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Abstract

Future railway trends require travelling at high speeds without deterioration in the ride
quality, but further improvement of the ride quality by optimisation of the passive
suspension components has reached its limits. This suggests that active suspensions should
be used. Rigorous studies over the past four decades have shown that this technique is able
to overcome the passive suspension limitation in terms of improving the overall ride
performance of the railway vehicle with the incorporation of additional active elements i.e.

actuators, sensors and processors.

The work in this thesis investigates a novel method for controlling the actuators within the
suspension system, something which has been neglected in previous studies. It is a particular
problem because at higher frequencies, when the suspension is providing isolation of the car
body from the track irregularities, the actuator must accommodate the suspension movements
whilst producing very small forces, otherwise the ride quality substantially deteriorates.
Instead of considering more complex active suspension control strategies, which tend to be
complex and may be impractical, the performance of the actuator across the secondary
suspension is investigated. This research looks into improving actuator technologies for
railway secondary suspensions in order to achieve the full benefits of active control. This
thesis explores novel methods to improve the ride quality of the railway vehicle through
secondary suspension actuator and controller design, with the ultimate aim of integrating this

technology into a fully active railway vehicle.

The focus of this active suspension research is therefore upon incorporating real actuator
technology, instead of the usual assumption of ideal actuators. For meaningful and reliable
research a simple, well established active control strategy is used for assessment to highlight
the degradation in the suspension performance compared with the ideal actuators.
Preliminary investigation demonstrates significant degradation of the ride quality caused by
real actuators in the secondary suspension, and this research looks at methods to reduce this

effect. Including actuators within a secondary suspension system is a difficult actuator



problem compared to the normal application of actuators such as position control. This is
because the actuator controller design process requires the consideration of the interaction of

the vehicle suspension.

The actuators that have been identified as suitable for the application are the
electromechanical and servo-hydraulic types, and these are incorporated across the
secondary suspension. The effects of the actuator dynamics have been analysed. Practical
classical controllers are used to provide force-feedback control of both types of actuator in
the secondary suspension. A variety of actuator control techniques are considered including:
optimisation of the actuator controller parameters to solve the multi-objective and
multivariable problem, the introduction of feed forward techniques and the use of optimal

control approaches.
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Chapter 1

Introduction

This chapter introduces the topic by giving a brief background to railway vehicle suspension
systems, active suspensions and the role of actuators in those systems. Then the research

problem statement, thesis structure and the main contributions of this study are presented.

1.1 Background and Overview

In the very early years of railway transportation, the vehicles were constructed as purely
mechanical systems. The overall system was simple yet sufficient in terms of the
transportation of people and goods from one point to another. Over the past five decades a
great number of research projects have been carried out, targeting how to improve vehicle
suspension system performance for both automotive (Hrovat (1997)) and railway vehicles
(Goodall and Kortum (2002)). Studies and implementation of active suspension for railway
vehicle ride improvement began much later than its rivals in the transportation industry. For
a purely mechanical suspension system, adding electrical and electronic devices to the
suspension system promises significant benefits, and has provided improved ride experience

to passengers for both industries; this was a necessity for the present rail industry to remain
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competitive in the stiff transportation environment. An intense demand was set for the
railway industry to provide better, high speed, lightweight railway vehicles in order to keep
in pace. This means that improvements should lead towards a more efficient and effective
operation (Goodall and Kortum (2002)), providing faster arrival time and increasing
passengers intake per travel without compromising passenger comfort. The trend for railway
vehicles towards being much faster and lighter can enable these objectives. Therefore future

trains should be designed to be lighter and to operate at higher speed.

Among the notable high speed trains in service are Japan’s Tokaido Shinkansen built by
Kawasaki, and the French TGV launched in 1964 and 1990, with highest travelling speeds
above 300 km/h and 515km/h respectively for conventional wheeled trains. China Railway
High Speed Trains has also launched its high speed trains known as the CRH3 series —
CRH3, CRH380AL and CRH380BL - offering speeds reaching up to 487km/h in 2008,
2010 and 2011. The development of the high speed train to date has proved that this method
is a very efficient and economical way of transportation. The highest recorded speed of the
Japanese Maglev train is 581km/h - developed by Central Japan Railway Company (JR
Central) — which is faster than the conventional wheel rail speed record set by the French

TGV.

The improvement of vehicle suspension systems has been the subject of intense research and
development, both theoretically and practically. The development of components, i.e.
actuators, sensors and low cost electronics, has motivated the industry and also researchers in

the vehicle suspension area for future railway vehicle development.

Actuator technologies are the basis of active suspension among other components. Inclusion
of actuators in the suspension is essential for the practicalities of active suspensions. While
the active suspension brings improvement in the ride performance compared to the passive at
a frequency of 1Hz, including actuators causes degradation of the ride quality at frequencies
above 3Hz which is due to the actuator dynamics (Pratt (1996) ; Foo, et al. (1998) ; Md
Yusof, et al. (2010) ; Md Yusof, et al. (2011)).

The focus of this thesis is to investigate the key issues of actuator technologies in the active
secondary suspension, with particular attention being paid to improving the actuator
performance in the suspension. In this thesis the actuators that will be considered are the
electromechanical and electrohydraulic actuators. The actuator technologies developed are

incorporated with the vehicle dynamics in order to achieve effective operation of the railway
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vehicle, and provide performances comparable to the ideal. The following subsections will
briefly introduce the basis of the research to give a better overview of actuator issues within

active railway suspension technology, with the aim of improving ride performance.

1.2 Active suspension technology

To understand active suspension, it is essential to look at the arrangement of a high speed rail
vehicle; a typical conventional four axled passenger train consists of the vehicle body, two
bogies and four wheel sets (two per bogie) which are connected by springs, dampers and
airsprings to form a wheel set as shown in Figure 1.1. Each body has six degrees of freedom;
roll, yaw, pitch, longitudinal, lateral and vertical motion. These motions are highly coupled
and also have some degree of non-linear behaviour which makes the railway vehicle system
a dynamically complex system. A common approach for analysing the system is to break
down the system into parts, i.e. segregating the lateral and vertical motions, as these modes
do not significantly affect the physical dynamics of one another. For vertical suspension
control, the side-view model of the railway vehicle is normally used, which will be discussed

in Chapter 3.

The railway suspension is sub-categorised into two sections, which are the primary and
secondary suspensions. To understand active suspensions, it is essential to look at the
mechanical arrangement of a modern, high-speed rail vehicle. Figure 1.2 shows a railway
vehicle suspension which supports the vehicle body. This two-stage suspension
configuration provides a good ride quality for the passengers with the aid of the soft
secondary suspension (airsprings) for the vertical and lateral. The connection between the
wheel sets and the bogies forms the primary suspension, which deals mainly with the
guidance and stability of the vehicle along the track. This connection is much stiffer

compared to the secondary suspension.

The secondary suspension, on the other hand, usually consists of a very soft set of air springs
that transmits intended low frequency movements to guide the vehicle to follow the track, at
the same time isolating the vehicle body from high frequency irregularities. This ensures that
passengers will not experience the vibration caused while the vehicle travels on an irregular

track.
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Figure 1.1: Dynamic elements in high speed vehicle scheme
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Figure 1.2 : Components of a railway vehicle suspension (Goodall, (2011))
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Figure 1.3 illustrates the basic configuration of the passive and active suspensions. The
active suspensions, naturally, have advantages over the passive; the active suspension utilises
sensors, electronic controllers and actuators with the existing mechanical system and the
passive suspension on the other hand simply consists of coil or leaf springs, viscous dampers
and torsion bar. The response of the active suspension system is controlled by the embedded
control law in the controller (Goodall (1997)), which differs from the passive performance
defined by fixed system parameters i.e. masses, spring rate, damping constants and others.
The geometric arrangement creates a design trade-off to be met between the low frequency
attenuation and reduction in the high frequency transmissibility in responding to the track
profile (Pratt (1996)). To operate at high speed, the conventional suspension needs to be able
to provide high frequency isolation which is an important feature in terms of the human
anatomical response and general suspension requirement where the natural frequency must
be maintained at around 1Hz. If the frequency is set too high the passengers will experience
harshness, and if it is set too low undulations of the tracks will cause a “sea-sickness” feeling
for the passengers during the ride. Therefore during the design of the suspension, the
designer needs to reach a median choice of suspension stiffness, &, to accommodate the
variation between the vehicle mass between the unladen and laden conditions. This leaves
the designer with the variation of the damper constant to achieve an acceptable ride

performance.

Active suspension, on the other hand can provide lower natural frequencies which give
greater passenger comfort whilst at the same time maintaining a small static deflection. The

active suspension is also able to provide a high speed response regardless of the track input,
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and gives higher flexibility in the choice of dynamic response especially between the

different modes of the vehicle.

The basic active suspension system scheme is as shown in Figure 1.4. Inputs to the system
(track irregularities and load changes) are applied to the purely mechanical vehicle system
and the outputs are used to indicate performance, i.e. normally the ride quality which is the
quantified acceleration levels of the vehicle body, and also the allowable displacement of the

suspension.

Active suspension incorporates sensors as measuring devices, an external power source to
inject, store and dissipate energy, and actuators. The actuators with controllers provide
control commands to improve the suspension performance. Although capable of being used
as a stand-alone system, the active suspension always includes passive elements in parallel.
This configuration is useful, in particular, for the vertical active suspension as the springs are
able to support the steady state load due to the weight of the vehicle, which reduces the
actuator size, power consumption and also the force required from the actuator. An active
system adapts well to various levels of track irregularities and also external forces, providing
a better compromised suspension than the passive, the properties of which are fixed.
Although it is noted that active suspension requires high power consumption and
sophisticated control implementation, the additional elements i.e. actuators and sensors
enable the system to be receptive to any changes in speed, load or track features and at the
same time maintain a good ride performance. When control is applied to the secondary
suspension for ride quality enhancements it is normally known as an active secondary

suspension.

1.2.1 Active secondary suspension and control

Active control for active secondary suspension improves the vehicle dynamic response and
at the same time provides better isolation of the vehicle body from track irregularities
compared to a purely passive system. The active control is applicable to all suspension
degrees of freedom, and includes the yaw mode for a lateral active suspension and the

pitching mode for the vertical direction.



