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Summary

The subject of this thesis is the investigation of multibody system modelling

and control analysis techniques for the development of advanced suspension
Systems in passenger cars. A review of the application of automatic control to
all areas of automotive vehicles illustrated the 1mportant factors in such
developments, including motivating influences, constraints and methodologies
used. A further review of specific applications for advanced suspension systems
highlighted a major discrepancy between the significant claims of theoretical
performance benefits and the scarcity of successful practical implementations.
This discrepancy was the result of idealistic analytical studies producing
unrealistic solutions with little regard for practical constraints. The
predominant application of prototype testing methods in implementation studies
also resulted in reduced potential performance improvements.

This work addressed this gap by the application of realistic modelling and
control design techniques to practical realistic suspension systems. Multibody
system modelling techniques were used to develop vehicle models incorporating
realistic representations of the suspension system itself, with the ability to
include models of the controllers, and facilitate control analysis tasks. These
models were first used to address ride control for fully active suspension
systems. Both state space techniques, including linear quadratic regulator and
pole placement and frequency domain design methods were applied. For the
multivariable frequency domain study, dyadic expansion techniques were used
to decouple the system into single input single output systems representing
each of the sprung mass modes. Both discretely and continuously variable
damping systems were then addressed with a range of control strategies,
including analytical solutions based on the active results and heuristic rule-
based approaches. The controllers based on active solutions were reduced to
satisty realistic practical limitations of the achievable damping force. The
heuristic techniques included standard rule-based controllers using Boolean
logic for the discretely variable case, and fuzzy logic controllers for the

continuously variable case.
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One of the most exciting developments in automotive vehicle design over

recent years has been the increasing trend towards the application of automatic

control to all areas of the vehicle. Today most passenger cars have some form of

control system fitted, ranging from the small inexpensive vehicle with the
simplest form of fuelling control, to top of the range luxury vehicles
Incorporating the full complement of control systems available covering every
area of the vehicle. The most prolific users of electronic control systems 1n

automotive vehicles are the Japanese manufacturers.

The most common application of electronic control systems in automotive
vehicles is in engine management systems that regulate fuelling or 1gnition.
Automatically controlled braking systems are also widely available especially on
larger, more expensive vehicles. A few manufacturers are even fitting controlled
suspension and steering systems to their luxury and sports models. A wide
variety of ancillary functions also involve automatic control in modern
passenger cars, such as heating and ventilation and security systems.

In order to discuss the use of automatic control in automotive vehicles, 1t
is important to understand the overall driving forces and constraints of the
automotive industry. The most important constraint shared by all commercial
manufacturers is that all product development and change must be led by
customer expectation and market influences. The first and most direct of these
market influences is that of continually increasing customer requirements in

terms of levels of vehicle performance and specification. Customer expectations



also come ind; - ' 1t]
e indirectly from other external influences, notably economic conditions,

such on, ; ' | ' |
as new road taxation, insurance, ownership and running costs including

petrol and parking etc. These economic factors usually lead to increased
customer requirements in terms of fuel efficiency and overall value for money.
Other important market influences include automotive legislation, either direct
legislation such as safety standards or emissions regulation, or indirect
legislation as seen in product hability. New product liability legislation means
that meeting legislative standards is not necessarily sufficient, especially 1n
safety related functions of the vehicle. If higher levels of safety are met by other
manufacturers or can be reasonably expected, then it is indirectly also a product
hability requirement. All developments in automotive vehicle design, including
the application of automatic control, will be in direct response to a change in
one or more of these market requirements.

Once a vehicle change has been initiated by suitable market influences,
the other automotive industry constraints have to be recognised. One of the
most important constraints is that of cost, a significant factor of which 1s
component cost. This obviously depends on the type of vehicle, but component
costs are usually in the order of tens of pounds. This is in direct contrast with
other control engineering fields such as process control or aircraft flight control
systems, where very expensive sensors, processors and other electronic
equipment are commonly used. Reliability including safety are also vital
considerations since any failure will cause at best minor customer annoyance
reducing the possibility of future sales, and at worst accidents causing injury,
for safety critical failures in systems such as steering and braking. There are

significantly different conditions surrounding the reliability and safetyv 1ssues

2




for th ve -
€ automotive industry compared with other control engineering fields. All

vehicle systems must be completely fail safe and idiot proof, due to the

assembled easily and quickly on partly automated production lines. Assembly
process times are in the order of minutes for individual components and
subassemblies. Once in the hield, passenger cars may be serviced and
maintained by a wide variety of skilled or unskilled people, ranging from highly
trained and specialised garage mechanics, to the amateur enthusiast or
completely unskilled owner. The vehicle is also driven by a wide range of
virtually untrained and unpredictable drivers with little or no knowledge of the
vehicle dynamics or its systems. Despite the variabilities between vehicles and
conditions arising from these factors, every car must be completely safe and
reliable.

From a control engineering point of view the automotive control
application presents different problems compared to other more traditional
areas of control engineering. The vehicle or plant is a complex non-linear
system with fast time constants. For most automotive vehicle systems 1t 1S not

sufficient to control the steady state behaviour, as control of the transients are

essential, especially in safety critical areas such as suspension, steering and

braking. The control objectives have a different emphasis for automotive

performance. Any application of a control system must offer significant benefits

3




with r ' '
egard to customer requirements in order to justify the added complexity

and ect '
cost. The objective of the automatic control in this case therefore 1s

performance lmprovement, with any induced instability or even marked

oscillation being intolerable.

The automotive design processes most commonly used within the
industry also warrant consideration. Even today with the availability of a wade
range of predictive analytical techniques, a large part of vehicle design is
achieved by building prototypes and testing. This design process is costly and
time consuming and with the increasing pressure to reduce the lead times for
new models, these design methods must be improved. Recently this has been
changing and analytical and predictive techniques have been introduced into
the early design stages, leading to the reduced requirement for prototype
testing. However there 1s still room for improvement.

This development led approach to vehicle system design was also widely
adopted for the earliest implementations of automatic control in automotive
vehicles. The early controlled vehicle systems were designed using heuristic
methods, without the use of any theoretical control analysis techniques. In fact
the majority of applications of automatic control found on passenger cars today
were developed using these techniques. Again this 1s changing and most
automotive research projects currently underway are utilising mathematical
modelling of vehicle systems and control design and analysis techniques.

