator that can
be utilized by comfort and active safety functions. In order to understand the
functionality of the system and how it can be utilized, some of the applications
will be described briefly.

5.1 Application for the Active Pinion

The idea to introduce more functionality into the steering system is to support
the driver. In Figure 2.2, Chapter 2, a complete steering system is presented in
a schematic sketch. In the figure, the steering system is divided into three main
parts, the controller, the power steering system and its interaction with the
vehicle. In the system, the driver is the main controller and the power steering
system is a pure actuator. As seen in Figure 2.2, external disturbance can affect
all of these parts. Adding more functionality to the steering system could be
used to unload the driver or support the driver in critical situations, and some
external disturbances could be compensated for.

J. Ackermann shows how an active steering system can be used for compen-
sating crosswind and µ-split braking, [13] [14]. The actuator used in Acker-
mann’s study could add a small corrective steering angle to the steering angle
commanded by the driver, thereby compensating for the crosswind and µ-split
situation. Switkes et al. propose a system that would guide the driver with
haptic feedback in order to avoid lane departure accidents, [53] [54]. Von Groll
et al. have investigated and tested the possibility to suppress unwanted road
disturbances transmitted to the driver, [55]. All of these features focus on per-
forming a control task without retracting the driver from the control loop [56].
There are also attempts to more or less remove the driver from the control
loop, which aim towards an Automated Highway System, AHS, [57], [58]. This
system could be considered auto pilot for cars.

The research projects presented above utilize steer by wire systems or systems
with an additional actuator in series with an existing hydraulic power steering
system and show that additional functionality can be used for both comfort
and active safety features. The potential for saving lives with active safety
features has been realized with the introduction of the dynamic yaw control
systems like the ESP. According to the U.S National Highway Traffic Safety
Administration, NHTSA, up to 2211 lives per year in the USA could be saved
by making dynamic yaw control systems standard, which is why the NHTSA
proposed a law requiring ESP as a standard in all newly produced cars effective
from 2008, [7].

The states available in the steering wheel are the torque and the angle; these

72



The Active Pinion Concept

avhandling marro

2007/03/07
20:41
page 73

are the states that can be modified and manipulated to assist the driver, either
separately or combined. In order to manipulate or modify these states freely,
they have to be decoupled between the steering wheel and the steered wheels.
A full decoupling in both states is representative for steer by wire systems. The
concept presented here called active pinion can only realize a decoupling of the
torque. In the subsections below, the application/functions that can be realized
with the help of the active pinion are presented. The application/functions are
divided into comfort functions and active safety functions.

The concept presents only the torque that can be affected during normal
driving. Changing the torque freely opens the possibility to change the hap-
tic feedback depending on the driving situation and communication with the
driver. There is one special case of angle control, which is when the driver lets
go of the steering wheel.

5.1.1 Active safety functions

Generally, vehicle safety issues can be classified into two different categories:
Passive Safety and Active Safety. Active safety refers to the assistance given
to the driver in more and less critical situations to avoid an accident. Passive
safety features concern the protection of the driver when the car is involved in
an accident (Seat Belts, Deformation Zone etc.). A list of active safety features
is presented below, some of which are in use today, while others might be
introduced in future production cars.

• ABS, Anti-lock Brake System, [59]

• TCS, Traction Control System, [59], [1]

• ESP, Electronic Stability Program, [59]

• ACC, Adaptive Cruise Control, [60], [9]

• Active Steering System

• LKAS, Lane Keeping Assist System

The use of active safety features has exploded during the last decade. One
of the first add-ons to vehicles was the Anti-lock Brake System, ABS, which is
standard in most cars produced today. More recently introduced is the Elec-
tronic Stability Program, ESP [59]. The ESP system is a closed loop system
designed to improve vehicle handling. This is carried out by an intervention in
the brake system or with the help of the power train. This system has been
proven to be effective with regard to technical performance, [5]; however, the
results of the system, with regard to actual safety, are hard to prove. A re-
cent investigation based on accident statistics was conducted by the Swedish
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National Road Administration, [4]. In this report, the effectiveness of ESP sys-
tems was proven to increase safety up to 38%, especially concerning winter road
conditions.

Adaptive Cruise Control, ACC, is a more advanced cruise control system,
where speed is a lower priority unlike the conventional cruise controller. In
ACC, the distance or time gap to surrounding vehicles is measured and vehicle
speed is adjusted to the current traffic situation. This system can also be used
for collision warning or avoidance. Active Steering Systems assist the driver
by controlling the yaw and roll dynamic similar to ESP. Instead of using the
brakes as an actuator, the steering is used to control the vehicle dynamics. An
additional steering angle of maximum three degrees is produced without inter-
fering with the driver. Active Steering System performance is better than ESP
system performance [14]; however, the requirement of an additional actuator
increases the cost of the system making it less desirable.

Samples of applications that can utilize the increased functionality in the
active pinion are listed below:

Lane Keep Assist, LKA Function that helps the driver avoid lane departure
accidents by adding a guiding torque to the steering wheel.

Emergency Lane Assist Using both camera and radar, Emergency Lane As-
sist can also monitor oncoming vehicles. If the driver crosses the lane
markers and does not respond to the buzzer, the system reacts by applying
additional steering force to help steer back into the intended lane, [61, 62].

Active Yaw Control with Torque Feedback Active safety function that
superimposes a guiding torque during large body sideslip angle conditions
in order to guide the driver into a stable state of driving.

The focus of this thesis regarding active safety features in passenger cars is
limited to LKA systems, where the focus is to develop a HPAS system that
has the ability to produce an offset torque on the steering wheel. Many road or
lane departure accidents are caused by the driver’s lack of attention. In many
cases, this is due to distractions, drowsiness or intoxication. The LKA system
briefly described here intends to be used as an active safety feature aimed at
decreasing the amount of unwanted lane departures, [16].