Introduction

Figure 1.5 illustrates the design requirements that need to be achieved when designing an
active suspension controller. The inputs are shown on the left, which are the deterministic
track, the stochastic track and the load changes. On the right hand side are the outputs to be
controlled or monitored, which are the body acceleration levels (which is the main factor in
the ride quality), the suspension deflection, the margin of stability and the curving
performance (Goodall (1997)). The ride quality or body acceleration should be minimised as
it is the main factor that determines the ride comfort. The suspension deflection has to be
constrained to avoid reaching the limits of suspension movement. Stability and curving
performance must be optimised if the lateral direction is to be controlled (Goodall and Mei

(2006)).

Controller

@ “Skyhook™ damper

Vehicle system

Actuator
Sensor

Track features
(deterministic)

Body acceleration
(mintmise)

- Ed Suspension deflection
— -
Track irregularities ~ < - / (consitrain)
(stochastic) . — ¥
=
~
“al

[———> Stability
feonstrain)
Load changes ——1

Curving performance
(optimise)

Figure 1.5: Design requirements for Figure 1.6: “Skyhook damping” concept

suspension system

For the passive vertical secondary suspension, springs from the bogies to the body are in
place to transmit low frequency movements so that the vehicle follows the tracks, and at the
same time they isolate higher frequency irregularities to provide a good ride quality. The
mass-spring in the suspension creates resonance and, to minimise the body resonance, a
damping close to the critical damping is needed. The damper placed across the secondary
suspension to provide this damping also causes the ride quality to degrade due to the
increasing force acting on the body at high frequencies. Hence, there is a trade-off between
the need for high damping to minimise resonance and low damping to minimise high
frequency ride issues. This trade-off can be optimised by a well-known control law for active
secondary suspension which is called ‘skyhook damping’, as illustrated in Figure 1.6. With a

damper virtually connected to an absolute reference or ‘hooked to the sky’, the virtual
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dampers can now be increased as much as required, because the damper is no longer

transmitting the harsh vibration of the bogie (Goodall (1999)).

In practice the vehicle body acceleration is measured and processed by a controller to
determine the actuator force. This concept has shown a tremendous improvement in the ride
quality, which is important, however it causes a large deflection when encountering
gradients. Therefore some care is needed in the controller design (Goodall (1999) ; Li and

Goodall (1999)). It also relies on actuators to provide the damper force.

This thesis is focussed upon actuator control strategies and so needs to take a well-founded
suspension control strategy as a starting point; the strategy that will be mostly used in this
thesis is the “modal skyhook™ strategy that will be explained in more detail in the vehicle

modelling subsection.

1.2.2 Actuator technology in active secondary suspension

Actuators are force generating elements which are important components for active
suspensions. An actuator is a mechanism whereby force and energy injection can
complement the existing suspension function. Figure 1.7 shows the overall model structure
of the actuated active secondary suspension. The input of the actuator is the voltage or power
supply to the actuator and the output is a force which is applied to the railway vehicle model.
The actuator movement (actuator displacement velocity) is a “physical feedback™ which is

determined by the effects of the actuator force (including any external disturbance) upon the
load.

Actuator
movement
Force
Command Uact D ;
Control »| Actuator - ynamic

System

rTrack

inputs

Figure 1.7: Overall model structure of actuated active suspension
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Various kinds of actuators for active railway suspensions have been designed and tested
(Pratt (1996) ; Goodall (1997)). Common actuators that are noted to be suitable for active
railway suspensions are the electromechanical, electro hydraulic, electromagnetic actuators.
These actuators have been discussed in the area of railway vehicle research and also in the
automotive industry over the past decades. More details on the actuators and the

developments will be elaborated in Chapter 4.

The placement of the actuator in the suspension determines the size required for the actuator
and also the performance of the suspension. As illustrated in Figure 1.8(b), the actuator size
can be reduced as the passive component supports the body mass in the vertical direction.
Configurations in Figure 1.8(a) and (c) would be suitable and interesting to explore, but it is
beneficial that the actuator should be placed in conjunction with passive components. The

spring in Figure 1.8(b) will be similar to that used in a conventional passive suspension.

Body Body Body

Actuator Actuator Actuator

(@) (b) (c)

Figure 1.8: Actuator placement in the suspension

1.3 Problem statement and research objectives

Although the principles of active secondary suspension are now well established; there are
still a few interesting areas that require attention, in particular relating to the selection of the
most appropriate actuator technology. Identifying the sensors and controllers has been
widely researched, but identifying a reliable, effective and efficient actuator still remains the
biggest issue in active suspension technology, although a variety of other technologies have

been considered along the way (Goodall, et al. (1993)) and much research has been carried
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out in the past four decades looking at the possibilities of including actuator technologies in
railway suspensions. Although these findings are interesting there has not yet been a
breakthrough in the implementation as there are still reliability issues concerning the actuator

technologies that have been used.

The actuators in the suspension are restricted by their own physical limitations (i.e.
bandwidth, current, and force ratings) which makes the ability of the system to approach
ideal difficult. Research studies that have included actuators in the secondary suspension
have only compared the improvement achieved compared to the passive suspension; they
have also had the actuator assessed outside the suspension system (Foo and Goodall (2000) ;
Pacchioni (2010) ; Zheng (2011)), whereas most other research studies have only considered

ideal actuators.

The focus of this thesis is to investigate the key issues concerning actuator technologies in
the active secondary suspension, and examine possible solutions to improve the performance
of an actuated active suspension. By encountering the degradation caused by the dynamic
interaction of the actuator and the suspension, the ride quality of the vehicle while travelling
on a straight track can be handled. Only then the feasibility of having a full active suspension

for the railway vehicle can be fulfilled.

In this thesis, the actuators developed are incorporated with the vehicle dynamics in order to
achieve effective operation of the railway vehicle. Investigation into suitable active
secondary suspension actuator control technologies is carried out. The findings will be
represented in terms of comparisons between the actuator technologies used and the ideal

case.

The final stage of the research is to validate the actuator with the new control strategies
alongside other active suspension controller strategies to ensure that these strategies produce
similar results as in the previous configuration using the modified ‘skyhook’ damping active

suspension control strategy.



Introduction

1.4  Thesis structure

The thesis is structured in the following manner to ensure that a smooth flow of
understanding is achieved. Figure 1.9 shows an illustration of the steps taken in this research

to investigate suitable control strategies for an active secondary suspension actuator.

Chapter 2 is a detailed background survey on works involving actuator technologies in

vehicle suspension, in particular in the automotive and railway industries.

In Chapter 3, the method of assessing the suspension performance is laid out. The types of
track profile and assessment methods that will be used are explained. The side view vehicle
model with two degree of freedom is developed. This chapter also includes the analysis and
validation of the models and also the application of the active suspension control strategy.
The results obtained from this chapter will be used as a reference or ideal case for the

subsequent chapters in terms of actuator modelling and also performance comparisons.

Chapter 4 covers the extensive study of the electromechanical actuator (EMA) and
electrohydraulic actuator (EHA) which will be used for the vertical active secondary
suspension control. These actuators’ parameters are derived from the ideal quarter car. The
control design of the actuators is achieved taking into consideration the vehicle dynamics
interaction, and the actuators are tuned to the best performance to produce a good force
tracking output and also stable phase and gain margins. An extension of the assessment is
carried out using a genetic algorithm to optimise the actuator controller parameters for a
better performance. Another optimisation scheme is introduced to optimise the stiffness in
the actuator which mimics the ideal of having a spring in series with the actuator. Both
actuators are assessed in the quarter car suspension and progressed on to the vertical side
view model. The suspension response with each actuator in situ is observed and discussed

using a 3Hz analysis.

Chapter 5 considers another effort of improvement of the existing actuator with another
classical approach. The feed forward control strategy is applied to the actuators, where the
reference and disturbance feed forward is investigated and analysed for both actuators.
Optimisation applied again to the force control loop in the feed forward control strategy is
included. The system in the suspension is observed and analysed and the strategy is
transferred to the actuators in the side view vehicle. A robustness check is done on the

suspension system to confirm the validity of the strategy.
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Chapter 6 demonstrates the adaptability of the developed actuator controller strategies using
the complementary filter technique with a modal structure, which is another active
suspension control strategy. This is to ensure that the developed control strategies for both
actuator technologies will be able to provide a performance similar to the existing if not

providing an improvement.

Chapter 7 investigates the optimal controller strategy with full-state feedback and Kalman
filter estimators for the actuators in the suspension. Another robustness check is done on the

suspension system to confirm the validity of the strategy.

Chapter 8 concludes the work done in this thesis. Major contributions and novel
applications of the work are also highlighted with recommendations and suggestions for

future work.

1.5 Thesis contribution

This thesis introduces a new approach to the design of the active vertical secondary
suspension for a high-speed railway vehicle. Rather than focus on complex designs for the
active damping control law, the approach here focuses on the actuator and its associated

control to achieve a performance approaching the ideal.

The initial contribution is to carry out investigations to show that active railway vehicle
suspension systems demonstrate a reduction in ride performance when the ideal actuator in
the suspension is replaced with ‘real’ actuators. The ‘real’ actuators that are considered in

this thesis are the electromechanical and electrohydraulic actuators.

Previous attempts to improve the active suspension performance via the control of the active
suspension by other researchers have been carried out with an assumption of an ideal
actuator. Most have concentrated on the investigation of complex outer-loop controllers (i.e.
active suspension controllers); however high frequency (5-10Hz) degradation still occurs
when a ‘real’ actuator is included. An initial investigation indicates that this is due to the
complexity of the system when actuator dynamics are included. Including ‘real’ actuator in
the suspension increases the system complexity, which makes the ideal impossible to achieve

without a redesign of the control laws.
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The main contribution of this thesis is to propose a different approach to improve the ride
performance by engaging a more practical method to overcome the high frequency isolation
issues of the active suspension actuators. The effort to improve the ride performance of the
active secondary suspension is done via controlling the actuator within the suspension
system, which is a method that has yet to be examined in any active suspension research. In
this thesis several controllers have been tested for the active suspension actuators. The

controllers that have been investigated are:

e The Proportional Integral and Phase Advanced controller with optimisation using the
Genetic Algorithm (GA)

e GA optimisation of the Proportional Integral and Phase Advanced controller with
additional actuator stiffness.

e The Feed forward controller and also the optimisation technique.

e Model based control using the Linear Quadratic Regulator (LQR) and the Linear
Quadratic Gaussian (LQG) technique.