For the discussion of automotive applications of control engineering, the

total vehicle system has been split into four main areas of concern:




- propulsion

+ Steering

+ Suspension

- ancillaries
The first three of these areas are concerned with the primary function of the
vehicle. Propulsion is concerned with the longitudinal dynamics of the vehicle
including engine, transmission, braking and acceleration, suspension is
concerned with the vertical, pitch and roll dynamics, and steering involves the

lateral and yaw dynamics. These three subsystems are interconnected at the
tyre to form the complete vehicle system as shown in figure 1.1. The fourth
vehicle function contains all the ancillary functions that are not primarily
concerned with the basic function of the vehicle as a mode of transport, but with

creating the desirable environment for travelling.

1.1.1 Propulsion Control

The first area to be discussed is propulsion control, concerned with the
control of the longitudinal dynamics of the vehicle via the torque at the wheels.
Therefore propulsion control will include control of the engine, transmaission,
braking and acceleration systems.

The recent interest in the automotive application of automatic control
began in the USA in the early 1970’s as a direct response to the oil crisis. This
sudden increase in the cost of motoring created a demand for improved fuel
economy. The automotive industry responded to this demand with the
development of the first generation of microprocessor based engine control

systems. The second major driver for the improvement of the propulsion system



was the introduction of emissions legislation firstly in California and

subsequently throughout the USA and Europe. The problem of vehicle

emissions was addressed in two ways, firstly by the second generation of engine

control to further 1mprove the efficiency of the engine and thus reduce the
production of exhaust gases. The introduction of exhaust after treatment in the
form of catalytic converters also addressed the emissions problem by preventing
the offending gases from reaching the atmosphere once produced. The use of 3-
way catalysts also provides a need for more accurate combustion control, as the
required oxidant and reduction processes require tight regulation of the output
gases.

The early engine management systems were designed using heuristic
techniques based on empirical data from laboratory testing. They involved open
loop static calibration maps for various engine parameters produced by steady
state engine measurements taken during controller laboratory engine testing (4,
108, 109, 113]. The majority of engine management systems available on
passengel* cars today use this type of steady state engine map.

More recently studies have been published in which the control of
transients 1s addressed and the application of modern model-based control
techniques is discussed. A review of engine control and modelling techniques
was presented by Sweet [108]. Athans (4] described the improvement of
traditional static calibration maps by the use of multivariable control theory.
The extension of engine control systems to include transient maps for the
dynamic control of fuelling etc was also addressed. The importance of modelling
was emphasised in order to utilised the full potential of modern control

techniques. Toyoda et al [113] also illustrated the limitations of static

6



calibration maps and examined the application of advanced strategies to engine
control. This included both steady state and transient control for fuel 1njection
and ignition timing, with adaptive control for air/fuel ratio regulation. Sweet
investigated idle speed control with the use of classical feedback and adaptive
control techniques [109]. Hrovat & Powers [07] and Kiencke [46] also discussed
the application of modern model-based control techniques to engine control,

Including modelling, parameter and state estimation and adaptive and robust

control techniques [57).

Environmental legislation, however, is constantly being tightened until
1n California at least there will be zero emissions legislation for some inner city
areas within the next few years. Unless there is some major technological
breakthrough, any zero emission vehicle will be electrically powered. Since the
zero emission legislation will probably only apply to inner city areas at first, the
use of hybrid vehicles 1s a further possibility.

Electric vehicles are by no means a new concept, in fact during the first
two decades of automotive developments electric propulsion was a serious
opponent to internal combustion (IC) engines. Increasing pertormance
requirements in terms of acceleration, top speed and range, together with
improved product life led to the emergence of IC engines as the preferred
propulsion method. The majority of automotive manufacturers have been
renewing their interest in electric propulsion methods recently in order to meet
the proposed legislation [12, 15, 58]. Hybrid vehicles are also attracting some
interest, and this provides the control challenge of determining the propulsion

source to be used under any set of conditions [108, 51].

The second area included under the heading of propulsion control is the




automatic control of transmissions. The motivator behind the early
1Investigation into advanced transmissions and transmission control was also
the fuel economy requirement created by the oil crisis. Electronically controlled
transmissions can be used to improve not only fuel economy, but also
performance and drivability by selecting the most suitable gear shift strategy.
These transmissions can be divided into two types, discrete and continuous.
Hrovat & Powers [46] described the control of a discrete transmission for both
shift scheduling and execution, using closed loop control for shift execution.
Continuously variable transmissions (CVT) have also been discussed by
Christensen et al [20], and Ironside & Stubbs [47]. Both studies investigate the
use of optimal fuel consumption maps for the control of CVT’s. Ironside &
Stubbs [47] describe the development of the CVT map plus subsequent
evaluation by the use of a test rig. Christensen et al [20] in contrast utilise
modelling techniques to evaluate the CVT performance. The use of modelling
and analytical techniques for the design of a CVT controller has also been
addressed by Jones et al [49, 50].

The third and final area contained within the heading of propulsion
control is concerned with wheel control during acceleration and braking
manoeuvres. As vehicles were designed to achieve greater performance 1n terms
of acceleration and speed, the braking system also improved steadily, until
almost optimal braking was achieved providing stable braking on uniform road

surfaces assuming no excessive braking. However under excessive braking or

poor road conditions wheel lock may occur, causing the vehicle to become
unsteerable and even unstable, and increasing the braking distances achieved.

Anti-slip braking systems (ABS) were developed 1n order to overcome this safety
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1ssue [13, 61, 62]. These systems are designed to control the brake pressure to
énsure maximum braking force without wheel locking. A related development
was 1n anti-slip regulation (ASR), or traction control which is concerned with
obtaining the maximum acceleration force without the wheel slipping. Most
ABS and ASR systems involve rule-based controllers again developed using
heuristic methods. The Bosch system as described by Leiber & Czinczel (61, 62}
1s typical and involves comparing the inputs of wheel deceleration and wheel
slip against thresholds and switching the braking pressure accordingly. More
recently the application of modelling and analytical control techniques to
traction control has been addressed by Crossley et al 28], Crossley & Cook [29].
Further developments in all areas of propulsion control include the
replacement of the mechanical and hydraulic actuation systems with electronic
systems, for example throttle by wire, braking by wire etc., as in the aircraft
industry. The major prohibitive factors currently are the conflicting safety and
cost requirements. However all electric vehicles involve electric acceleration and

braking actuation and with time these systems will appear on other vehicles.