In order to assist the driver to avoid potential lane departure accidents, the
road path has to be monitored and the car’s position on the road estimated.
This is done with the help of a camera, which calculates the distance to the
left and right lane markings. With these measurements, the position of the
vehicle can be estimated. However, this is not enough to calculate an offset
torque to guide the driver; the direction of the vehicle in reference to the road
has to also be known. From this, an optimal steering angle is calculated and
compared to the actual steering angle. If the difference between calculated and
actual steering angle or the lateral deviation is greater than the threshold value,
an offset torque is calculated and applied. A sketch of the technical solution
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Figure 5.1 Technical principle of the Lane Keeping Assist System, LKAS.

regarding the LKA system is displayed in Figure 5.1. More information about
LKA control can be found in [63].

The challenge in developing such kinds of functions lies in the determination
of dangerous situations and the design of appropriate warning/intervention
strategies. This system is intended to go unnoticed by the driver and intervene
only when the driver mismanages steering control. Unlike systems that issue
an audible sound, the system presented in this thesis uses a tactile feedback via
the steering wheel as a warning device. The torque is designed to communicate
to the driver the appropriate steering wheel angle required to return to the
lane, Figure 5.2. There are other solutions to achieve lane keeping assist than
applying torque to the steering wheel. One solution that Daimler-Benz has
developed adds a correction to the driver’s applied steering angle [15]. This
solution aims more towards autonomous driving. Active safety features are
going to play a more important roll in future safety strategies; therefore, it is
essential that vehicle sub systems are adjusted to meet new demands.

TOffset

LK − Zone

Figure 5.2 Schematic sketch of a maneuver where the LKA system is used.
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5.1.2 Comfort functions

As mentioned earlier the active pinion concept could also be used for comfort
functions. Note that the aim of this research is not to develop comfort functions,
but to provide an actuator that can be utilized by comfort and active safety
functions. Briefly described below are some of the proposed comfort functions
that could utilize increased functionality. A more detailed description of the
functions can be found later in this section. All of the functions below have
not been fully evaluated, due to the fact that the functions utilize the power
steering unit in the same way.

Proposed comfort function

• Variable Assist

• Virtual Boost Curve

• Parking Pilot

• Lane Keeping Assist, LKA

• Torque Reference Generator

Variable Assist

Different assistance curves depending on vehicle velocity are not new. They are
available as options on new cars. This function has been described earlier in
Chapter 2.

Virtual Boost Curve

This function is similar to speed dependent assist. In speed dependent assist,
the curve is predetermined by the geometric design of the valve. In the active
pinion or the assistance curve, the boost curve can be designed more freely to
meet system requirements. This means that the desired characteristic could be
implemented in the controller as a look-up table.

Parking Pilot

The task in an automatic parking scenario is pure position control, where the
car is to follow a trajectory specified by the automatic parking system, see
Figure 5.3, [64]. Automatic parking systems utilize the functionality of the po-
sitioning control of the steering rack and can take control of the steering wheel.
In this case, parking performance regarding speed and accuracy is dependent on
the dynamic performance of the steering actuator. The more accurate the con-
trol of the steering actuator, the smaller the deviation in the parking maneuver.
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Figure 5.3 Auto Park maneuver where the active pinion concept could be used
to position the steering wheel.

Lane Keeping Assist, LKA

The LKA system, also mentioned under the active safety feature, can be used
as a comfort feature to help the driver keep his/her car in the right lane. Switkes
et al describe the system as a spring between the car and the road center line,
which attracts the vehicle to the lane center, [53]. This spring force is built
into the torque control of the steering wheel and the feeling is similar to riding
on tracks built into the road, see Figure 5.4. The driver still has control of the
vehicle and can easily overcome the syntectic forces generated by the system.
This system could be compared with the Adaptive Cruise Control, ACC, see
section 5.1.1, which controls the position of the vehicle in the longitudinal
direction in relation to the vehicle in front; whereas, the LKA controls the
vehicle’s lateral position.

Figure 5.4 Lane Keeping Assist as a comfort function, where an additional
steering wheel torque is applied in order to keep the car in the center of the lane.

Torque Reference Generator

The idea behind the torque reference generator is to decouple the steering
wheel torque and the forces acting on the steering rack and to add a syntectic
steering feel. The reason for this is to introduce the possibility to design the
steering feel based on the attitude of the car and steering wheel. It would be
possible to move some of the steering feel characteristics from a mechanical
design to software implementation, which would ease the possibility to also
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apply a distinctive brand genetic steering feel. It is also possible to suppress
unwanted disturbance, such as steer torque.

5.2 Working Principle

In order to increase the functionality of a traditional HPAS system, an extra
degree of freedom is added to the valve. In an unmodified valve, the activation
of the valve unit is in direct relation to the torque applied to the steering wheel.
To obtain an extra degree of freedom, the actuation of the valve has to be split-
up and an extra possibility to actuate the valve has to be introduced. The most
logical place to introduce a second point of actuation is in between the pinion
and the valve body, which are normally connected rigidly, see Figures 5.5 and
5.6.

The rotation angle of the pilot motor is transferred into a linear axial motion
with the help of the excenter. The linear motion is transferred into a rotational
motion by the inclined grow in the valve body and the pin stuck to the pinion.
The valve body will still be connected to the pinion, but the actuator will enable
the function to add or subtract an offset angle on the valve body relative to the
pinion. By actively changing this angle, it is possible to increase or decrease
the amount of assistance created by the hydraulic system. It’s also possible to
create negative assistance. By adding this extra angle, the pressure modulated

ps

DC-motor

pa

ps

pa

pb

pb

Connection to

Steering Column

pt

Figure 5.5 Overview of the valve
including the DC-motor.

Figure 5.6 Close-up view of the
valve. Click on the figure to
se a 3D-model of the concept,
(U3D).

by the valve can be changed to add or retract an offset torque to or from the
steering wheel. This can be more easily understood if the static boost curve is
studied, see Figure 5.7. In the figure, the absolute value of the assistance torque
is plotted as a function of applied torque on the steering wheel. The black curve
is the traditional curve, without an offset angle and the gray line symbolizes a
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curve with a slight offset angle. The effect of the offset angle is the change in
the effective angle difference between the valve body and the spool, as well as
the assistance curve.
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Figure 5.7 Static boost curve, tra-
ditional (black) and with an angular
offset (gray). Observe absolute value
of the assistance torque is plotted.
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Figure 5.8 Limit for working
boundary when max offset angle is
±2◦.