All the controllers were developed taking into consideration the actuators attached to the
suspension (i.e. the interaction of both systems are considered). The simulation studies
discussed in this thesis show that implementing practical classical and also optimal based
controllers on the actuators across the secondary suspension with the consideration of the
vehicle dynamics has not only improved the straight track ride performance, but has also
reduced the force produced by the actuators in the suspension and hence reduces the actuator
losses through inefficiencies. This has made the effort to approach the ideal performance

possible.

Three conference papers and a journal paper have arisen from the work described. Herein:

H. Md. Yusof, R.M.Goodall, R. Dixon, (2010). “Active railway suspension controllers using

electro-mechanical actuation technology”, UKACC International Conference on Control

H. Md. Yusof, R.M.Goodall, R. Dixon, (2010). “Assessment of Actuator Requirements for
Active Railway Suspensions”, 5" IFAC Symposium on Mechatronic Systems, Cambridge,

MA, USA, pp.369-376.
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H. Md. Yusof, R.M.Goodall, R. Dixon, (2011). “Controller Strategies for Active Secondary
Suspension Actuators”, Proc 22" Symposium on Dynamics of Vehicles on Roads and

Tracks, Manchester, UK, pp.1-7, ISBN: 978 1 905476 59 6.

H. Md. Yusof, R.M.Goodall, R. Dixon, (2012). “Controller strategies for active secondary

suspension actuators” to Control Engineering Practice (CEP). Submitted.

1.6 Summary

This chapter briefly introduced the on-going trends in railway transportation and the
tendency of development for future practical applications of fully active secondary railway
vehicles. The research problem is defined; the new concept for solving the active suspension
actuator technologies problem is proposed and the aim of the research is identified with the
contribution of the thesis highlighted. Finally, the objectives for achieving the aim are

presented. The thesis structure is also laid out in this chapter.
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Chapter 2

Literature Review

This chapter discusses the related research into active suspension for railway vehicles.
Background research has been done for vehicle active suspension, especially for railway
and automotive vehicles. While there is significant research in both industries, this survey
is limited to papers that include active suspensions for secondary suspension,
concentrating on the improvement of ride quality. Literature on actuator technologies for
active suspensions is then examined, and their issues within the suspension described.
This chapter will investigate current and previous research on improving active secondary
suspension actuator performance to achieve a ‘real’ active suspension rather than

assuming an ideal actuator.

2.1 Introduction

Modern railway vehicles have improved tremendously from being purely mechanically
engineered to being increasingly electronically dependent. Over the past five decades,

railway industries have been actively researched and tested for active suspension
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implementation. Although the suspensions remain as an aspect of vehicle design, the
introduction of electronic control remains quite limited. Active suspension research is
formed by active devices such as actuators, sensors, and computer modelling which
represents the vehicle. Active suspension equipped vehicles should have the ability to
isolate the passengers from track irregularities and provide an improved ride comfort,
which is one of the issues in the railway industry. Passive configurations have reached
their performance limit which makes the active suspension more promising for light

weight high-speed railway vehicles.

Numerous studies on ground vehicles, especially automotive and railway vehicles, have
been carried out in the past fifty years, highlighting the benefits of active suspension and
also different kinds of power suspension. The focus in this research is on understanding
the key issues for different kinds of actuators for active railway suspension, and then

developing control strategies to ensure effective operation.

2.2 Overview of active secondary suspension research

Although the passive system currently in use has a considerably good reputation, it has
however reached its performance limit due to the inherent trade-offs to be met in the
design process (Pratt (1996) ; Goodall and Kortum (2002) ; Goodall (2009)). As early as
the 1930s, the active suspension system was developed, but has only been seriously
researched and developed 30 years later (Hedrick (1981) ; Goodall and Kortum (2002)).
Active suspension has been reported in numerous publications for its excellent
performance and adaptability to various types of track characteristic (Li and Goodall

(1999) ; Orvnas (2008)).

Active control provides improved suspension performance, which gives a better ride
quality for the passengers. Much more important is the ability to operate at high speeds
whilst achieving the same ride quality, which is much the same philosophy as with tilting
trains (Goodall (1997)), and in some cases itis possible that both tilt and an active
secondary suspension (lateral and/or vertical) are needed. An alternative approach is to
provide the same ride quality on a poorer track, in which case the objective is to reduce

the track maintenance cost, and hence the operating cost of the railway (Goodall (1999)).
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In the area of railway transportation, active control is meant to improve the ride comfort
for the passengers. This is important as the competition from other means of
transportation increases with the advancement of technologies. Other modes of
transportation can easily incorporate the latest technologies and research findings, since

modification does not cost as much compared to the railway industry.

Although the research for railway vehicles aimed at improving ride performance has been
carried out extensively both theoretically and in laboratories, implementation requires
much careful thought and validation as the cost is extremely high if not done properly.
The design of the suspension plays an important role in achieving a good ride
performance and also the safety of the vehicle. Apart from the tilting trains, active
suspension has yet to make a breakthrough to the railway vehicle industry, even though

the benefits are significant (Goodall (1999) ; Zhou (2010)).

The growing interest in active suspension is sparked by the possibility of introducing
active elements such as sensors, actuators, and processors into the system (Pratt (1996) ;
Goodall and Kortum (2002)). The motivation is also provided by the great efforts of the
United States and European countries to improve ride quality for railway vehicles
travelling at speeds higher than 200km/hr. Some general literature reviews and the
background of active suspension are discussed, and serve as a good introduction to active
suspensions, such as Karnopp and Heess (1991), Appleyard and Wellstead (1995) and
Williams and Haddad (1997).

A number of state-of-the-art reviews on active suspension benefits to railway vehicles,
emphasising ride quality and performance, have been published. In 1981, Hedrick
published a review of state-of-the-art activities on railway active suspensions
emphasising ride quality and performance. A similar review from the IAVSD activities
was published in 1983 by Goodall, with another up-to-date version published in 1997.
This was followed by the collaboration between Goodall and Kortum (2002) updating the
mechatronics development of railway vehicles. This recently published paper was a more
up to date review, covering the basics and classification of active suspension, current
implementation and future ideas. The review also gives a speculative review of an
actively guided railway vehicle without bogies, and future steer by wire railway vehicles.
Active applications for suspensions are also given focus, with a promising future for

active control and active element implementation for an electronically controlled
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suspension. Another more recent survey by Bruni, et al. (2007), considers the application
of various technologies to suspensions and running gears, with the focus on the
complementary issues of control and monitoring. A comprehensive literature survey on
concepts and previous works on active secondary suspension has also been provided by

Orvnas (2008).

The performance of the active suspension has always focused on the improvement it
offers with respect to its passive counterpart, and has often concluded with further
discussion about possible advanced technologies to enhance the performance (Kortum, et
al. (1998)). Reduction of the ride discomfort experienced by passengers mainly deals with
the vertical vibration of the railway vehicle. The control of the vertical active secondary

suspension can be categorised into classical and modern control methods.

The classical control of the secondary suspension is frequently used and adapted as it is
less complicated (Williams (1986)) compared to modern based strategies, which makes a
good starting point for the development of active railway suspension controller vehicles
(Foo and Goodall (2000)). The ‘skyhook’ damping strategy was introduced by Karnopp
(1983) and has usually been used as a starting point for the development of control
strategies because this provides a better overall ride quality. This simple and informative
strategy however has its trade-off, while encountering gradients that need to be
accommodated, for example by carefully filtering out the low frequency components
from the measurement such that the deflection outcome is reduced to an acceptable level

(Williams and Best (1994)).

Modern control methods have been researched as a companion to classical control, both
in terms of their robustness properties and also the provision of multi-objective solutions
to eliminate the conflicting issues for the suspension performance requirements. Although
better results are obtained, the controller normally results in being very complex and

difficult to implement (Goodall and Kortum (2002)).

Active control technology for secondary suspension has been widely researched for
lateral and tilting views, and the technology has improved to a level where the
introduction would be straightforward. However, not much research has been done for the
vertical direction as there are several issues that appear in this direction. Therefore it is

important to identify possible solutions to improve the ride comfort for passengers. The
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research in this area is very broad and covers many aspects of the rail vehicle from
various directions. Therefore in this study, only the aspects of active secondary

suspension which concentrate on the vertical view will be examined.

Several skyhook damping based controllers for the vertical view of the railway vehicle
have been examined by Li and Goodall (1999) for a single stage suspension. Classical
and modern based controller comparison has been carried out by Williams (1986), where
modified skyhook damping, complimentary filters control and the optimal control method

have been introduced into the secondary suspension control for the Maglev vehicle.

A comparative study by Pratt (1996) for active secondary suspension has been applied to
British trains, in particular the MK III coach, comparing the classical control and modern
control of the active secondary suspension. Foo and Goodall (2000) have applied skyhook
control methods to compare with Linear Quadratic Gaussian (LQG) control as the active
suspension controller of a flexible bodied railway vehicle. The benefits of optimal control
for the stability and robustness of the whole system was tested in his thesis (Foo (2000)).
These methods have also been explored by Paddison (1995), Pratt (1996), and Foo and
Goodall (2000).

Another comparative study by Zheng (2011) has been performed to control the vehicle
flexible body for reducing rigid and flexible modes using smart materials in addition to
active suspension control. The classical method of modal control with skyhook damping,

optimal control and the H- infinity control method were applied to the system.

Although there are many other active suspension control strategies that have been
researched for other vehicle suspension directions, as well as other stages of the
suspension, these will not be elaborated in detail as the concentration in this thesis is on
the secondary suspension for the vertical direction. An example of other active
suspension research in other directions would be the Japanese research conducted for
eliminating the effect of lateral forces and the yawing movement on a seven degrees of
freedom vehicle model (Sasaki, et al. (1994)). There is also the fully active lateral
suspension system on the JR East E2 and E3 for the Shinkansen train that uses a
sophisticated H-infinity controller and has exhibited improved performance for the yaw
and roll modes of the vehicle body . Extensive reports on the active suspension control

for tilting trains have also been provided by Persson, et al. (2009).
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While many research attempts have been made to improve the suspension performance,
very few have considered actuator dynamics in the system especially for reducing vehicle
body vibration. Examples which have considered the importance of including actuators in
the suspension to improve the ride performance are by Pratt and Goodall (1994), Foo and
Goodall (2000), Pacchioni (2010), and the latest by Zheng (2011). Reports on other
actuator placements for different modes have also been reported by other authors
(Shimamune and Tanifuji (1995) ; Goodall (1997) ; Goodall (2009)). The next section
will elaborate on the actuators that have been used for active secondary suspension

especially for the vertical mode.