1.1.2 Suspension Control

Over the past twenty years there has been large interest shown in the
potential for electronically controlled suspension systems to significantly
improve automotive vehicle ride and handling performance. Conventional
suspension system performance is dependent upon a difficult compromise
between the conflicting ride and handling requirements, largely determined by
the choice of spring and damper characteristics. Throughout the life of this

suspension system design the ride and handling performance achieved has been




continuously improving until this compromise became the limiting factor. Anyv

f . .
urther requirements for improvement would only be possible by adopting a new

design concept. The application of electronic feedback control to a suspension
system appeared to provide the ability to vary the suspension force
characteristics as the road and driving conditions vary.

There have been a large number of 1nvestigations into advanced
suspension systems and these will be discussed in detail later. They have been
reviewed, however, by Goodall & Kortum [36], and Sharp & Crolla (98, 99]. The
majority of these were theoretical studies using simple linear modelling
techniques based on hand derived equations of motion. They have considered

1deal active suspension systems and have designed controllers by the use of

modern linear state space control techniques.

The two most notable practical implementations were the fully active
suspension system developed by Lotus for their Formula One racing car in 1983
181, 116], and more recently the active anti-roll system developed by Citroen [5].
For these two applications fully active systems are feasible since the cost
constraints for a Formula One vehicle are completely different to those for a
production vehicle, and the hydro-pneumatic suspension system of Citroens
facilitates the implementation of an active systems without the need for major

suspension system redesign.

The majority of other automotive manufacturers have shown 1nterest in
the simplest advanced suspension systems such as variable rate damping

systems [39, 44, 45, 77, 89]. The controllers used for these systems were

heuristic rule-based controllers, and traditional testing and vehicle development

tuning methods were used to achieve the required levels of performance.
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1.1.3 Steering Control

One of the more recent applications of automatic control has been in the

area of steering, with the development of four wheel steering (1WS) systems,
providing significant improvements in vehicle lateral dynamics as described by
Nakaya & Oguchi [83]. The two major vehicle improvements achieved are high
speed steering stability, and low speed manoeuvrability. These improvements
provide a safety requirement for vehicles with Increasing performance 1n terms
of speed and acceleration, plus drivability especially for large passenger cars. As

with many of the advanced vehicle systems using automatic control, Japanese

manufacturers have shown the most interest.

The early 4WS systems used feedforward control to produce anti-phase
rear wheel steering at low speeds for large steering inputs, and same-phase
rear wheel steering for high speed and small steering inputs [94, 103, 110].
Takiguchi et al [110], Sano et al [94], and Shibahata et al [103] described the
various techniques used to develop the feedforward strategy, mostly based

empirically on test data.

More recent studies have shown the use of advanced control techniques
for the control of 4WS systems. Braess & Thompson [13] described the use of

multivariable classical techniques with decoupling to improve the conventional
feedforward controllers. Nagai [82] considered the use of a combination of

feedforward control to provide accurate steering angle control, and feedback

control to reduce the sensitivity to external disturbances such as wind. In this

study optimal state space control techniques were used to provide the feedback

control. Yamamoto et al [117] again considered feedback control, but in this
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Again, as for propulsion control, a possible future development would by

steering by wire systems in which the mechanical and hydraulic actuation
systems are fully replaced by electronics. In fact one such study has been
reported by Haynes et al [42] for an electronic steering system for disabled

drivers. The controller described uses conventional proportional and integral

(PI) controller.

1.1.4 Ancillaries

Apart from the main functionality of an automotive vehicle as a mode of
transport, many other areas of the modern passenger car utilise electronic
control of some form. Various ancillaries such as heating and ventilation [34],
security systems, etc., require simple automatic control.

One ancillary area attracting significant interest from automotive
manufacturers currently is traffic management. The external influence driving
this research is the worldwide traffic congestion problem especially in and
around city centres. One solution being considered is to develop intelligent
highways and smart cars with the ability to communicate traffic and other
information and allow the efficient control of traffic. This advanced trathc
management concept was discussed by Rivard [91], and a specific example of a
ocuidance system based on radio transmission was described by Becker et al {9].

The development of a communication infrastructure in automotive vehicles
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woul ' h
uld prowde the means to the first step towards automatic pilots for
assen Th
P ger cars. e systems currently under investigation include collision

avold 1V ' '
ance, convoy driving, parking assistance etc, all of which improve safety

and traffic efficiency on our roads.

result these areas of research have attracted large collaborative projects. In

FEurope, PROMETHEUS is a collaboration program involving all leading
European owned car companies, over one hundred suppliers, and seventy
research institutions and universities. The aim of the program is the gradual
development of the automobile from an individually guided vehicle to one which

operates as an integral part of a more efficient and safe traffic network [38].

1.1.5 Vehicle Control

The design and implementation of these control systems to date has been
carried out in a piecemeal fashion. The obvious question that arises out of this
vehicle development method is that of system interaction and therefore the need
for integration. The ideal aim would be for the vehicle to have one central
processor that controls all of the subsystems and thus the full range of vehicle
dynamic behaviour with full consideration of the interactions between systems.
Costa & Jones [22 - 25] have described the need for vehicle motion control and
have discussed the modelling and control analysis environment required for this
type of integrated control.

Theoretically there is no limit to these control applications in the field of

automotive vehicle design and traffic infrastructure. In fact the trend 1s closely
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following the aircraft Industry towards fully automated passenger cars, as
described by Rivard [91]. The entire vehicle may be automatically controlled
incorporating full drive by wire systems and automatic pilots, with automatic
communications to the road network and infrastructure providing traffic,
guidance and weather information for the vehicle systems. With these possible

automotive developments the use of extensive modelling and advanced control

techniques would become essential.