By freely changing the offset angle, the amount of assisting torque can be
changed. The working boundary for a valve with maximal angular displacement
of ±2◦ is shown in Figure 5.8. The gray line in the figure is the outer limit of
the variation of the static boost curve. Notice that this graph deals with the
static characteristics; the effect of the differential angle will be different under
the influence of the dynamic and the pumping motion of the steering rack. The
graph is still useful in understanding the concept of the active pinion.

5.2.1 Hardware design

All of the prototypes built in this project are based on already existing power
steering units and valves. There are two reasons for this choice; one is the
limitation in the prototype workshop at the university and the other is due to
the fact that concept is to be seen as a modular added to an existing power
steering solution. Since the prototype and the chosen concept are based on a
production valve, the mechanical interfaces are identical to the normal valve,
which makes it easier to change between a normal valve and a valve based on
the active pinion concept. The modifications performed on these valves focus
on the valve unit, where the housing of the valve has been modified in order
to hold the pilot motor and in the latest design, the pressure sensors used in
testing.

In Figure 5.9, the components included in the active pinion are shown. The
picture shows the pilot motor including the gearbox and holder of the excenter,
the valve body, spool, pinion including the torsion bar and the housing of the

79



Hydraulic Power Steering System Design in Road Vehicles

avhandling marro

2007/03/07
20:41
page 80

valve. The prototype in the figure is prototype number V∗. In the figure, a close-
up on the inclined grove is shown as well as the configuration of the excenter.
The valve body has been adapted to be controlled by the pilot motor by adding

Figure 5.9 Photo of the mechanical design of the Active Pinion. Seen in the
picture from the left are the DC-motor including the excenter, the valve body
with the inclined grove, the spool, the pinion including the torsion bar and the
pin guiding the valve body and finally the housing of the valve. This is prototype
IV.

a track for the excenter. An inclined grove has been created in the lower part
of the valve body to be used as a transformation from the linear axial motion
to a rotational motion. The track is built into a separate part called the crown,
see Figure 5.10. The crown is glued to the original valve body and secured with
the help of three pins, it also includes channels to drain the upper part of the
housing to tank to avoid pressure build-up during valve body displacement.
The inclined grove was initially ground directly into the valve body; however,
the valve body material was too soft to cope with the forces. This resulted
in deformation of the inclined grove and play between the grove and the pin
secured to the pinion. In the latest prototypes, the grove is defined by two
hard metal plates, which are held in place with the help of two rivets each, see
Figure 5.10 .

The spool is left untouched. A pin has been mounted on the pinion in order
to guide the valve body. On the torsion bar, a full bridge contains four strain
gages that have been mounted to be able to measure the torque applied to the
valve. The wires exit in a hole drilled in the top of the torsion bar; the holes
are sealed to avoid leakage, see Figure 5.11. By measuring the torque inside the
valve, the torque also allows valve displacement due to torque applied to the
steering wheel.

The housing is modified to hold the pilot motor making it possible to access
the crown on the valve body. In the latest prototype, the mounting of the pilot
motor was made flexible to handle different packing scenarios in a car. This
setup allowed six discrete directions of the pilot motor, see 1 in Figure 5.12. In

∗The difference between prototype number V and IV is the housing.
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1

2

Figure 5.10 Design of the valve
body including the crown, 1, and the
inclined grove, 2. The crown is glued
to the original valve body and secured
with the help of pins.

Figure 5.11 Full bridge contains
four strain gages, which have been
mounted on the torsion bar. The wires
exit in two drilled holes in the top of
the torsion bar.

1

2

Figure 5.12 Holder of the pilot motor, 1, including the mechanical calibration
device of the excenter, 2. The pilot motor holder can be rotated around the main
housing in order to minimize packing problems in a prototype car.

the production of the prototype, the load pressure calibration, pL(Tsw, αAP ) =
0, of the main valve lay-out was lost. This could be compensated electrically
with the help of an offset angle on the active pinion angle, αAP , but would
result in an unsymmetrical actuation of the active pinion and reduction in the
working envelope. To compensate for this problem, the possibility for external
calibration was added to the housing, see 2 in Figure 5.12.
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Limitation

In order to have full functionality and flexibility in the control of the steering
system, both the angle and the torque have to be controllable. In this concept,
only the torque can be changed independently of the forces acting on the steer-
ing rack. Angel freedom can be added by combining the active pinion system
with an active steering system, [10], [65], [66]. A combination of the active
steering system and the active pinion concept would lead to freedom in both
angle and torque, giving it similar functionality to steer-by-wire systems.

The torque generated by the steering wheel is also limited in the active
pinion concept. The limitation is mainly due to the limitation in actuation and
generated differential angle. This will also be discussed below when it comes to
fail safe.

Fail safe

The active pinion concept is built on a pure hydraulic solution, which in the
basic design is a robust solution. The active pinion adds a few moving parts,
which could fail and different types of failure modes related to the active pinion
concept can be identified.

• Sensor failure

– Torque sensor

– Pilot motor sensor

– Pressure sensor

• Actuator failure

– Position of the excenter is in neutral position.

– Position is not in neutral position.

The main failure is if the pilot motor can not be activated. In this case, there
are two scenarios; the excenter is in a neutral position or not in a neutral posi-
tion. If the excenter is in a neutral position, the effect of the failure is minimal.
The additional functions acquired by the active pinion are not available. This
is not critical when the power steering system is based on a traditional HPAS
solution. The basic function of assisting the driver is still available and the
functionality is the same as in a car without the active pinion concept.

If the excenter is not in a neutral position, an offset torque on the steering
wheel will result. The maximal torque that the driver has to apply to the
steering wheel is limited to the maximal displacement on the valve body. This
scenario can be solved by adding a mechanism that relocates the excenter into
neural position, which reduces the severity of the failure to a loss of additional
power steering functionality. Another solution is to shut down or reduce the
flow through the valve, thereby removing the assisting function in the power
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steering system. In the case of sensor failure, the functionality associated with
the active pinion can be disabled, and the system functionality reduced to a
level equal to a traditional HPAS system. In order to detect sensor failure, the
system has to have some redundancy concerning the sensors, a model based
sensor failure detection or a combination of the two. The need for different
sensors will be discussed later in this chapter.