2.3  Actuators for active secondary suspension

While many research attempts have been made to improve the suspension performance,
these have mostly assumed an ideal actuator. This assumption is that the actuator is able
to provide any amount of force, irrespective of its stroke and velocity. However real
actuators in active suspensions are subjected to operational constraints which makes
achieving the ideal difficult. The ability of actuator technology in the suspension
providing high frequency isolation has been questioned over the years of active

suspension actuator research (Goodall, et al. (1993)).

Including the actuator in the suspension increases the system complexity compared to
other actuator applications (Goodall and Speedie (2009) ; Md Yusof, et al. (2011)). An
actuator implementing an active suspension function is not only required to provide
negligible force at high frequency but should also be receptive to the fluctuation in the
displacement across the actuator caused by track irregularities. This is a very important
aspect which most actuator technology is unable to accommodate. Actuator technologies
and their ability to respond to track irregularities, and their capability of providing
effective control of the vehicle’s dynamic modes, are the key issues in active suspension

design.

A comprehensive analysis of the main actuator technologies (electro-mechanical, electro-
hydraulic and electro-magnetic) has been carried out by Pratt (1996). The effects of

including the practicalities of a variety of actuator technologies for railway active
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suspensions indicated the degradation in performance which is introduced compared with
the assumption of ideal actuators (Goodall, et al. (1993)). The degradation in the ride
performance caused by actuator dynamics is noticeable and it is agreed that further action

is required (Foo and Goodall (2000) ; Md Yusof, et al. (2010)).

The key issues in selection of an actuator are the bandwidth of operation, energy
consumption, size, weight and cost. Several types of actuators have been studied and the
advantages and disadvantages compared. General studies on common actuator
technologies have been performed by various authors (Pratt (1996) ; Foo, et al. (1998) ;
Kjellgvist (2002)) and compared to determine the best performance. In Europe, the major
current applications are from Italy, Sweden, Spain and Austria. The majority of the
actuators used here are for active tilting technologies and very few are for other directions

of control.

There is also a limitation on the type or design of actuator to be used due to the
compactness of the railway vehicle. Not only would this have an impact on the selection
of actuators, but the selection of the actuator also depends on the trade-off of the actuator
performance, complexity, the costs and energy demand of the systems, and the cost

incurred, which means that only a few systems are released to the market.

The acknowledged possible actuator technologies for active railway suspension are servo
hydraulic, servo pneumatic, electromechanical and electromagnetic. The possibilities of
other actuators are also studied, though these types of actuators have yet to be tested and

evaluated physically.

Actuators are an important component in an active suspension design to suppress the
railway vehicle’s vibration. A traditional approach is to locate the actuator across the
secondary suspension. There have been suggestions to locate actuators at the inter
connection between the coaches (Pratt and Goodall (1994) ; Goodall (2009)).
Investigation on a third actuator in the centre has also been done by Foo (Foo, et al.

(1998) ; Foo and Goodall (2000)).
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2.3.1 Electromechanical

The electromechanical actuator has been developed over the last forty years to a state of
high efficiency and reliability. An electromechanical actuator is powered by an electrical
motor (AC or DC) which is able to rotate a screw mechanism (e.g. a roller or a ball
screw). The rotary effect exerted upon the screw is transferred to a translational motion,
or the force that acts on the body in which the actuator is mounted. In general

electromechanical actuators are less compact than other actuator types (Pratt (1996)).

Pollard and Simons’ (1983) studies on the electromechanical actuator led to an
experimental research by Gautier et. al. during the late 1990s (Gautier, et al. (1999)). The
studies justified that this actuator was chosen due to its low noise levels and compactness,
which is contrary to the earlier statements by other authors. The early implementations of
the electromechanical actuator were produced in the late 1970s by British Rail, where a
prototype of a tilting train, APT (Advanced Passenger Train), was built and
electromechanical actuators were adopted (Goodall and Pennington (1980)). The design
of the APTs were far ahead of time, and the new technologies caused problems in the
system (Pennington and Pollard (1983)). Another real life adaptation of this actuator was
produced by Siemens SGP in the form of lateral suspension (Stribersky, et al. (1998)).
Recently, electromechanical suspension based on a permanent magnet machine and a
roller screw has been analysed by Kjellgvist and co-authors (Kjellgvist, et al. (2001)) for
the lateral suspension, with suggestions on overcoming the design conflict between the
size, temperature and dynamic properties. Pacchioni (2010) has looked at improving
suspension performance by adding a stiffness in series with the electromechanical
actuator for a two-axle railway vehicle with a single stage suspension, and evaluating the
suspension with skyhook and LQG control strategies. Meanwhile Goodall and Speedie
(2009) have made comparisons between actuator placements in the vehicle, in particular

looking at inter-vehicle actuators rather than those across the secondary suspension.
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2.3.2 Electrohydraulic servo

An electro hydraulic servo-drive consists of a control servo valve, linear hydraulic
cylinder, flow or pressure control devices and transducers. This actuator is a specialist
product and is used when reliability and proven performance are dominant (Goodall, et al.
(1993) ; Cottell (1996)). This actuator has been compared and tested for the vertical
secondary suspension with other actuators (Pratt (1996) ; Foo and Goodall (2000)).
Experimental analysis on the performance of the hydraulic actuator compared to a
pneumatic actuator has been carried out where it is noted that the controllable frequency
of the hydraulic actuator is 10Hz compared to 2-3 Hz for the pneumatic actuator
(Shimamune and Tanifuji (1995)). In terms of active suspension applications, there are
many established research studies on hydraulics in the automotive industry, where the
general concepts and methods of control can be applicable to the rail vehicle suspension
(Satoh, et al. (1990) ; Williams (1997) ; Sam and Hudha (2006)). Investigation on
electrohydraulic actuator placement in the suspension has also been demonstrated by

Zheng (2011) for suppressing the vibration of flexible structures.

In general it has been suggested that this actuator would be particularly useful in a rail
vehicle which has an existing hydraulic power pack installed, with the excess power
being used to drive the active suspension (Goodall, et al. (1993)) . The hydraulic actuator
is well studied and applied to railway applications. The main reason for this is due to its
compactness, which makes it easy to fit in the narrow spaces between car body and

bogies, although the hydraulic power pack is often quite a bulky piece of equipment.

2.3.3 Pneumatic

Principally pneumatic actuators are based on compressed air, where the air pressure is
controlled, giving rise to the desired suspension characteristics. As described by Pollard
and Simons (1983), in the vertical direction the air pressure in an already existing fixed

reservoir volume can be actively controlled by a reservoir with variable volume.

The advantage with pneumatic actuators is that they can be linked to the existing

pneumatic system of the vehicle, namely the air spring. This is a cheap solution and has
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no leakage problems. However the large air compressibility means that the controllable
bandwidth frequency is restricted to 2-3 Hz (Shimamune and Tanifuji (1995)), and the
actuator efficiency is limited (Pratt (1996)).

In an investigation in a Japanese railway vehicle, a pneumatic actuator is examined and
found to give a reduction in the lateral vibration of up to 50% at speeds up to 120 km/h.
However, due to practicality and cost reasons, and also concerns over system reliability,
the application of the pneumatic actuator has not been taken into further consideration

(Tanifuji, et al. (2002)).

2.3.4 Other kinds of actuator and their benefits

The Electromagnetic actuator is an interesting active suspension actuator technology
which has been studied for the Maglev (Magnetic levitation vehicle) system for use as
low speed urban transport (Paddison (1995)). The record of the fastest train is a test train
in Japan, which registered a top speed of 581km/hr, as reported by Givoni (2006).
Research on this actuator for railway secondary suspension has been assessed by
Williams (1986) for investigation purposes, although in reality the height and size of this
actuator would be too large to operate across the railway secondary suspension spring.
Another investigation by Foo (2000) examines the case of an electromagnetic actuator
added in the centre of the car-body with an auxiliary mass of one tonne in order to
suppress the symmetrical flexible mode. Although this is preferred because of its good
frequency response (up to 50Hz), and also its robustness, it has its own drawbacks. The
electromagnetic actuator suffers from a relatively high unit size and weight, which makes
it unsuitable for use in the narrow place between the primary and secondary suspension.
This actuator also has air gap variations between the magnets which causes it to be

unstable, although this could be overcome with proper force feedback (Foo (2000)).
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2.4  Genetic Algorithm optimisation

The Genetic algorithm (GA) technique has been investigated by many authors (Deb, et al.
(2002) ; Coello Coello, et al. (2007)). GA is a search and optimisation tool, based on the
genetic process of a biological organism in nature, which optimises as it evolves. This
method, based on Darwinian principles, is a global, parallel, search and optimisation
search which models the biological processes of natural selection and population genetics
(Chipperfield, et al. (1994)). The method that was first proposed by Holland in 1975 has
been successfully applied to fields of optimisation, machine learning, neural network,
fuzzy logic controllers and others (Hong, et al. (2002)) and has been used by researchers
in solving difficult problems such as parameters optimisation. While GA is not
guaranteed to obtain the optimal solution, it does however provide appropriate solutions
for a wider range of optimisation problems which other deterministic methods find
difficult (Ayala and Coelho (2008)). The advantage of GA is that no gradient information
and inherent parallelism in searching the design space is required, which makes GA a

robust adaptive optimisation technique.

The use of simple GA in control applications has limitations, since the parameter
optimisation technique normally has several objectives to be fulfilled. Therefore a multi-
objective GA is required. A multi-objective GA is a modified version of the simple GA
with the means to solve the selection of parameters to satisfy more than one objective. An
example of a multi-objective toolbox is the one developed by the Department of
Automatic Control and Systems Engineering at the University of Sheffield (Chipperfield,
et al. (1994)), which caters for both single and multi-objective GA applications. Another
example of a multi-objective GA toolbox is the Non-Dominated Sorting Genetic
Algorithm (NGSA) developed by Srinivas and Deb (1994), which was later upgraded to
NGSA-II, which addresses all the problems experienced by the previous computational
complexity of non-dominated sorting, lack of elitism, and the need for specifying a
tuneable parameter called the sharing parameter. The NGSA-II search method is
convenient for users, since they are left to the task of setting the search spaces, the
number of generation and population, the design of the objective functions and the
constraints based on the requirements of the given problem, hence this GA application

has been adapted. There are other multi-objective GA solution methods besides the one
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mentioned, such as the Multi Objective Genetic algorithm (MOGA), the Vector
Evaluated Genetic Algorithm (VEGA) and the Niched Pareto Genetic Algorithm
(NPGA); each has its own speciality which will not be covered here as the main objective
is optimise certain parameters of the actuator controller and not comparing the

performances of the GAs.