1.2 Aims of Thesis

The area of automotive vehicle control addressed in this thesis is the
control of advanced suspension systems for modern passenger cars. Despite a
large amount of interest from both academic circles and the automotive
industry for more than 20 years, there are still relatively few successful
practical implementations on vehicles currently. Another aspect of advanced

suspension systems control worth noting relates to the significant differences in
approach adopted by academic and automotive industry research. Academic
studies have tended to address the ideal active suspension control problem with
simple linear models and modern control theory. In contrast practical
1investigations have used practically realistic suspension systems and heuristic
control design techniques. The objective of this thesis is to bridge this gap by
addressing practical advanced suspension control problems with analytical
control techniques.

The major aim of this study was to investigate various analytical
techniques with regard to their suitability for the design of a suspension system

utilising automatic control. This involved the use of both vehicle modelling, and
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control design and analysis techniques. The objective was not, however, to
produce a purely academic study, but to show the applicability of modern
analytical techniques to a practical design problem. Throughout this work
emphasis was placed on realistic, validated models and practical control
solutions. To support the modelling, real vehicle experiments were carried out
to provide correlation data for model validation.

In order to use analytical techniques as far as possible in the suspension

design process, some form of vehicle model had to be developed and used in
place of the prototype vehicles traditionally involved in the development led
design process. The vehicle model had to be sufficiently complex to realistically
represent the vehicle behaviour under a variety of driving conditions, but also
be simple enough to provide a usable tool for control system design and
analysis. An essential feature for the models involved in the work was that they
were fully validated against real vehicles for the range of operating conditions

under consideration.

It was not anticipated that a single vehicle model would be developed for
all control studies, but that a range of models would be developed with each
being specifically tailored to a particular application, to ensure all possible
simplification is achieved. The modelling therefore was to be in a modular form
to allow models to be developed and extended quickly and easily.

Throughout the investigation described in this thesis, one 1important
factor was that the techniques developed had to be suitable for future use
within the automotive vehicle design process. Emphasis therefore had to be
placed upon ease of use by automotive design engineers with relatively new

experience 1n the field of control engineering. With regard to the control design,
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practically feasible suspension systems within the usual automotive constraints
described had to be considered. The design process had as far as possible to
account for practical limitations of the system under investigation including
actuator sensor and processor dynamics.

The aim of the work was to consider a range of different advanced

suspension system types and thus a variety of different control system design

techniques also required investigation.

1.3 Discussion of Content

As an introduction to the area of suspension control the thesis will begin
with a discussion of the conventional suspension system, its function, and
design. This will lead into the motivation behind the application of automatic
control to automotive suspension design. A detailed discussion of the recent
1nterest in electronically controlled suspension systems will follow, including
practical implementations by the automotive industry as well as academic
studies describing analytical modelling and design techniques. The work
described in this thesis will then be motivated by the significant differences 1n
these two approaches to the design of electronically controlled suspension
systems. This will indicate the need for the gap to be bridged if any further
progress is to be made in practical implementations of advanced suspension
systems.

Vehicle modelling is not a new field by any means, however to date the
suspension modelling involved in control studies has used simple linear models
derived by hand. The motivation behind a more comprehensive approach to

vehicle modelling for suspension system control studies will be discussed. In
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order to illustrate the modelling approach and also to provide an initial look at
the suspension control problem, a simple pilot study was undertaken. The
simplest useful study involved the use of a validated quarter car model to
address ride control for a fully active suspension system. For this study a range
of linear control techniques were applied including both state space and
frequency domain methods.

Once confidence had been gained in the modelling, a full vehicle model
was developed and validated against test data. The active ride control study
was then repeated using this full vehicle model, with the same range of linear
control techniques. For the frequency domain study the multivariable full
vehicle system was decoupled by the application of dyadic expansion techniques.
This study provided further insight into automotive vehicle ride control, and
also 1llustrated the uses for the two levels of model.

The second half of the work described in this thesis was concerned with
the more practical advanced suspension system type, involving variable
damping. Firstly the full vehicle model was extended to include the variable
rate damper characteristics, some sensor dynamics and models of the discrete
controllers designed. Both discretely and continuously variable damping
systems were considered, and various controllers were designed for each system.
Two design methods were used, the first used the ideal active system
controllers designed previously and reduced these to suit the practical
limitations of the actuators under consideration. The second involved direct
control system design using heuristic techniques, rule-based control for the
discretely variable case, and fuzzy logic for the continuously variable case. The

results of all of the controllers designed were discussed and some 1nteresting
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conclusions drawn with regard to the modelling and control design techniques

applied to suspension control.
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Chapter 2 : Suspension Control in Automotive

Vehicles

2.1 Introduction

The application of automatic control to passenger car suspension systems
1s a very exciting new development. From the very first automotive vehicles the
basic design principles of the suspension system really have not changed
conceptually until very recent times. That is not to say that over the years there
have not been dramatic improvements in automotive suspension performance.
On the contrary, today’s conventional vehicles have reached very high levels of
rid and handling performance. However recently this process of continuous
improvement has reached the performance limit of the design concept.

In order for suspension performance to improve further a radical change
to this design concept is required, and the interest in the use of electronic
control to provide that potential has grown as a result. At first glance the
possibilities for performance improvement using automatic control appear
limitless. However the real objective for any electronically controlled suspension
system to meet is to provide significant vehicle performance improvements that
will justify the additional cost and complexity of the system.

Before any consideration of advanced suspension systems can be
motivated it is necessary to fully understand conventional suspension system

designs and the reasons behind their performance limitations.

2.2 Automotive Suspension Systems

The primary function of an automotive vehicle suspension system 1s to
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provide isolation of the sprung mass from disturbances induced by road or
driver inputs to the vehicle via the wheels and tyres. The major concern is
reducing passenger compartment vibration, although any load carrying area of
the vehicle or equipment and components would also benefit from reduced
disturbances. This isolation is usually referred to as ride quality, and is a
measure of passenger comfort. More specifically the ride quality of a passenger

car 1s concerned with vibrations transmitted to the sprung mass at frequencies

between 0-25 Hz. Above 25 Hz, the vibrations are usually referred to as noise or
harshness, and are predominantly related to body structural or powertrain
modes and road noise.