The fail safe issue has not been a focus in this work; but from the discussion
above, the worst case scenario of failure could result in the driver’s torque
being subjected to an offset, which is limited regarding size. The size of the
offset torque depends on the limitation of the maximal valve displacement that
the active pinion can perform. This torque is approximately 3 Nm in the current
prototype.

5.3 Design Aspects of the Concept

Different design aspects have to be considered, both concerning the mechanical
design of the actuation and the valve layout or hydraulic characteristics. The
prototypes built in this project have all been based on existing valve and rack
and pinion solutions on the market, thereby containing a predefined valve char-
acteristic and geometric boundaries. The reason for using existing valves is due
to the fact that the valve unit is extremely sensitive to variation in tolerances,
as discussed earlier, and needs highly specialized production equipment, which
is not available in the university workshop.

In further development, the valve characteristic is also a variable that has to
be considered. The characteristic in the valves used in the prototypes is highly
non-linear and shaped for optimal functionality to assist the driver with no
consideration to additional applications, such as the active pinion. In order to
take these characteristics into account when designing the main characteristic
of the valve, different aspects have to be considered:

• Fail safe

• Robustness of the control algorithm

• Implemented functions continuous/intermentent use

The fail safe issue discussed earlier would benefit from a characteristic similar
to the one used in the prototype today. This would give the power steering sys-
tem the same functionality and characteristic of today’s power steering systems
in fail safe mode. Only the additional functionality would be disabled.

Today the control algorithm is highly dependent on the characteristic of the
valve and working point. From a control point-of-view, the valve characteristic is
not optimal as it gives a highly non-linear behavior in order to be able to handle
the non-linear characteristic of the valve, see Figures 4.6-4.8 in Chapter 4. This
type of controller is also sensitive to variation in the characteristic and has to
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be tuned individually for every valve. A more linear characteristic would lead to
a more robust controller, which would be less sensitive to individual variation.
This type of characteristic would require the active pinion, pilot motor, to be
constantly active to give the right steering feel.

The implemented functions also have different requirements regarding con-
trollability, both control precision and dynamic response. Also, the use of the
active pinion concept is different between functions; some functions use the ac-
tive pinion continuously, while others use the concept more intermittent. The
high demands on controllability are set by the Torque Reference Generator,
TGR, which is continuously applied to a syntectic steering wheel feel. The con-
trol of this function benefits from a more linear characteristic. On the other
hand, if all of the functions except the TRG are to be used, a classic valve
characteristic is preferred, due to the fact that the active pinion would only be
active and controlling the system intermittently. In this case, most of the time
the power steering relies on the characteristic given by the geometric shaping
of the valve as a normal power steering unit; and the active pinion would only
be needed when requested by an external application like the parking pilot
system or lane keeping assist system. These systems also have a lower demand
on dynamic response and control precision.

The mechanical design can be optimized, especially concerning the actuation
of the active pinion. In the prototype, the mechanical design is a compromise
due to the hereditary of the chosen base valve unit; a pin and an inclined grow
are used, see Figure 5.6. The durability and functionality can be improved by
shaping and increasing the amount of guiding element.

5.3.1 Potential problems with the current solution

During the developmental process, different problems have occurred with the
prototypes. The main problems have been associated with backlash and friction.
There are different places in the design where backlash problems can occur. In
Figure 5.13, the main problems areas are pointed out.

Inclined grow This is the most critical place when the play is close to the
actual actuation, depending on the angle of the inclined grow. In the
prototype, the angle of the grow is 30 degree and is dominant. In the
early prototypes, the grow was machined out from the valve body; due
to the soft material in the valve body, the grow was deformed resulting
in a backlash problem.

Excenter Backlash can occur between the excenter and the track. The effect
of the play is reduced in the prototype depending on the inclination of
the grow.

Gearbox Backlash can occur in the pilot motor gearbox. The play in the
gearbox is also reduced equal to the effect in the excenter. It is also
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reduced depending on the position of the excenter. Neutral position of
the excenter is the worst case scenario.

Housing of the excenter This has to be rigid so no deformation can occur
during actuation of the excenter. This has been a problem in the proto-
type due to friction between the housing and the valve body resulting in
high actuation forces. In a solution where the axial motion is avoided, the
friction forces would also be significantly reduced, also causing a signifi-
cant reduction in the actuation forces.

Gearbox

Excenter Housing Excenter

Inclined Grow

Figure 5.13 Places with potential backlash problems.

The problem of friction is mainly related to the axial motion of the valve
body. The sealing rings on the valve body are optimized for a rotational motion,
not axial motion, which is the case in the prototypes. Friction results in higher
actuation forces generated by the pilot motor and the problem increases with
increasing pressure, see Figure 5.14. There are solutions that can solve or reduce
this problem. One solution is to modify the sealing rings to reduce the influence
of the pressure; this can be achieved by reducing the areas in contact with the
valve housing. There are also methods to avoid the axial movement of the
valve body, which would drastically reduce friction due to the sealing rings.
However, this was not possible within the prototype, due to the configuration
of the donator valve.

5.4 Control Concepts

The application discussed earlier requires three different controlling modes, po-
sition control, offset torque control and free torque control. In this research,
two of the control methods have been designed and investigated, position con-
trol and offset torque control. In this section, the controller will be discussed
and the results from the test rig will be presented. The controller will also be
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P-port

B-port

A-port

Sealing rings

High pressure

Low pressure

Valve housingValve body

Figure 5.14 Friction problems due to the sealing rings. The friction problem will
increase with increasing load pressure. High load pressure increases the normal
force acting on the sealing ring as well as friction.

related to different applications, which also have different requirements on the
sensor equipment.