As in railway engineering research, a number of published works have reported on the
benefits and usefulness of GA. Among the recent applications for railway engineering in
the Loughborough University Control System Group was one by Zhou (2010), where GA
were used to optimise the controller parameters (PID and H-infinity) to reduce the trade-
off for tilting control between curving performance and straight track ride quality.
Michail (2009) has demonstrated a systematic approach, proposed to minimise the
number of sensors used for the electromagnetic suspension system in order to satisfy the
optimised deterministic and stochastic performance. The performance was also optimised
by tuning the LQG and H-infinity controller parameters. Optimisation of the controller
parameters and the fuzzy membership functions was obtained in the research on the
Fuzzy-PID tilting control (Zamzuri, et al. (2007)). Other known GA optimisation research
has been carried out to achieve the best compromise between ride-quality and suspension
deflection for active suspensions of the inter-vehicle vertical active suspension controller
(Mei and Goodall (2002)), and for optimising wheel profiles using GA (Persson and
Iwnicki (2004)) (Persson and Iwnicki (2004)).

2.5 Actuator control

Including the actuator dynamics in the suspension has shown a degradation of the ride
quality at higher frequencies (Goodall, et al. (1993) ; Md Yusof, et al. (2011)). The
possibilities of intelligent actuators have been highlighted by Karnopp (Karnopp and
Heess (1991)) and Williams (Williams (1994)) for the case of automotive vehicles.
Several established control methods for the electrohydraulic actuator that had been used
in the academic, industrial research and testing industry (mostly from the automotive and
civil engineering field) had been reviewed by Plummer (2007). It has been highlighted

that the improvement of the controller design had been done based on the knowledge of
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the physical test system where in general, the test specimen dynamics are more complex.
Therefore the techniques introduced are not universal, as each system has its own

uniqueness and its potential must be explored individually.

While the research on the active suspension control law for railway vehicles is well
established, there has not been any research on the control or regulation of the actuator
for providing a better ride quality. This implementation of such local or inner loop control
may have the capability of reducing the degradation at the primary suspension frequency.
To date, this has only been a suggestion in the automotive industry, but it has not been

researched yet in this industry or in the railway industry.

2.6 Summary

This chapter has covered previous works in active suspension control for improving the
ride quality, and has discussed actuators that have been considered for active secondary
suspension. The active secondary suspension actuator controller strategies have yet to be
explored, therefore there are no direct references available. This gap in the literature
provides the motivation for this research, and the justification for the original contribution

arising from this thesis:-
1. The rigorous assessment of ride quality degradation due to real actuator technology.
2. The optimisation of actuator force control strategies in active railway suspension.

3. A consideration of applying advanced control concepts for actuator force control, i.e.

Model based control approaches.
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Chapter 3
Assessment Methods, Model
Derivation and Analysis of Passive

and Active Railway Vehicles

This chapter presents the development of the railway vehicle and also its performance
assessment methods. The vehicle model developed is a linear and time invariant one which
provides a satisfactory performance as its non-linear counterpart. The active suspension
method of control is introduced to the vehicle to appreciate its benefits for the vehicle
performance. The active suspension variables are also known as the idealised performance
which, in this thesis, is the ultimate objective; these will be used to derive the actuator
parameters in the following chapter. The measurements of the variables throughout this
chapter and beyond are such that the ride quality is a quantified percentage of gravitational

acceleration (%g), suspension deflection in millimetres (mm) and suspension controls in
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Newtons (N). The vehicle model is evaluated with time history and power spectral density

analysis to calculate the acceleration r.m.s as a measure of ride performance.

3.1 Track Profile

Railway vehicle suspensions are subjected to various inputs. The most common input terms
for the vertical suspension are the stochastic and deterministic inputs. The stochastic inputs
represent the irregular track surfaces which are also the misalignment of the track, and the
deterministic input is an intended feature of the track such as a gradient for the vertical
suspension or curve for the lateral suspension. An additional input that will not be discussed
in this thesis would be the force input, which is normally applicable for lightweight vehicles

that have a higher load variation compared to the high-speed vehicles.

3.1.1 Random Input

The track irregularity that is used in this thesis is representative of the measured and
recorded track accepted by the UK Railway and also by other railway administrations. The
recording is done based on a number of routes using high speed recording coaches. The data
are frequently approximated as the fourth order relationship and represented by a spatial

power spectrum as in equation (3.1):

Ar

Ss(fs) = f2 1+ 586f3 + 17.29f m* (cycle/m)™! 3.1)

where A, is the vertical track roughness and f; is the spatial frequency of the track in
cycle/m. In assessing the secondary suspension, it is widely accepted to approximate

equation (3.1) with a simpler expression by neglecting the higher terms as in equation (3.2).
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Equation (3.2) is a simplified equation of the track spectrum that can be used as an

approximation of equation (3.1):

Ar

72 m?(cycle/m) ~1 (3.2)

Ss (fs) =

The track information in equation (3.2) needs to be converted into a temporal form in order
to be suitable for use in dynamic analysis. The principal dynamic modes of a railway vehicle
lie within 0.1Hz and 20Hz. At these frequencies the dynamic modes of the railway vehicle
will be excited by track inputs. The relationship between the spatial and temporal

frequencies, f; , is given by equation (3.3):

l
fs(cycle/m) = % % (3.3)

The conversion of the spatial expression in equation (3.2) to a temporal frequency is given
by the series of equations (3.4) to (3.8). Substituting (3.3) into (3.2), the track wavelengths

in terms of the temporal frequency, f; is given by:

AV
ftz

Sr(fo) = m?(Hz)™! (34)

Vehicle models are developed upon velocity input rather than a displacement. This is
because the wheel sets are connected directly to the dampers, which necessitate track
velocities as an input when the models are expressed in state-space formation. Converting

the vertical track displacement spectrum (3.4) into a velocity input requires several
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operations. Equation (3.4) has to be expressed in ‘radian’ terms instead of ‘cycles’ as shown

in (3.5):

A.v rady !
O (T) (3-5)
t

Then the derivative of the above spectrum is obtained by simply multiplying the spectrum

with (2mf,)?:

Sr(f) (m/s)?(rad/s)™" = Sp(fy) m*(rad/s)™" x (2nf; )? (3.6)

This produces:

Sr(we) = 2mA,v(m/s)?(rad/s)~* (3.7)

The final adjustment to equation (3.7) is required to convert the expression back to a ‘cycles’

term, which is shown in equation (3.8):

Sr(fy) = 2m)?A,v(m/s)*(Hz)™? (3-8)

The vertical track spectrum is ‘flat’ over all frequencies and it is essentially ‘white noise’
with a Gaussian distribution. The approximations made earlier ignore the fourth order
expression in terms of a simpler inverse-square relationship, giving rise to the infinite
bandwidth of this white noise, otherwise a high frequency roll-off of the expression given by
(3.1) would occur, giving rise to a finite bandwidth velocity spectrum. In this thesis the
random track input is generated from equation (3.8) with a track roughness, 4,, of 2.5 X
10~7 m, which represents a good track quality, and a velocity of 55m/s is used throughout

this thesis.
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3.2  Vehicle assessment to stochastic inputs

The analysis of the performance of a railway suspension relies on the accuracy of the ride
quality and the track following capabilities in responding to the stochastic track features as
detailed in Section 3.1. The ride quality is generated in response to a straight track and
generally represented by the root mean square (r.m.s) acceleration experienced by the
passenger when the vehicle is excited by the track roughness. The reason for this
representation is because the deterioration in the ride quality perceived by the passengers is
not a definite measurement. There are other factors that could affect the passenger’s
judgement and view such as the vehicle interior and also the passengers’ personal opinion of
the ride which is not a measurable item. Also a frequency weighted r.m.s calculation to allow
for human susceptibility to different frequencies is commonly used for ride quality
assessment, but this can lead to significant issues, so for a research study, the unweighted
r.m.s is a sensible measure. Calculation of the r.m.s acceleration is frequently analysed using
these three analysis methods: frequency response analysis, covariance analysis and also time

history analysis.

3.2.1 Frequency domain analysis

The frequency domain technique can be used to evaluate vehicle ride accelerations and also
the suspension deflections in response to track irregularities, and also the p.s.d. plots of the

signals of interest.

Frequency response is a classical analysis of a control system where the transfer function
provides a concise description of the system behaviour. In a linearised analysis, the use of
the frequency response function has been the basis of frequency response analysis. Here the
r.m.s acceleration level is determined from the acceleration spectrum resulting from the

combination of the vehicle suspension transfer function and the track input spectrum.

The output power spectrum, S, (w), is equal to the square of the magnitude of the system
transfer function of the frequency response, H(jw) multiplied by the input power
spectrum, S, (w):
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Sy(@) = [H(jw) |*Sx(w) (3.9)

The equation H(jw) needs to be modified to take into account the delays between the front
and rear vehicle which involves the delays between the bogies and also the wheel-sets. The
transfer function of the front and rear velocity inputs to the output with the delays should be

included to calculate the r.m.s. values from the equation below:

a@)=jfwm ()12 () (3.10)
0

Equation (3.10) requires numerical integration to infinity which is not practically possible.
Therefore, in practice, the calculation uses a finite limit instead of the required numerical
integration to infinity. This is not a problem for railway vehicle analysis as the higher
frequency components are always attenuated by the suspension dynamics and the effect is
negligible. Details of the use of the frequency domain to evaluate the rail vehicle with time

delay p.s.d. plots are given in Section 3.6.2.
3.2.2 Covariance analysis

The covariance analysis is a Lyapunov equation approach, based upon the differential
equation for the covariance matrix which is related to the state equation of the vehicle. The

vehicle model can be represented in its linear state space formulation:

% = Ax + B, ¢ (3.11)
y = Cx + D¢ (3.12)

where A is the system matrix and C is the output matrix. B, and D,, are the disturbance
inputs, while { is the track input being represented by a random white noise process

described in Section 3.1.1.
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The r.m.s. value of the outputs is calculated from the solution of the Lyapunov equation. The
model does not contain direct feed through (i.e. it is strictly proper), therefore the matrix D,,

1S zero.