The vehicle ride quality is usually split into two areas, known as
primary and secondary ride. Primary ride is the low frequency, 0-5 Hz,
vibrations of the sprung mass as a rigid body, including three modes of
oscillation, heave, pitch and roll. Figure 2.1 shows the vehicle coordinate system
as used within Rover and illustrates these modes of vibration. Heave or bounce
1S the translational motion of the sprung mass in the direction of the vehicle z-
axis, and usually occurs at the lower end of the primary ride frequency range,
around 1 Hz. Road inputs are the predominant excitation for the heave
oscillations. The pitch mode involves a rotational motion about the y-axis of the
vehicle, and is excited by road inputs and driver inputs such as braking and
acceleration. Finally roll is a rotational motion about the vehicle x-axis, and
again this mode can be excited by road inputs, although the predominant
excitation is driver steering inputs. Both pitch and roll occur at a higher
frequency than heave, around 2 Hz.

Secondary ride 1s also concerned with vibration of the sprung mass, but

21



as a flexible body in this case, and usually involves the frequency range 5-25
Hz. Secondary ride vibrations can be excited by a range of different 1inputs,

notably the oscillations of the unsprung masses. Wheel hop is the vertical

oscillatory motion of the unsprung masses between the road surface and the
Sprung mass. Parallel hop refers to a pair of wheels oscillating in phase and
tramp refers to out of phase wheel hop. Brake hop and power hop are wheel hop
oscillations induced by braking and acceleration of the vehicle. Since secondary
ride is concerned with sprung mass vibrations, the transmission of these
unsprung mass vibrations to the sprung mass is also an important
consideration.

The frequency range 5-25 Hz can also include engine vibration on its
mounts, steering systems modes, and axle oscillatory behaviour. At the lower
end of this frequency range the mode in which the whole vehicle vibrates on the
stifiness of the tyres with the suspension friction-locked also occurs. This mode
1s 1ndependent of the suspension design under consideration here and so will
not be discussed further in this thesis.

The 1solation objective of the suspension system, however, is subject to
the general constraint that other areas of vehicle performance should not
deteriorate significantly. The most important consideration here is vehicle
stability or drivability, although other factors such as packaging constraints
such as suspension travel are also important. Vehicle stability is primarily
concerned with the control of the vehicle response to driver inputs such as
steering, braking and acceleration. The response of the vehicle to steering
inputs is described in terms of handling characteristics, and involves the lateral

and yaw dynamic behaviour. Longitudinal stability is similarly concerned with
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the vehicle response to acceleration and braking inputs. To a lesser extent

vehicle stability is also concerned with the response of the vehicle to other
external disturbances such as wind gusts etc. The essential requirements for
vehicle stability is to maintain good tyre road contact under all driving and road

conditions.

The suspension objective of sprung mass 1solation without loss of vehicle
stability as described has been achieved to date with a variety of suspension
system design concepts [6]. Independent suspension is more popular for light
vehicles including passenger cars, whereas for heavier trucks and off-road
vehicles live axles are predominant. Combinations of the two usually involve
independent front suspension with a rear axle. There are several standard
design types including double wishbone, MacPherson strut, trailing arm, multi-
link etc., with many modern suspension systems using hybrid designs.

All of these suspension systems have the same essential constituent
parts, including some form of springing and damping elements. The major
differences are in the suspension linkage layouts, and even here some basic
design rules are generally adhered to. All of these constituent parts of the
overall suspension system have some influence on the ride and handling
performance of the vehicle.

The suspension geometry defines the relative motion of the sprung and
unsprung masses and this affects both the ride and handling charactenstics of
the vehicle. The actual geometry of the suspension system influences the vehicle
handling and stability most significantly, by defining the important suspension
angles, such as king pin inclination, castor, camber and toe angles, together

with the variation of these angles with the relative movement of the wheel and
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vehicle body. The suspension inkage and mounting systems also play an
important role in the secondary ride characteristics of the vehicle. They have

little effect in controlling the unsprung mass oscillations, but define the method

of transmission of the vibrations to the passenger compartment.
The function of the suspension springing systems is two fold, supporting
the weight of the sprung mass and providing sprung mass isolation. In most

passenger cars today, coil springs provide this function, whereas for heavier

vehicles leaf springs are used. An alternative is to use hydro-pneumatic systems
such as that fitted by Citroen, and the hydrogas units used on the Rover Metro.
In these cases the pneumatics provide the springing element. In order to
address the packaging constraint, restrictions to the allowable suspension travel
1in both directions are included in the form of a bump and rebound stop. The
rebound stop is usually a simple rubber stop, whereas frequently a spring aid or
small non-linear rubber spring is placed in series with the spring, providing a
progressive spring rate and a bump restriction. Figure 2.2 shows a schematic
diagram of the resultant suspension springing arrangement, producing a typical
overall force displacement characteristic as shown in figure 2.3.

The final element of the suspension system 1s some form of damper to
control the resonant vibrations of both the sprung and unsprung masses
introduced by the compliance of the springs and tyres. Automotive suspensions
use viscous dampers in parallel with the suspension spring either as separate
shock absorbers or MacPherson struts, or as part of a combined spring and
damper system as in the case of hydro-pneumatic suspensions. The damper
rates are inherently non-linear and in most applications the rates are different

in bump and rebound.
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stability, including good handling behaviour. The spring rate choice balances
the need for good isolation, requiring a soft rate, with vehicle sprung mass
support for the full range of laden conditions and vehicle stability, requiring a
firm rate. Similarly the damper rate should be soft for sprung mass isolation
and firm for resonant oscillation control and vehicle stability. The bias of the
resultant compromise will depend upon the type of vehicle under consideration
and its potential customer and market requirements. The design of the

suspension system characteristics around this compromise has been reported in

several studies [10, 88, 111].

2.3 Potential for Control

Throughout the life of these conventional suspension systems,
automotive vehicle designers have constantly improved the overall ride and
handling performance by fine tuning of this design compromise. Recently the
performance limits of the design dictated by this compromise have been rapidly
approached, until any future improvement would necessitate a conceptual
change in suspension system design. However customer expectations of vehicle
performance in terms of ride and handling are always increasing, and so a
method of reducing the inherent ride and handling compromise was required.