5.4.1 Position control

In Figure 5.15, a block diagram of the complete steering servo is shown. xv is
the output signal from the electric servo motor, and xr is the position of the
rack. The corresponding bode plot is shown in Figures 5.16 and 5.17. Lower
frequencies indicate the expected pure integration, followed by a lag, point 1.
An anti-resonance associated with the spring mass system due to the steering
wheel and the torsion bar, is marked point 2, while point 3 represents the
hydraulic resonance associated with the hydraulic spring and the rack mass.
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Figure 5.15 Block diagram over the power steering unit including the external
actuation of the valve unit. Gsys = xr/xAP , FL = 0, TDriver = 0
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Figure 5.17 A section of Figure 5.16 with fixed valve displacement. Also in-
cluded is the system approximation, Gx.

87



Hydraulic Power Steering System Design in Road Vehicles

avhandling marro

2007/03/07
20:41
page 88

The basic structure of the controller is a PI-controller with a pre-filter design
to shape the closed system to pre-defined characteristics, Figure 5.18. Similar
architecture of the controller has been used by Krus & Gunnarsson [67]. The
assumption is that the characteristics of the open loop system are simplified
into Gx, see Equation 5.1 and Figure 5.17.

G (s)sysG (s)piG (s)pf S
xr

xr ref

_

xv

rate limit

Figure 5.18 Regulator structure in the position controller.

Gx(s) =
Kx

s
(

s
ωx

+ 1
) (5.1)

In Gpi in Equation 5.2, apart from the traditional PI-controller, there is a
correction in order to compensate for the dynamics in Gx. This makes the
controller regulate not only on the position but also the velocity. In order to
secure a continuously derivable position reference, a rate limiter is added to the
controller.

Gpi (s) = Kpi

(
s
ωi

+ 1
s
ωi

)(
s

ωx
+ 1

)

(5.2)

When the close loop is derived according to Equation 5.3, it can be rewritten
by introducing the coefficients shown in Equation 5.4.

Gc (s) =
Gx (s)Gpi (s)

Gx (s)Gpi (s) + 1
=

s
ωi

+ 1

s2

ω2
a

+ 2δa

ωa
+ 1

(5.3)

ωc = KpiKx ωa =
√
ωcωi δa =

ωa

2ωi
(5.4)

To further form the controller, a pre-filter is assigned to take care of the
numerator in the closed loop system and further increase the phase margin at
the resonance frequency for the closed system, Equation 5.5.

Gpf (s) =

(
s

ωa
+ 1
)

(
s
ωi

+ 1
) (5.5)

In the controller tuning process, the cross over frequencies, ωc and δa, are the
characteristics that can be changed to meet the performance requirements of the
position controller. In order to compensate for non-linear characteristics, the
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static gain, Kx, and the system dependent frequency, ωx, are calculated and fed
to the controller. These characteristics will vary with the valve position and the
speed of the rack. The working point dependent parameters in the linearization
are mainly the flow gain, flow-pressure coefficient and the dynamics in the
pressure build-up, Kq, Kc, as seen in Figures 4.6 and 4.7. The variation affects
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Figure 5.19 Variation in the gain of the open loop system refereed into Equa-
tion 5.1 along with variation regrading valve displacement and load flow.

the static gain of the system and the system dependent break frequency, see
Figure 5.19. In order to calculate the system dependent characteristics, valve
displacement has to be established. As described earlier, valve actuation is a
combination of electrical actuation by the pilot motor and mechanical deflection
of the torsion bar. The most suitable way to establish the mechanical deflection
is to measure the applied torque on the torsion bar, which together with the
pilot motor angle gives the total displacement of the valve, αv. It is also possible
to use the pressure and via the static characteristics of the valve calculate the
valve angle. The valve angle estimated from the pressure is slightly filtered
due to the dynamics of the pressure build-up. However, the dynamics in the
mechanical deflection of the valve will be in the lower dynamics and are limited
by the frequency of the spring mass system.

Results from measurements

Position control is used during automatic parking maneuvers; the forces acting
on the steering rack depend on the friction between the surface and the tires.
A test rig has been designed and used for prototype testing in this project; a
description of the test rig can be found in [68]. In the test rig, a simple hys-
teresis model of the tires is applied, which assumes that the tie-rod force will
increase with the deflection of the tires until full slip occurs. In Figure 5.20, a
position step response is shown. The dynamics of the step response are slower
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than the requested dynamics of the controller due to saturation; the dynamic
without saturation is 2.5 Hz. The effect of saturation is further investigated
and described in paper [VI]. Figure 5.21 shows the actuation of the valve; no-
tice that the valve has to work hard during the motion of the rack, which is
a phenomenon related to the configuration of the valve. As the rack moves,
it initiates movement in the steering wheel. Since the connection between the
steering wheel and the rack is via the torsion bar, the movement also initi-
ates torque, see Figure 5.22, and actuation of the valve. These disturbances
introduced by the mechanical actuation of the valve have to be compensated
for with the electric pilot motor. The load pressure together with the applied
load during the cycle are shown in Figure 5.23. Further results are displayed in
Figures 5.24 and 5.25, where sinus and ramp signals are used as references.
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Figure 5.25 Ramp response in
steering rack position. (Click to see
a film clip)
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5.4.2 Offset torque control

The offset torque mode is meant to modify the pressure torque relationship
established by the valve. Statically, a relationship between the applied steering
wheel torque, Tsw, and the generated assisting pressure exists. This is also
mentioned as assisting torque, Tassistance, and has been discussed earlier and
often visualized with the boost curve. Based on this relationship, a relationship
between the applied steering wheel torque and the total force acting on the
steering rack exists, later related to the total torque, Ttot. In order to generate
offset torque, the relationship between Tsw and Tassistance has to be changed.
To generate additional offset torque, the assisting torque has to be reduced
and steering wheel torque has to increase. This change is carried out by the
active pinion, which changes the relationship between steering wheel torque and
assisting torque. When changing this relationship, it is essential to keep track of
the total torque generated by the rack, or the sum of manually and hydraulically
generated torque. Total torque, Ttot, does not change with the modulation of
the valve and is dependent only on the external load, see Figure 5.26. This
relationship is based on the valve characteristic and depends on the shaping of
the valve as discussed earlier.