The auto correlation function of the track input is derived from the track p.s.d. function

which is given by (3.13):

EQQ@®)T(t + 1)} = f Sy (;)—n) e“dw (3.13)

Integrating the auto correlation equation (3.13), means the equation could be stated simply

as:

EC(t){T(t+ 1)} = 2m)?A,v 6(7) = 4, (1) (3.14)

The variance, q,,(0), is the value of the correlation function at zero. The system given by
equation (3.12) is excited by the random track input, which is a Gaussian white noise
process. Equation (3.11) is subjected to a single random track input which is applicable for a
two mass model. For a vertical side-view vehicle, the theory needs to be extended to include
a time delayed wheel input. This will be used in the Lyapunov equation to provide the

stationary state covariance matrix Py, of the system:

APy + P AT + B,yqy,BL = 0 (3.15)

where P,, is a positive definite square matrix, and is symmetric if B,,q,,Bl is symmetric.

The covariance of the output vector is given by:

By = CPuCT (3.16)

For the railway vehicle length and the travelling speed at v (m/s), there will be a time delay
due to the distance between the bogies and also between the front and rear suspension. The

detailed auto correlation function of the track inputs can be found in Pratt (1996).
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3.2.3 Time domain analysis

In time domain analysis, the r.m.s. of the vehicle model output signal responses is
investigated with respect to the track data recordings. The r.m.s. value for a given output can

be found using equation (3.17).

Yrms = VEI[ yz(t)] (3.17)

or approximately

(3.18)

yr.m.s ~

where 7 is the number of elements in the data sample.

To analyse the frequency information of the signal, the Fast Fourier Transform (FFT) can be
performed on the output response of the railway vehicle model by simulating it with the

track data.

Clearly, the accuracy of the r.m.s. value depends upon the available duration of track data
and the number of sample points n. The same applies if an FFT is performed; a sufficient
number of points should be used to reveal accurate information concerning the signal

frequency content.

The time analysis is the best solution when the model contains non-linearities. The frequency
domain and covariance analysis described in the previous two sections could only be used to

evaluate a vehicle with a linear state space format.

3.3 Modelling of a single railway vehicle

The dynamics of a real railway vehicle have significant nonlinearities which include the air
spring behaviour, damper blow offs, and bump stop contact. Many modes of the vehicle are

highly coupled which makes the vehicle dynamics very complex. The mathematical model

36



Assessment methods, model derivation and analysis of passive and active railway

vehicles

developed in this thesis is however linear and time-invariant. The real vehicle system
operates about a static equilibrium position and for small perturbations around this point.

This linear model can be used as a representation of the actual system.

Figure 3.1 shows the simplified mathematical model of the side-view railway vehicle, where
the development includes the vehicle body, two bogies and four sets of wheels connected by
relatively stiff primary vertical suspensions. The vehicle body and the two bogies each have
two degrees of freedom, i.e. bounce and pitch mode. The secondary suspension from the
bogies to the vehicle body is an air spring which consists of an air bag connected to a surge

reservoir through a restricting orifice (Williams (1986)).

In order to study the vehicle vibration characteristic, the equations of motion based on
Newton’s second law for each mass are formulated. The vehicle body is influenced by
passive secondary suspension components (springs and dampers) and by the active forces, f;
and f, , if active suspension is implemented, these forces being produced by the actuators.
The primary suspensions are influenced by both passive and active forces along with the
track inputs. Therefore to model this system, the forces acting on each mass can be used to

create the motion equation of each mass.

The passive side-view model has 18 states which includes four integrators to generate track

positions (zt11 Zt,, Zt,, Zt, 2) from track velocity inputs. The body and the two bogies each
have four states for the bouncing and pitching motions, and the air spring models have an

extra two states in order to describe the motions of the series spring-damper combinations.
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Figure 3.1: Side-view model of a single railway vehicle

From Figure 3.1, the displacements of the body at the front and rear secondary suspensions

are given by equations (3.19) and (3.20):

zp =2z, — 1, 0, (3.19)
and
Zr=2z,+ 1,0, (3.20)

where z¢ and z, are the vertical movement of the front and rear suspension, with &, as the
pitch angle.

Figure 3.2 shows the air spring representation used in the model. The air springs consist of
an air bag connected to a surge reservoir through a restricting orifice. This air spring model
is drawn from the work of Williams (1986), which was adapted from Oda and Nishimura
(1970), and is an acceptable representation of a conventional air spring dynamics with an

auxiliary reservoir.
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Figure 3.2: Air spring model

Equations (3.21) and (3.22) are the expressions of the internal dynamics of the front air
spring and the rear air spring which adapts to fit into the framework of the side-view model.
The change of area stiffness (k,), which is usually small, has been assumed to be almost zero.
The air spring mid-point mass, M, , is very small with respect to the rest of the vehicle
system. Setting this mass to zero will lead to modelling procedure breakdown. But, the
introduction of such a small mass can lead to simulation problems due to an imbalance in
mixture modes present in the system. Therefore the air spring equation can be re-written to

be placed in a state space model.

. 1 , ,
Zmpf = Wpf [crzbf + kezpp — Crzmpr — (ks + ke )Zmpr + ksZps + G2

ksli6y]

.. 1 . .
Zmpr = Wpr [Cerr + erbr — CrZmpr — (ks + kr)Zmpr + kstf - ksltgv] (3.22)

The passive air spring suspensions are restrained because they carry the weight of the
vehicle, and their characteristics have been left unchanged because of the emphasis on the

actuation control rather than on overall optimisation of the ride quality.

Applying Newton’s second law and using the static equilibrium position as the origin for
both the linear displacement of the centre of gravity, z,,, and the angular displacement of the

vehicle body, 8,,, the equations of motion for the system are formulated. The equation of
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motion for the bounce (balancing force in z direction) is given by equation (3.23), and the

motion for the pitch moment is shown in equation(3.24).

1
Z, = — (—Z(kS + ka)zy + kazpr + KaZimps + kaZpr + ksZmpr + f5 +

(3.23)
)

b, = i(kalvzbf + KslyZmps — KalpZpr — KslyZmpr — 2(ka+kg) 126, +
Lf — bLfy) (3.24)

The equations of the bounce and the pitch motion for the front and rear bogies are derived in

a similar manner as shown in equations (3.25)-(3.28).

The front bogie is given as:

. 1 .
Zyr = m—b [(ks + ka)Zv — (ka + ka)be — 2Cprf — kszmpf + (ks+ka)lv6v +

kpzii1 + cpzenn + kpziia + CpZirn — ffl (3.25)

.. 1 . . .
Oy = - [—2k, 120 — 2¢,130pF — CplyZens — kplyZens + CplyZens +
kplyZe1s] (3.26)

and the rear bogie is given as:

. 1
Zyr = - [(ks + ka)zy = (ka + 2kp) Zpr — 2¢p (ks +ka)lBy + kpZezz + (3.27)
CpZtaz — fr]

o 1 . . .
Gb‘r = E [_kallz;gbr - chllz;gbr + Cpl‘UZt'Zl + kplenl - Cplvztzz +

(3.28)
kpletZZ]
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Equations (3.19)-(3.28) describe the system shown in Figure 3.1, and can be arranged in a

state-space form for system analysis and further controller design:

X =Ax+ Bu+G{ (3.29)
y=Cx+Dgu+G( (3.30)

where the state vector, x, is:

X = [Zv Zy Zpf be Zyr Zpr Zmpf Zmpf 0, 6, Qbf Qbf Opr Opr Ztyy Zty, Zty, thz]

¢= [Zt11 Zt12 Zt21 thz] ’ (3.32)

. : T : .
The active force inputs are u = [ff fr] for the front and rear suspensions, and { contains the
four track inputs from the wheels in the front and rear bogies. The outputs of interest are the
car body accelerations to determine the ride quality and the secondary suspension

deflections, given by:

y=1[%, 0, Z Z zZp—zZy Zr—Zpr Zp—Zpr Zr —Zp | T (3.33)

The nominal values of the vehicle parameters and the state-space model for this vehicle are
extracted from a typical railway vehicle British Rail MK III coach (Williams (1986) ; Pratt
(1996)) and are as given in Appendix A and B.

3.4 Railway vehicle model verification and simulations

3.4.1 Eigenvalue analysis

The eigenvalue analysis of the modelled side-view passive railway vehicle is carried out

based upon the parameter values given in Appendix A. Table 3.1 tabulates the principal
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eigenvalues of the side-view railway vehicle. Inspection of the damping and frequencies of
the model shows similarity to the railway industry norms and also as compared to Williams

(1986).

Table 3.1: Eigenvalues of the railway vehicle model

Model Eigenvalue Damping Freq(Hz)
Body Bounce -0.61 £ 4.281 0.14 0.68
Body Pitch -0.91 £5.241 0.17 0.84
Front bogie Bounce -21.60 £ 63.101 0.32 10.6
Front Bogie Pitch -39.60 + 78.40i 0.45 13.97
Rear Bogie Bounce -21.60 + 63.101 0.32 10.6
Rear Bogie Pitch -39.60 £+ 78.401 0.45 13.97

3.4.2 Step responses

The vehicle model was verified by using sample step responses. The track velocity inputs,
are given a pulse height of 0.01 m/s for 0.3s, corresponding to a 3mm increase in the track
position. The delays between the wheelsets and bogies are given as 0.35s and 1 sec
respectively as a test of the suspension performance response towards a given input. The
actual time delays between the wheels in the same bogies are 2. [, /v, and the delays between
bogies are 2.1,/v where v is the speed of the vehicle. Figure 3.4 gives the acceleration and
displacement of the suspension, where it is shown that the steady state of the acceleration
falls to zero and the steady state displacement of the car body and the two bogies increases to

3mm, i.e. the bogies and body follow the track position.
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The verification of the vehicle model using the eigenvalue and step response analysis on the

passive model provides a confidence level on the accuracy of the system. In the next section

this model will be extended to implement active control for the secondary suspension.

m/s

Figure 3.4: Vehicle body accelerations response to step track input

Acceleration m/s’

0.015 T T T I
— Bogie 1 - wheel 1
— Bogie 1 - wheel 2
—Bogie 2 - wheel 1
— Bogie 2 - wheel 2
001 P —— -
0.005F B
00 I2 :1 6 EI! 10
Time(s)
Figure 3.3: Step track inputs
0.04 T I
—Centre
003- — Front
Rear
002 e S Y |
001 ...................................... -
. AL~
00 b 4
-0.02 .
-0.03 : R
-0.04 i i i i
0 2 4 6 8 10
Time(s)

43



Assessment methods, model derivation and analysis of passive and active railway

vehicles

3.4.3 Ride acceleration analysis

The vertical acceleration of the vehicle body is analysed using the root means square (r.m.s.)
values to evaluate the ride quality. The random track as described in Section 3.2.3 is used to
quantify the ride quality by measuring the r.m.s. acceleration levels experienced by the

vehicle body. The passive suspension r.m.s values are listed in Table 3.2.