The obvious way around the design compromise was to design a
suspension system in which the performance characteristics could vary
depending upon the current driving conditions. The application of automatic

control to the suspension system would facilitate this achievement.
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Over recent years there have been major advances in electronic
technology, including microprocessors and sensors, both in terms of capability,
size and cost. Similar technology had been utilised within the automotive
Industry in the development of advanced powertrain design throughout the
1970’s and 1980’s. Alongside these developments suspension component design
had also advanced, leading to the availability and reduction in cost of variable
rate springs and dampers and other suitable actuators. As a result the concept
of electronically controlled suspension systems became a feasible development of
conventional suspension systems. This ability to regulate the ride and handling
characteristics of a vehicle in real time depending on the road and driving
conditions offers the potential for improving or even removing the need for the
Inherent suspension design compromise. The result would be significant
potential improvement in vehicle ride and handling performance.

There is a wide range of possible types of advanced suspension system
involving different levels of control. Most of these have been considered to some
extent either in academic studies, on prototypes, and more recently on
production vehicles, with varying levels of success. Before discussing the
development of suspension control it is important to clarify the terminology to
be used with regard to the different types of system.

Conventional systems using springs and dampers with a single fixed rate
as described earlier are referred to as passive systems, and provide the base for
comparison purposes. The simplest utilisation of control 1s seen 1n self-levelling
suspensions in which vehicle ride height is maintained in response to variations
in vehicle static loading. These systems involve the input of external power to

the system, but are very slow with time constants in the order of seconds.
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Semi-active systems have the ability to dissipate energy only, but
provide variability in the rate of dissipation. Typically this involves the use of
variable rate springs and/or dampers in place of the passive components. The
rate varnation of these actuators can either be discrete, allowing two or three
hxed rate settings, or continuously variable between a maximum and minimum
allowable rate. Figure 2.4 illustrates the possible arrangements for semi-active
suspension systems. Adaptive systems refer to semi-active systems with
relatively slow characteristic variation.

Finally active systems use actuators with the ability to input external
power to and dissipate energy from the suspension system. The active actuator
can either replace or supplement the passive spring and/or damper, depending
upon the actuator and system under consideration. If the actuator locks solid
when no force is demanded, it would be placed in series with a passive spring,
whereas if it has compliance for zero demanded force a passive spring in
parallel would support the vehicle weight. This arrangement also reduces the
power requirement form the actuator. Figure 2.5 illustrates the possible
arrangements. Slow-active systems are essentially active systems with a low
bandwidth allowing control of the sprung mass modes only. Active anti-roll
systems are a specialised form of active control providing sprung mass roll

control only.

2.4 Review of Suspension Control

Since the early 1970’s there has been widespread interest in the
application of automatic control to automotive suspension systems as described

.1 several reviews [36, 98, 99]. Large numbers of theoretical studies have been
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reported claiming significant potential improvements in vehicle ride
performance [2, 7, 8, 16, 26, 31, 33, 35, 40, 595, 59, 64, 66, 69, 70, 71, 73, 79, 90,
100, 101, 102, 115].

Analytical techniques have been applied to the control design for these
systems, including simple vehicle modelling together with linear control
techniques. The majority of the authors of these theoretical studies have used
quarter car models representing one corner of a vehicle for both the control
design and resultant ride performance evaluation. These models varied from a
single degree of freedom model concerned with the sprung mass heave dynamaics
only [55, 69, 70, 71, 72, 80, 105]. Models incorporating the sprung and unsprung
mass heave degrees of freedom are the most common 111, 17, 26, 31, 40, 43, 54,
09, 73, 101, 102, 115], and some authors extended to three degrees of freedom,
by including the seat dynamics [44]. This allows control of the heave dynamics
of the vehicle only and on application to a full vehicle takes no account of the
coupling between modes. Some authors have subsequently extended their
quarter car models to include pitch first [33, 69, 79, 90], shortly followed by roll
12, 7, 8, 16, 35, 64, 66, 100]. Malek & Hedrick [66] considered the coupling
between modes directly and designed controllers to decouple the modes and
provide improved ride performance. Fruhauf et al [35] included Pade
approximations to the time delays between front and rear wheels in order to
accurately model the dependence between road inputs to the tyres. The majority
of these simple linear vehicle models were hand derived from first principles,
although Karnopp and Margolis describe the use of bond graph techniques [54,
55, 69, 71].

The most popular starting point for these investigations has been a
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study of ideal active systems in which an ideal force generator is used to
represent the active actuator. This is a fictional device that is assumed to have
the ability to generate a force with any magnitude and direction
instantaneously. This theoretically ideal system provides the least restrictions
and thus allows the best possible performance improvements to be illustrated.

The majority of theoretical active suspension studies have adopted one of
two control strategies. The first to consider here is the concept of the skyhook
damper introduced by Crosby & Karnopp [27] in the early 1970’s. In this system
the passive suspension is replaced with a passive spring in parallel with an
1deal force generator. The skyhook damping concept uses an active control law
that represents a fictional inertial damper as illustrated in figure 2.6. The
actuator 1s controlled to generate a force proportional to the absolute sprung
mass velocity with the opposite sign. Many authors have subsequently used this
control strategy and the results for vehicle heave dynamics have shown that
inertial damping provides very good sprung mass isolation, with only limited
unsprung mass control [69 - 72].

The second and most popular active suspension control design technique
considered has been linear optimal control producing state variable feedback. In
these studies authors who have considered active suspension only have replaced
the passive spring and damper with an i1deal force generator otherwise they
have tended to use a passive spring in parallel with the force generator. In this
way an easy and comparable transition from active to semi-active 1s achieved.
However since the state variable feedback solution will involve terms
proportional to sprung and unsprung mass displacements and velocities, a

variety of implementations may result from the same solution.
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The linear optimal contro] design technique involves the minimisation of
a performance index equating to the overall suspension system’s objectives. This
usually takes the form of a welghted sum of sprung mass acceleration and tyre
load variation, although in some studies the performance index has included a
measure of suspension travel requirements. The best results are obtained when
full state feedback is used, but this involves the road profile as part of the state.
Some studies have considered road preview to be a feasible development [33, 59,
37}, although the majority of authors consider road profile measurement to be a
luxury that is far from practical. In response to this state availability problem
many studies have considered the use of limited state feedback control and
estimation techniques [2, 35, 115]. Foag [33] describes a different approach to
active feedback design and feed-forward preview by the use of conventional
control design techniques together with parameter optimisation. Pilbeam &
Sharp [87] used road preview for feedforward control of the rear suspension
from information measured at the front.