In Figure 5.27, the relationship is visualized where the assisting torque,
Tassistance, is reduced to add an offset torque, Toffset, to the steering wheel.
The torque the driver would sense with no intervention is named T ∗

sw in the
figure. To establish the reduction in assisting torque, the normal relationship
between assisting pressure and steering wheel torque has to be known. This
relationship is based on the characteristics of the valve and can be established
for each total torque value either by solving the non-linear equation system,
Equations 5.6-5.8, or by creating a look-up table with steering rack speed, total
torque as input and the related normal assisting torque, Tassistance, as output.

Tassistance

Tsw

Ttot

Figure 5.26 Torque ratio be-
tween assistance and manually
applied torque, when the active
pinion is passive.

Tassistance

Tsw

Ttot

Toffset

T
*

sw

Figure 5.27 Torque ratio be-
tween assistance and manual ap-
plied torque when the active pin-
ion is activated.
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Ttot = Tsw + pLAprr (5.6)

pL (Tsw, q) =
ρqp
8c2q

((
q − 1

A2 (Tsw, αAP )

)2

+

(
q + 1

A1 (Tsw, αAP )

)2
)

(5.7)

q =
ẋrAp

qp
(5.8)

Figure 5.28 represents the structure of the offset torque controller, where
the first part, marked 1, calculates the new load pressure that has to be gen-
erated in order to create the offset torque. The characteristic of the valve is
used to calculate the pressure that would be present with no intervention,PLN .
This pressure, PLN , is reduced with an amount representing the offset torque,
PLoffset, thereby creating a load pressure reference, PLref .

Ttot

xr PL N

PL offset

PL ref

Toffset ref

av
aAP ref

_ _

Tsw

PL

S

P -ctrll

A rp r

1

valve

characteristic

av(p ,x )LN r

.

valve

characteristic

P (T ,x )L N tot r

.
S S

c

rv

S
1 2

Figure 5.28 Regulator structure of the offset torque control. The first part of
the controller generates the load pressure reference; the second part generates
the reference angle to the active pinion.

The second part of the controller, marked 2 in Figure 5.28, has to fulfill
requests regarding generated assisting torque or load pressure. The static char-
acteristics of the valve are also used to calculate how the valve should be dis-
placed in order to generate the commanded assisting torque. Parallel to this
function is a closed-loop controller of the load pressure to compensate for devia-
tion between implemented valve characteristics and actual valve characteristics
defined by the hardware. The result from this controller is a commanded to-
tal actuation of the valve, αv, in order to generate the required pressure. One
part of the commanded actuation angel is generated by the steering wheel
torque, since the size of the steering wheel torque is given by Ttot and Toffset,
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Tsw = T ∗
sw + Toffset. The remaining part of the commanded actuation angle,

αv, has to be generated by the active pinion, αAP .
In Figure 5.29, the actuation of the active pinion is plotted as a function of

total torque and offset torque. As seen in the graph, the actuation angel is non-
linear close to zero total torque and limits out to a constant value for higher
values of total torque. The value that the angle limits out to is the pure me-
chanical deflection generated by the active pinion actuation angle, Equation 5.9.
This is due to the fact that the normal load pressure, pLN

, is dominant over
the required change in load pressure, due to the offset torque, pLoffset

.

αAP (Ttot = 60) ≈ Toffset

C
(5.9)

0 10 20 30 40 50 60
0

0.5

1

1.5

2

2.5

T
offset

=0.5

T
offset

=1.5

T
offset

=2.5

T
offset

=3.5

α ap
 [g

ra
d]

Total torque [Nm]

Figure 5.29 Actuation of the active pinion as a function of total torque, Ttot

and Toffset. Load flow q = 0, Ttot =60 Nm represents a normal load pressure of
PLN = 8.2 MPa.

Parts of the offset torque controller are also used in the virtual boost curve
generation. The difference between the controllers is the first part, which is
changed to generate a different characteristic, see Figure 5.30. The character-
istic is implemented in the same way as in the offset torque controller. The
steering wheel torque and load pressure are functions of the total torque. The
specified characteristic gives the load pressure reference and the torque to be
generated on the steering wheel.
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Figure 5.30 Virtual boost curve controller uses the second part from the offset
torque controller to calculate the actuation of the active pinion.
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Results from measurements of offset torque control

In order to reduce the influence of static friction in the load cylinder, small
steering inputs are applied to the steering wheel with a much higher frequency
than the commanded offset torque request, compare to dithering in a servo valve
application. By filtering the generated steering wheel torque, it is possible to
establish the results that represent a mean value of the torque applied to the
steering wheel. Figure 5.31 shows the results of such a test; in Figure 5.32, the
results are filtered, which creates a mean value of the steering wheel torque.
Figure 5.33 shows the displacement of the pilot motor, which is translated to the
actuation angle of the valve via the excenter and the inclined grow. The figure
shows both unfiltered and filtered measurements. The disturbance is partly
due to imperfection in the mapping, but mostly due to the backlash between
the inclined grow and the pin mounted on the pinion. In Figures 5.34 and
5.35, two other cases are displayed. The measurements show that the concept
and controller are working. However, the prototype can be improved especially
regarding the backlash problem in the inclined grow.
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Figure 5.31 Results from the offset
torque control. Small steering inputs
are applied to reduce the influence
of static friction.
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Figure 5.32 Filtered results from
the offset torque control, showing
the mean value of the applied steer-
ing wheel torque.
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Figure 5.33 Measurement of the
actuation angle of the active pinion.
Note that the measurement is on the
pilot motor and not on the actual
valve displacement.
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Figure 5.34 Results from the offset
torque control. Small steering inputs
are applied to reduce the influence
of static friction.
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Figure 5.35 Filtered results from
the offset torque control, showing
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5.4.3 Sensor requirements and function mapping

The active pinion requires different sensors to enable functions. Requirements
differ between functions. The need for sensors has been mentioned briefly in
the section about controller design above and in the discussion regarding fail
safe. The different sensors that can be utilized in the concept are listed below.

• Pilot motor position sensor

• Steering wheel sensor

• Pressure sensor

– Load pressure

– Pump pressure

• Torque sensor

The pilot motor position sensor is a necessary sensor and has to be utilized
independent of implemented functions to keep track of the pilot motor, which
is a closed loop system in itself. Also, it is to be used during calibration together
with the pump pressure sensor or the load pressure sensor. The pump pressure
sensor is not used in the active control of the active pinion, but is useful for
calibration and fault detection. The steering wheel sensor is used in position
control, and is normally installed in the vehicle, which means that it can be
utilized by the active pinion. The requirements on the position sensor depend
on the positioning requirements of the parking pilot system.