Table 3.2: R.m.s. results for the passive vehicle

Front Centre Rear
Acceleration (%g) 3.648 1.614 4.195
Deflection (mm) 12.3 / 9.1

3.5 Ideal active secondary suspension

Active control for the railway secondary suspension is used to isolate the vehicle body from
the harshness of the track irregularities. Superior performance is achievable with active
suspension compared to the passive which is highly dependable on the variation of the
passive spring and dampers. Active suspension provides a much improved performance in
terms of ride quality, or a satisfactory ride quality on a less well aligned track. In the second
case the improvement makes the system much more cost beneficial to the rolling stock

industry as the track maintenance cost can be reduced (Goodall and Mei (2006)).

Isolating the vehicle body from the vibration caused by the track irregularities method falls
into three categories: adaptive passive, semi-active and fully active. Among the three
methods, the fully active provides superior performance. A fully active suspension includes
selecting suitable actuators and sensors, power requirements, closed loop performance,
robustness and potential failure. This additional element in the suspension makes the system
more complex but provides a better performance, which is either impossible or extremely

difficult for a passive suspension to achieve.
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A general scheme of active suspension is illustrated in Figure 3.5. From here it can be seen
that the input and output relationship is provided by the suspension, and is dependent upon
the configurations of the sensors and actuators and also upon the control strategy applied.
This is in contrast to the passive suspension, for which the input and output relationship is
determined solely on the passive components and also the geometrical arrangement of the

vehicle.

Active control for secondary suspension can be used for the various directions in a number
of possible configurations. This of course will affect the corresponding mode of the direction

(i.e. vertical —pitch, lateral-yaw, roll-tilt).

Outputs:

Suspension
Control Strategy
Accelerations

Vehicle Dynamics Velocities

Forces
displacements

Track irregularities

.

Figure 3.5 : Active suspension configuration

Active control with “skyhook damping” is known to provide an excellent capability for
active secondary suspension. The principle, which comes from the work of Karnopp in the
1970s, introduces a suspension force proportional to the absolute vertical velocity of the

vehicle body as in Figure 3.6, as a replacement for, or together with, a passive damper.

Couy
_L Zn M Vehicle
body
k I::l c
_L Z Random track

Figure 3.6: Skyhook damping
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This strategy introduces a force proportional to the relative velocity across the suspension.
The control action of the skyhook damper is dependent on the absolute velocity of the

vehicle body, Z,:

fact = _Cskyzb (3.34)

where f.; is the control force or the actuator force and cgyy, is the skyhook damping gain.
The damper connected to the absolute reference is a purely fictional configuration. This is
because the absolute velocity is not practically measurable. Therefore it should be translated
by integrating the accelerometer signal. The integrator is normally combined with a high-
pass filter to form a “self-zeroing integrator”, where the self-zeroing effect helps to minimise

the problem of suspension deflection on gradients (Goodall and Speedie (2009)).

Accelerometer

Y

Integrator — High pass filter = Skyhook damper, Cgy — A?;I::éor

Figure 3.7: Practical skyhook implementation
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Figure 3.8 : Basic translated skyhook control
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Figure 3.8 illustrates the active concept for a conventional actuator in the secondary
suspension. In practice, the acceleration (Z,) of the vehicle body is measured above each
bogie and integrated to derive the absolute velocity, (Z,). A second order Butterworth high-
pass filter (HPF) is chosen as in equation (3.35).

s/w?

3.35
s?2/w? + 2{ws + 1 (335)

1
— X HPF =
S

A cut off frequency, w, of 0.1Hz, and a damping ratio of 0.7 is applied to the control
strategy. Then the velocity is amplified with the skyhook damping, cgy,, of 65kN/ms™ |
which then provides the “idealised” active force demand for the idealised or real actuator.
Ideal values for the acceleration, velocity and force can be obtained with this active

suspension configuration to derive the actuator parameters.

For the vertical side-view vehicle, the “/ocal” or practical active secondary suspension
control is included in this study. Another skyhook damping principle, the “modal control”, is
also adapted to manage different modes of the system which also enables different damping

rates to be provided for the bounce and pitch modes.
3.5.1 Local skyhook control

The local control strategy with the skyhook damping for the side-view vehicle is a matter of

appending the active control strategy to each end of the vehicle as illustrated in Figure 3.9.

The structure has the accelerometers above the secondary suspension at the front and rear of
the vehicle to measure the accelerations, (Zf) and (Z.). The control demand, f; and f,.,
produced by the front and rear local control is fed into the corresponding actuator (ideal or

real) which is physically placed in-between the vehicle body and the bogie.
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Figure 3.9: Local skyhook control strategy
The actuator forces for both sides are:
fr = —CspZf (3.36)
and
fr = —Csry (3.37)

where z; and z, can be inferred from equations (3.19) and (3.20). Including equations (3.36)
and (3.37) into (3.25) and (3.26) produces the following equations:

.. 1
Z, = — (—Z(ks —ko)zy, + kozps + kaZmps + kaZpy + ksZmpr — (csf +

CST)ZU - (Csf + Csr)lvév) (338)
.. 1
01; = E (—stlvzu - kalvzbf - kslempf + kalvzbr + kSlVZmpr — Z(kalgev +

ksly0y) + (Csf + Csr)lvz 9"’ - (CSf + Csr)ZVIV) (3.39)
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From (3.38) and (3.39), it shown that the simplest choice about the system is to select
Csf = Cr to leave the modes uncoupled. The leaves the system configured in a manner
similar to the passive, only with the advantage of the skyhook configuration which will be

shown in Section 3.6.2.

3.5.2 Modal control

Modal control strategy is an extension strategy of the skyhook control strategy. This strategy
works on the basis of the system modes being managed individually. The system
measurements are decomposed individually and recombined to drive the actuators. The

structure of the whole control system is shown in Figure 3.10.

Again there are accelerometers above the secondary suspension at the front and rear of the

vehicle to measure the accelerations, (Z¢) and (Z.), whereas the control demands, fr and

f- , have been generated via the decomposition into modal components.

Railway Vehicle .
fr Dynamics 4

Modal Control Strategy

Zy
~Cab |<— HPF* 1/s
| I P
|

e

Figure 3.10 : Modal control strategy for the vertical side-view model

49



Assessment methods, model derivation and analysis of passive and active railway

vehicles

Building up the relationship between the bounce and pitch accelerations with equations

(3.19) and (3.20), the bounce and pitch modes are derived by:

5= L (3.40)
2
. Zp— I (3.41)
0, =——
2L,
and between the body velocities and actuator forces are:
fr = —Cspzy + LyCsp0y (3.42)
fr = —CspZy — lvcspév (3.43)

where cg, is the skyhook damper constant for the bounce mode, and cg, is for the pitch.

Implementing equations (3.42) and (3.43) into (3.23) and (3.24) results in:
.. 1 '
Z, = m—v(—Z(ks —ka)zy, + kazps + kaZmps + kaZpr + KsZmpr — 2CspZy,) (3.44)

. 1
01} = E (_stlvzv - kalvzbf - kSlUZmPf + kalyzbr + kslvzmpr - Z(kalgev ’ (3.45)
ksl26,) — 21, ¢4, 6,)

From the derived equations (3.44) and (3.45), it clearly shows that the system has become
completely uncoupled, and it is possible to apply different levels of control in particular to

provide additional design possibilities for the active system. The choice of the cut off
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frequency is carried out in a similar way to the local skyhook configuration, and the
following damper rates of ¢y, =80 kN/ms~! and csp = 100 kN /ms~1 satisfy the

damping ratio of 0.7.

3.6 Results and analysis

3.6.1 Ride quality analysis

The performance of the vehicle model has been assessed for random track inputs as
described in Section 3.1.1 for a travel speed of 55m/s. The root mean square (r.m.s.) values
of the vertical acceleration of the vehicle body are used to evaluate the ride quality. All the
accelerations are expressed in % g, the forces in kN and the suspension deflections in mm
responding to the stochastic inputs. The ride quality of the passive vehicle model and the
active suspensions are tabulated in Table 3.3. These results provide a benchmark for both the
performance of the passive system and the performance with idealised actuators, against

which the real actuator controller strategies can be assessed.

Table 3.3 : R.m.s results

Suspension

Accelerations (%g) Deflections (mm) Force (kN)

Front Centre Rear Front Rear Front Rear
Passive 3.648 1.614 4.195 12.3 9.1 / /
Ideal (Local) 1.683 1.048 1.831 10.3 11.0 2.183 2.500
Ideal (Modal) 1.371 0.869 1.540 8.4 11.1 1.948 2.879
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3.6.2 Frequency Analysis

The frequency analysis in Section 3.2.1 is implemented to the side-view vehicle taking
account of the time delays. The body accelerations and suspension deflections in general are

evaluated using equations (3.46) and (3.47):

Fripg = j fo \Hauos 2f D28 (F)df (3.46)

ZpEFL = \]-fo |Hppr, Rrefj)12Sr(f)df (3.47)

These equations will be used throughout the thesis for the vehicle model being developed,
and onwards when the “ideal” and “real” actuators for active suspension will be discussed.
Extension of equations (3.46) and (3.47) for the railway vehicle should include delays of the
wheelset inputs. Although the wheelset inputs have the same input profile, it is however time
delayed accordingly based upon the vehicle speed and also the vehicle geometry. The delays

for a single rail vehicle with two bogies and four wheelsets are described in equation (3.48).

¢(s)

6_5211’/”((5)

{(s) = (3.48)
6_521”/17{(5)

_8_5(21b+21")/v{(5)_
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The time delayed inputs in (3.48) and the state space model of the railway vehicle need to be
combined to evaluate the ride quality and the suspension deflection for the side-view vertical

train mode.

The p.s.d.s for the front, centre and rear accelerations of the vehicle with respect to the
stochastic inputs are shown in Figures 3.11, 3.12, 3.13, respectively. The frequency
responses between the wheelset vertical velocity input (Z;1; — Z42,) and the body
accelerations (Zf, Z., Z,) and also the suspension deflections (Zf, ZT) can be derived

together with the track p.s.d. given by equation (3.8).