The resultant optimal state variable feedback controllers produce
significant ride performance benefits. The sprung mass isolation is greatly
superior to passive systems, but marginally worse than systems using the
skyhook damper. However state variable feedback leads to improved unsprung
mass control, since this is addressed directly in the control design performance
index. More recently Gordon & Marsh [37] have discussed the use of non-linear
state variable feedback control strategies for active suspension systems. This
applies the usual quadratic regulator theory, with higher order terms in the
performance index, again with significant performance benefits claimed.

Truscott & Wellstead [114] and Lizell [64] extended the usual techniques to
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include adaptation to allow the controller to adjust for vanations in dnving

conditions.

Active suspension systems however have been shown to present several
limitations both practical and theoretical. Karnopp [54] first described the

theoretical limitations inherent in active suspension systems, by i1llustrating
that even with full state variable feedback control there will still be a design

compromise. Hedrick & Butsuen [43] and Lee & Hedrick [60] described this

limitation in terms of invariant points in the sprung mass acceleration and

suspension rattle space transfer functions.

The major practical limitation of fully active systems is the large power
requirement and Crolla & Nour [26] included a power measure 1n the
performance criterion for a study comparing various active systems. Cech [16]
has partially addressed the problem by using a slow-active system with a
passive spring and damper in series with the active actuator and second passive
spring in parallel, as shown in figure 2.7. The control uses slow actuation and
addresses sprung mass control only to reduce the power consumption of the
system. Lizell [64] similarly reduces the power requirements by the use of a
slow-active suspension system to control the sprung mass modes.

Active anti-roll systems have attracted less interest in academic fields,
although Sharp & Pan [100] have reported successful application of
conventional control techniques to the problem of active roll control.

Despite the widespread interest in fully active suspension systems and
the claims of significant performance benefits in their application to automotive
vehicles, the implementations of such systems have been restricted to two

manufacturers, Lotus and Citroen [5, 81, 116]. The main reasons for this

31



reticence are the cost and complexity of a system in which significant external
power 1s required. For the majority of automotive manufacturers the
implementation of a fully active system would involve the complete redesign of
their conventional passive suspension system with large cost implications. Lotus

and Citroen both provided specialised circumstances in which these
considerations were overcome.

Probably the best known active suspension system on a vehicle today 1is
the Lotus system 181, 116]. This was initially developed as a prototype on an
Esprit, and subsequently fitted to a Formula One racing car. After further
development the system has also been successfully introduced onto the
production Esprit. The system utilises electro-hydraulic actuators at each wheel,
specialised Moog servovalves, a variety of electronic sensors located on the
sprung and unsprung parts of the vehicle, and on-board computer control. The
control algorithm was developed in a subjective manner by the use of testing
and tuning. The motivation for the development of this system was in the
dramatic increase in aerodynamic down loads experienced by Formula One
racing vehicles due to ground effect. In order to maintain the required
performance characteristics of a racing car under these circumstances the
suspension stiffnesses were extremely high. This led to very high mode
frequencies and so an extremely harsh ride, and a significant increase 1n
injuries. The solution was the development of an active ride system that
enabled the suspension to achieve the required handling performance and still
maintain a reasonable ride. For racing applications the cost constraints are
radically different to a volume production vehicle, and even for the production

vehicle application the cost issues are not insurmountable for a small volume
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manufacturer of specialised vehicles.

The only other motor manufacturer to have considered active suspension
18 Citroen [5]. However their system, fitted to the XM, is not truly active as the
Lotus system. Instead it is a development of the automatic height control of
their hydro-pneumatic suspension system, incorporating computer control,
together with slow active roll control. The usual prohibitive cost associated with
active suspensions is reduced for Citroen since their suspension systems are
already hydro-pneumatic. As a result a complete redesign is not required and in
fact active systems can be incorporated relatively easily.

Consequently, although active suspension systems offered significant
potential ride performance improvements, the power requirements and

prohibitive cost and complexity led to the requirement for an alternative
approach to advanced suspensions. The use of semi-active systems was seen as
a more practically viable alternative and many theoretical studies addressed the
question of relative ride performance of continuous semi-active compared with
active systems. Again for these studies an 1deal semi-active torce generator was
considered in which any dissipative force can be generated instantaneously. The
most popular control strategies were based upon the equivalent active control
law using skyhook damping or state variable feedback with the dissipation
constraint imposed [69, 71, 102]. That is the semi-active force was simply set to
equal the desired active force, and was set to zero if this required external
power input to the system. This was achieved by a comparison of the sign of the
relative velocity of the sprung and unsprung mass with the desired active force.
This 1s 1llustrated 1n figure 2.8.

Several studies have undertaken a direct comparison of active and semai-
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active systems against conventional passive systems [26, 69, 70, 101]. The ride

performance results have shown that both systems offer large improvements

their semi-active counterpart. Margolis [69] extended this comparison to cover

active and semi-active systems using both skyhook damping and state variable

feedback control strategies.

Margolis & Goshtasbpour [72] modified their skyhook damping semi-
active strategy to reduce the chatter of on/off systems by only switching when
the relative velocity across the actuator changes sign. Karnopp & Margolis [55]
suggested a different design method using the slow adaption of damper and
spring rates to obtain the desired ride performance. A method of experimental
simulation to obtain the optimum choice of rates was discussed.

A further simplification of controlled suspension systems has also been
discussed in which the passive damper is replaced by a discretely variable
damper providing two fixed rate settings, soft and firm, and the ability to
switch between them. The most popular reported method of defining the control
strategy 1s to refer again to the principle of inertial damping [17, 39, 63]. For a
switchable damper the strategy is to chose the firm setting when the relative
velocity across the damper has the same sign as the absolute sprung mass
velocity, and to chose soft otherwise, as shown in figure 2.9. For switched
damper systems several other strategies have been considered with varying
levels of success.