There are three different ways to establish the total torque of the offset torque
control:

1. Load pressure sensor and pilot motor sensor

2. Load pressure sensor and steering wheel torque sensor

3. Steering wheel torque sensor and pilot motor sensor

All of these can be used in the active control of the active pinion and to establish
the total torque. However, the load pressure sensor is not preferred when a wide
range in pressure has to be covered if the offset torque is to be utilized in the
entire working envelope. This is due to the exponential behavior of the pressure
characteristic, which will lead to low resolution in the low torque region. On the
other hand, the offset actuation of the offset torque is linear to the actuation
angle in the upper region of the total torque, see Figure 5.29. Based on the
figure, the pressure sensor would only need high resolution in the lower region
between 0-25 Nm, which relates to a load pressure of 0-3.5 MPa. This could be
even lower if the resolution of the offset torque could be compromised at higher
offset torque commands. The steering wheel torque sensor is more suitable as
it will give equal resolution in the working envelope. In Table 5.1, some of the
implementation stages are listed with descriptions and related control methods.
In the table, the sensor requirements are also listed.
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6
Discussion and

Conclusion

Even though hydraulic power steering systems have been a proven
technology for decades, there are still problems to be solved, most concerning
quality issues. In this thesis, two predominant problems have been studied,
hydraulic lag and the chattering phenomena.

As stated in the paper [2] and briefly in this thesis, chapter 4.2.2, hydraulic
lag, also mentioned as dynamic catch-up, is a result of under-dimensioned pump
flow and, therefore, a sizing issue. The main problem with the sizing of the
system is the introduction of the ECA, which expands during pressurization,
thereby reducing the effective flow entering the valve. In order to solve the sizing
problem, the expansion characteristic of the ECA has to be known when sizing
the system. This is not always possible as the ECA is usually introduced and
tuned late in the design process to minimize sound emission from the system.

In order to obtain an optimal solution to the problem, there has to be an
iterative process involving most of the components in the system. However, this
is not a realistic solution unless a dynamic model of the sound characteristic of
the complete system including installation is available. The most feasible solu-
tion to minimize the problem with hydraulic lag is to specify ECA requirements
regarding the expansion ratio during the design process, which can be used in
dynamic simulation, thereby defining the sizing of the ingoing components.

The second problem is the chattering phenomena, which like the hydraulic
lag is a dynamic problem. The chattering phenomena is on the other hand
also a control problem related to the internal closed loop. In paper [I] and in
this thesis, chapter 4.1, the problem is described in detailed, where it is shown
with the help of linear models and how tolerances affect the stability margin
of the system. The problem occurs when the desired static characteristic is in
conflict with the stability margin of the system. In order to avoid the problem,
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the desired characteristic should be dynamically evaluated and the variation in
valve tolerances taken into account. If the outcome of the evaluation is negative
the solution could either result in change in the characteristic or demands on
tighter tolerances.

The cases mentioned above are both related to an existing platform or vehicle
model, which has eased the modeling of the external forces and inertia loads.
In the preliminary design of the power steering system, these load forces are
essential for the sizing and evaluation of stability but might not be available as
measurements. In order to perform a preliminary design of the power steering
unit, a simulation model of the vehicle generating the external forces is needed.
In paper [III], a vehicle model is used together with a dynamic power steering
model to generate accurate tie-rod forces acting on the steering rack. These
could work as a substitute for real life measurements in the preliminary design
and sizing of a power steering unit. In this paper, the friction in the steering
rack was also evaluated; it was shown that the friction force in the steering rack
is strongly dependent on the system pressure, which has to be included in the
model.

The active pinion has played an important part in this project and is a
modular way to enhance the functionality of the traditional hydraulic power
steering units. The basic dimensioning and layout of the system would not
only work for a standard power steering system but also for the active pinion
solution. In paper [VI], the requirements regarding the active pinion concept
are evaluated. It was found that the basic system layout of a traditional HPAS
unit will also fit the requirements set by the automatic parking system. Even
the layout of the valve can be the same; however, this may not be the optimal
solution considering the increased flexibility given by the active concept, which
could for example be used for increasing the assistance at lower speeds.

Using the active pinion for offset torque control has been one of the key fea-
tures of the active pinion concept and was the first function that was proven in
both simulation, [IV], and hardware tests, [V]. The reason to implement offset
torque is to enable the possibility to haptically communicate with the driver,
thereby guiding, warning and assisting the driver in different driving situation.
The function using the offset torque could either be for comfort or for active
safety. The controller of the offset torque uses knowledge of the valve charac-
teristic as a feed-forward link in the pressure controller and a weak closed loop
controller to compensate for mismatch in the mapping of the valve characteris-
tic. The offset torque controller needs to know the load pressure in the cylinder,
but only in the lower pressure region when it compensates for non-linearity. In
the upper pressure region, the load pressure is dominant over the applied torque
and a more or less open loop controller can be used for the offset torque control.

Apart from the offset torque control, a positioning controller has been ap-
plied. This is to meet the demand for autonomous steering functions such as
an automatic parking system. Due to the fact that the valve is non-linear in its
characteristic, a gain scheduling controller is needed. The model presented in
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the thesis, Chapter 4.1, and paper [I], has been used to design the controller.
Positioning control has proven effective in the test rig and is presented both in
this thesis, Chapter 5.4.1 and in papers [5] and [6].

The Active Pinion concept opens up new possibilities to include more
functionality in traditional power steering system without any major changes
in the overall system layout. The enhanced functionality could be used for new
active safety features, as well as comfort functions to support and ease the
driver during different driving scenarios. The Active Pinion concept uses the
built-in power of the HPAS system without installing additional high torque
motors. The pilot motor can be small when it only has to overcome the friction
within the valve. The technology of the Active Pinion concept could be seen
as an add-on to a present HPAS system and be used in cars as well as heavy
trucks.
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7
Outlook

The prototype used in this project is a modified valve from a traditional
Hydraulic Power Assisted Steering, HPAS, system; this was to speed up the
process and make it possible to perform the necessary modifications in-house.
By doing this, it has been possible to show that the Active Pinion can be
used as a modular add-on to a traditional HPAS unit. However, the drawback
is that the hardware design of the prototype is not the optimal solution, but the
best solution at this time. In order to mechanically improve the concept, the
actuation of the valve should avoid axial movement, which would significantly
reduce the friction problem and enable the possibility for a small pilot motor.
Another way of reducing the friction problem is to change the design of the
seals and adapt them to the axial motion. Play is also an issue related to the
usage of a valve from a traditional valve unit.

In the thesis two different control methods, positioning control and offset
control, were designed and evaluated; a third method mentioned was the Free
Torque Control, FTC. The FTC concept has not been evaluated, thereby mak-
ing it a natural next step in future work. In order to do so, a control strategy
has to be designed and tested.

In this thesis,the testing of the concept has been performed in the power
steering test rig, which means that no real vehicle testing has been performed.
To complete the evaluation of the concept, vehicle testing should be one of
the next steps. The last prototype designed was prepared for vehicle tests and
is equipped with a flexible installation of the pilot motor in order to adapt
to different packing scenarios. The housing of the valve is also prepared for
pressure sensors, A-port, B-port and P-port, which makes it possible to use the
original rack and lines and still have the necessary sensors. The torque sensor
is still mounted on the torsion bar of the valve.

Even though the vehicles mentioned in this thesis are cars, the largest break-
through in technology has been in truck. Today, trucks use HPAS systems;
however, most do not use the rack and pinion solution, but rather integral
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power assisted steering gear systems. However, these systems use the same
type of valve unit and actuation as the HPAS system described in this thesis.
Prototype steering gear for trucks on the market that aim towards the same
functionality as the Active Pinion concept use add-on electric torque motors
with a size comparable to an EPAS system for cars on top of the integral power
assisted steering gear. With the Active Pinion concept, the power available
in the hydraulic system can be used.
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8
Review of papers

The papers included in this thesis cover both hydraulic power steering
systems in general and the novel approach to enhance the functionality of the
power steering systems. The order of the papers is not chronological, but rather
organized by their contents. The first three papers, [I–III], concern power steer-
ing system problems and simulation. The last three papers, [IV–VI], concern
the active pinion concept and different methods of control.

Paper I

Robust Design of a Power Steering System with Emphasis on
Chattering Phenomena

In the first paper, a linear model is used to explain and investigate the chat-
tering effect occurring in power steering systems. Chattering is experienced as
noise and vibration in the steering system occurs and when the steering system
is activated by the driver or when the system is driven by the load, aligning
torque. Chattering is a problem, which is a result of bad system layout with
regards of system stability. The problem can reduce the performance of the
system but is mainly a quality problem from the users point-of-view. In this
paper, the phenomena is investigated with the help of a linear model of the
system, where the stability margin for different characteristic of the system is
analyzed.
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Paper II

Modeling and Simulation of a Conventional Hydraulic Power
Steering System for Passenger Cars

The second paper investigates the catch-up effect that occurs in power steering
systems. Catch-up effect is when the hydraulic assistance fades away and the
driver and has to rely on manual torque applied to the steering wheel to perform
steering maneuvers; thus significantly less assistance is provided. This can lead
to disaster if it occurs in a critical situation for the driver. The catch-up effect
can be divided into two types, one static and one dynamic. Both are a result
of insufficient flow delivered to the valve; however, the dynamic effect is due
to volumetric expansion in the supply line. In this paper, both simulation and
measurements of dynamic catch-up are presented. The simulation model is used
to further study the compressibility effect in the supply line, which includes an
Expansion Chamber Attenuator, ECA.

Paper III

Modeling and Simulation of a Conventional Hydraulic Power
Steering System for Passenger Cars

In the third paper, a non-linear model of a hydraulic power steering system is
presented. The model is described in detail regarding modeling of the included
components. This model is validated in two steps, one regarding the static char-
acteristics, boost curve, and the other based on driving scenario measurements.
Also included in this paper is a vehicle model; this model is validated with the
help of measurements based on a driving scenario. The purpose of this model
is to calculate in co-simulation with the HPAS model, the loads acting on the
steering rack during driving, which is a great advantage when the HPAS system
simulation is to be executed with realistic loads.

Paper IV

Active Pinion - A Cost Effective Solution for Enabling Steering
Intervention in Road Vehicles

The fourth paper introduces the active pinion concept, which is a modification
of a traditional hydraulic power steering system to achieve increased function-
ality. The enhancement in functionality consists of the possibility to add or
retract offset torque to the steering wheel to make it possible to intervene in
the driver’s actions. The reason for intervening is to assist the driver in his/her
effort in keeping the car in the correct lane, also used in the Lane Keeping
Assist, LKA, system. This system is a new type of active safety feature, which
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could be introduced in future cars. The basic idea behind the LKA system is
introduced, as well as the mechanical concept regarding the active pinion. A
control structure is also introduced and tested in a simulated environment.

Paper V

Increased Hydraulic Power Assisted Steering Functionality
Using the Active Pinion Concept

Paper number five presents the control strategies for position control and offset
torque control of the active pinion concept included are test results carried
out in the hardware in the loop test rig. The main focus in this paper is the
positioning control for the automatic parking system where test results from
the offset torque control are also displayed.

Paper VI

Parking System Demands on the Steering Actuator

In the last paper, requirements on the actuator from the parking system and
how the actuator’s performance translates into parking maneuver performance
are studied. The parking system has been installed in a test rig and in a demon-
strator car. The performance on the active pinion system is analyzed and related
to the requirements from the parking system especially when it comes to rate
limitation. The active pinion can be seen as a modular add onto a traditional
power steering unit already dimensioned to meet the overall requirements for
the vehicle. The basic system layout will set the performance limit of the active
pinion system. In the paper, the active pinion concept performance is evaluated
in order to see if the modular approach is valid without any further changes in
overall system dimensioning.
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