Rajamani & Hedrick have described an alternative strategy similar to
this simplification of skyhook damping, in which the damper rate giving a

damping force closest to the desired skyhook damping force is chosen. This
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control law achieved very similar results to the traditional skyhook strategy
with marginally improved performance in the intermediate frequency range
between the sprung and unsprung modes. A very simple adaptive strategy
controlling a damper with three fixed rate settings by vehicle speed alone has
also been described by Mastinu [73]. Charalambous et al [17] considered several
switching strategies, including skyhook damping together with one based upon
the minimisation of sprung mass acceleration and an empirical rule-based
controller. The acceleration minimisation strategy switched the dampers
according to the relative signs of the velocity and displacement across the
damper as shown in figure 2.10. Frequency dependent strategies have also been
considered by several authors [44, 63], whereby the range of frequencies of
Interest is split into four sections, including sprung mass modes, intermediate,
unsprung mass modes and high frequency noise. The damper is switched to give
the best rate for each frequency range. Lizell [63] combined this frequency
dependent approach with skyhook damping for the sprung mass modes and an
empirical strategy based on thresholds for the unsprung mass modes. The
softest damper rate was chosen for the other two frequency ranges. Many
practical implementations of discretely variable damping systems have also
considered heuristic rule-based controllers [45]. However since these have
tended to be commercially sensitive prototypes developed by automotive
manufacturers, very little has been published.

The majority of these studies have been theoretical using the simple
modelling techniques previously described with ideal actuators with no account
for the practical limitations of such systems. Some authors have, however,

partially addressed this problem. Margolis [70] considered the effect of
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measurement dynamics on the performance improvements possible with active
and semi-active systems. Doi et al 131] at Toyota and Rajamani & Hedrick [90]
have included a first order lag to represent the damper switching dynamics in
their vehicle models. Besinger [11], and Miller [80] carried out studies to
determine damper characteristic requirements for discrete semi-active systems
in terms of switching times, minimum and ratio of damper rates required and
valve dynamics. However this is only a small step and there are more
significant vehicle non-linearities and practical system limitations that will
have large effects on ride performance that have yet to be addressed.

For automotive manufacturers, semi-active systems offered a
significantly more attractive proposition than the previously described active
systems. These systems allowed the simple replacement of passive springs and
dampers from a conventional suspension system with variable rate elements.
The addition of sensors and control systems then completed the system, and yet
significant performance benefits were still claimed.

The restriction on the implementation of these systems has
predominantly been the availability and cost of the components especially
continuously variable rate dampers. As a result the interest has concentrated
on the discrete semi-active system. Recently, however continuously variable rate
dampers have become available, although the costs still present a hurdle, and
the possibility of electro-rheological fluids for damper variability have also been
considered [105].

The development of these discrete semi-active systems has been led by
component manufacturers, mostly by damper suppliers, and the control of the

overall system tailored to a specific vehicle manufacturer. Many suppliers and
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144]. The control strategies vary from heuristic rule based algorithms based on

ride and handling expertise, to similar strategies described in academic

literature based on the skyhook principles.

Armstrong [45, 89] have developed a system using dampers with two or
three fixed rate settings and an empirical controller. The control strategy is

split into different vehicle operational modes, ride, handling, acceleration,
braking and levelling. Various measured vehicle responses are then compared
to preset threshold values and the damper rate is switched accordingly. Hine &
Pearce [77] described two specific applications for a General Motors Corvette
and a Ford Granada. The semi-active control strategy reported by Lizell [39, 63]
utilising a combination of empirical, skyhook damping and frequency dependent
control as described earlier was developed by Monroe. Ford have successfully
applied this system to a vehicle in the USA. Similarly BMW were involved in
the frequency dependent semi-active system described by Hennecke &
Zieglmeier [44]. Boge [77] have also reported a semi-active controller developed
with BMW again using an empirical rule-based control algorithm. In this
system the switching is based on measurements of sprung mass acceleration,
brake pressure, steering angle, throttle angle, load and road speed. As before
preset thresholds are used to determine the required damper rates. The system
developed by Bosch [30] uses variable rate springs as well as dampers to
provide greater ride control. In this case the control strategy is based upon the
skyhook damping concept previously described. Cadillac produce a very simple

adaptive system using a three stage damper. The control strategy chooses the
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damper setting by vehicle speed alone, with the added capability for anti-lift
and anti-dive.

Many other systems are available including a large number of Japanese
manufacturers, all of which use the type of control algorithms already

described.

The simplest form of suspension control is self-levelling, and has
attracted widespread application by automotive industry, but very little
academic interest. They are very simple systems providing a minimum of
control, however real performance benefits are achieved at low cost. Citroen’s
hydro-pneumatic height control system provides the capability to adjust the ride
height depending on the vehicle load conditions. Many other manufacturers also

offer self-levelling by means of self-levelling struts or air springs.

2.9 Proposed Design Approach

From this discussion it can be seen that the application of automatic
control systems to automotive suspensions have been approached from two very
different standpoints. Large numbers of theoretical studies have been reported
over the past twenty years claiming significant potential improvements in
vehicle ride performance. These studies have used simplistic vehicle modelling
techniques together with linear control techniques to address the ride control of
ideal active and semi-active suspension systems. In contrast the response from
automotive manufacturers and component suppliers has been much slower and,
with two notable exceptions, has concentrated on the simplest systems.

Discretely variable damping systems have attracted the most interest and the

majority of the implementations of such systems have involved heuristic rule-
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based controllers developed by traditional subjective testing and evaluation

methods.

In order for any further developments to be made in the field of
suspension control in terms of effective implementation, a design methodology
must be developed that bridges the gap that exists between academic studies
and practical implementations. The use of predictive techniques for any design
process reduces both project cost and lead time by reducing the need for
prototype parts and testing. Simulation results are repeatable and less
susceptible to external disturbances that may invalidate results. again reducing
design times and errors. However heuristic prototype testing methods offer the

advantage of dealing with the complete system without approximations that

may lead to errors.

The aim of the work described in this thesis is to bridge the gap between
the two current design approaches and introduce realistic analytical techniques
to practical suspension control investigations. The analytical techniques

involved in this study fall into two parts, vehicle modelling and control design

and analysis.

2.9.1 Modelling Techniques

The modelling involved in any form of suspension design process consists
of three areas, realistic inputs, vehicle model and objective response evaluation.
The choice for each part depends on the specific application under
consideration. For the study of advanced suspension ride control the inputs wll
be road profile in<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>