The p.s.d.s of the front and rear accelerations show the effectiveness of the active suspension
strategies, which have reduced the peak at around 1Hz and have also improved the ride
quality. The modal control strategy has resulted in better control for the overall system in
terms of keeping the ride quality within 1%g and also keeping the ideal actuator force lower

compared to the local strategy.

Acceleration PSD :Front
10 T T
Passive Passive
/ ——-Local
Local [ Modal

10’

Frequency(Hz)

10

Figure 3.11 : Side-view model p.s.d.s — Front acceleration
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Figure 3.12: Side-view model p.s.d.s - Centre acceleration
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Figure 3.13: Side-view model p.s.d.s — Rear acceleration
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3.7 Summary

This chapter introduced the representation of the random track input that is used in this thesis
for assessing the vertical ride performance of the railway vehicle on a straight track. These
techniques will be used in the following chapters to calculate the signals of interest in terms
of frequency response analysis and also the calculation of the r.m.s. values. A side-view
model vehicle has also been developed. Although there are significant non-linearities, a
linear model has been considered because the system operates around a static equilibrium
point which is used to develop a linear model. The model has been verified by checking the
eigenvalues of the system and also for its step input response. This chapter has also
introduced active control strategies based upon skyhook control strategies to eliminate the
trade-off between resonance control and high frequency. The skyhook damping
configuration, or absolute damping, involves a virtual damper connected to an inertial
reference in the sky. This strategy has been translated to suit the application since pure
skyhook damping is not possible. An accelerometer plus integrator is needed to derive the
absolute velocity, although to overcome a long-term drift in the integrator, a high-pass filter
has been introduced, which also reduces the size of deterministic deflection (which is not

discussed in this thesis).

From this basic strategy, two different control strategies have been considered (local and
modal) and applied. The introductions of these strategies and the results obtained have
shown improvement in the suspension analysis which is not possible with the passive. The
modal skyhook damping with the high-pass filter is the best configuration for the active
system, giving a ride quality around 1% g and keeping the deflection upon stochastic input

lower compare to the passive and local skyhook strategy.
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Chapter 4

Optimisation of Actuator Control

This chapter contributes to the early stage of the thesis objectives which are to improve an
actuated active suspension performance in the effort to achieve an almost ideal performance.
Focus in this chapter will be on improving and applying corrective actions to the actuators in
the suspension. This involves modelling, parameter selection and controlling the actuator
according to the ideal suspension requirement. The actuator dynamics in the suspension are
taken into consideration as part of the suspension performance analysis, where the actuators
are placed within the secondary suspension, in parallel to the passive elements. Linearised
representations of the selected actuators are used to match the real actuator behaviour.
Although there are actuator non-linearities, it is usual to design with linear models in order
to reflect the dynamic effects. The attention will be focused on the performance in
comparison with the ideal performance at frequencies above SHz with the assumption that
the low frequency response will remain satisfactory. Two methods to enhance the actuators’
performance using the Genetic Algorithm are performed and this is followed by a 3Hz
analysis of both actuators for a better understanding of the actuators’ behaviour in the

suspension.
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4.1 Introduction

The actuator is an essential component of any active suspension and its performance has a
significant impact on the overall success of an active suspension implementation. The ideal
actuation which has been described in the previous chapter produces any amount of force
required from it instantly, regardless of its movement in the suspension. An active
suspension application is impossible to achieve without the use of real actuators. Practically,
an actuator has to be fitted as a force generating device for the active suspension system.
Designing the actuator is particularly difficult for an active suspension system and is not as
straightforward as an actuator design in general. Therefore it is crucial to design the actuator

from the active suspension perspective to approach the ideal performance.

It has been highlighted earlier that the actuators in the suspension suffer losses through their
inefficiencies, which will limit the dynamic performance and in turn this places significant

impact on the overall success of the active suspension implementation.

As a starting point, a classical force control loop is designed for the actuators and tested
independently to check the actuator validity before being placed in the suspension. The
performance of the active suspension considering the actuators with the interaction of the
vehicle internal dynamics is highlighted. A corrective action is applied to the system and an
optimisation technique is introduced. A consideration of the controller optimisation,
including the actuator stiffness, is also presented. Finally an analysis at 3Hz for the actuators
in the suspension is presented to determine the common issues for the actuators in the
suspension, which will be given further attention in the coming chapters. The outline design
and a dynamic model of the actuator developed for railway active suspension is illustrated in
the simple flow chart as in Figure 4.1. The actuators parameter selection, basic control and
the impact of the internal dynamic behaviour on the active suspension as a whole are all

discussed in the following subsections.

57



Optimisation of actuator control

{ Using ideal conditions )

e Ajf Define actuator W

requirements

~
Outline actuator design

k_____L;__

& N

Place parameters in
actuator model J

Force loop control of \
actuator

Independent )

Controlled actuator
placed in quartercar
suspension

/Remning the controlled
actuator H“‘jjj;_,,,,... 777777

In the suspension

‘ Actuator controller L}_, B e -
parameter optimisation

Assessment in full vehicle
model

Figure 4.1 : Actuator modelling and assessment process

4.2  Selection of actuators for active suspension

Actuator implementation in an active suspension system has a significant impact on the
overall success of the active suspension. As a force generating device, the actuator serves as
an essential component of any active suspension. Studies by (Goodall, et al. (1993)) showed
the overall success of the actuator in an active suspension compared with the passive

suspension performance.

An actuator implementing an active suspension function would need to provide negligible
force at these higher frequencies, while at the same time being susceptible to fluctuation in
the displacement across the actuator, a role which many actuator technologies cannot readily
accommodate (Pratt (1996)). As highlighted in Chapter 1, actuators placed in the secondary
suspension as a replacement to the passive suspension makes the suspension behaviour
completely controlled via active means. Although desirable, in practice it would be

beneficial if the actuator is placed in parallel with the passive components. This arrangement
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reduces the actuator size, while the passive component provides the constant force

supporting the vehicle body mass in the vertical direction.

Figure 4.2 illustrates the basic model structure in which the input is the actuator input (here a
voltage for the actuator) and the output is a force which is applied to the load (in this case a
railway vehicle model). The actuator movement or the actuator velocity is essentially a
“physical feedback”; it is determined by the effects of the actuator force (plus any external
disturbances) upon the load and therefore cannot be deduced internally to the actuator itself.
This brief illustration describes the complexity of the system which cannot be simply
represented as an application-independent transfer function between the inputs and outputs
of the actuator; this is the approach that is commonly used but is particularly inappropriate

for an active suspension.

Actuator velocity

Y

Volt '
F
—3| Actuator model orce | Vehicle

Figure 4.2 : Force controlled actuator scheme

There are three types of actuator technology that have been noted to be suitable for railway
active suspension applications, some of which are readily available on active suspension test
vehicles, and others which have been considered as possibilities. These actuators are the
electrohydraulic, the electromechanical and the electromagnetic actuator. There are other
actuation methods that have been taken into consideration; however most of them have their
own drawbacks such as short stroke. These are still under development, which may lead to

suitable active suspensions devices (Pratt (1996) ; Foo and Goodall (1998) ; Orvnas (2008)).

The selection of the actuator should be made by taking into consideration the possible
benefits it would provide, which normally includes several main points. The logistics of
selecting an actuator involve the maintainability and reliability of the selected technology,

where the maintainability of an actuator is an important property. A complicated, difficult to
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maintain actuator is likely to create problems, and will not be easy to manage, which would
incur more cost. It is also important that active suspensions have a very good reliability and
that the possibility of any failure lies within the capabilities of an appropriate maintenance

programme.

The force to size ratio is also an important selection criteria for the actuator. The achievable
force control bandwidth of an actuator is an understated issue in active suspensions and is
frequently the reason behind the overly optimistic theoretical predictions of performance
when compared with experimental assessments. An actuator is required to control the
dynamic modes of the vehicle, which depends on the achievable force control bandwidth of
the actuator. The force to size ratio for each of the actuators needs to be addressed to ensure
that an actuator which is sized to provide the active suspension force and power level can fit
within the confined space available between the body and the bogie. .While the performance
of the actuator is important, the cost of each of the actuators must be considered due to the
number of actuators required on a train to avoid significant cost increase over the existing

rolling stock.

These properties are important in the context of an active railway suspension; other
properties such as their cleanliness, noise production and hazardous nature have been
omitted since it is assumed that these problems may be eliminated through the design of self-

contained actuator units.

As the railway vehicles are designed to be compact, the selection of actuators is also limited.
Electromechanical and electrohydraulic actuators are among the most suitable actuators used
for active suspensions. For active suspension actuator control research, these two actuators
are chosen due to the limited space available across the secondary suspension and the
vehicle body. These actuators have also been used actively in the research of active

suspensions.

60



Optimisation of actuator control

4.3 Actuator modelling

4.3.1 Electromechanical actuator

The structure of the electromechanical actuator that is being used in this thesis is relatively
simple, and it is easy to control. The electro-mechanical actuator used in this study has an
electric motor driving a screw, where the rotary motion is converted to linear force through a
highly efficient nut connected to the component to be driven. This arrangement normally has
good reliability and efficiency excitation due to the armature of the motors. The input to the
actuator is the armature voltage with a force output applied to the railway vehicle model as
the load. For the active suspension application, there is however a physical feedback from
the system into the actuator, i.e. the actuator movement across the suspension which will be

discussed much later in this chapter.

Figure 4.3 illustrates the simpler version of the actuator. In practice, more complex
arrangements such as the 'roller-nut' or 'recirculating ball screw' are generally used. 'Roller-
nut' type actuators are similar to this construction only without an outer screw, but rather
involve a planetary system which contains a series of rollers running along the main thread.
Meanwhile, the 'recirculating-ball screw' mechanisms are different as they consist of a
central pre-stressed screw thread which will cause the threads to form a race on which the
ball bearing runs. However, the model used in this thesis is dynamically similar to these
devices; the representation of the 'gearing' during rotary to linear motion conversion is

described by this arrangement.

The equivalent schematic representation of the actuator is shown in Figure 4.4. While the
motor turns, the compression of the screw generates force. A rigid conversion from the
rotary to linear motion is produced through the ‘gearing’ motion. The stiffness and screw
damping is represented by the springs and the damper on the right side of the figure.
Although the screw thread will be stiff; it still possesses a finite stiffness and damping.
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Figure 4.3 : Electromechanical actuator
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Figure 4.4 : Equivalent electromechanical actuator

The actuator is a combination of an electrical sub-system which is the motor, and a
mechanical sub-system. A common actuator in control systems is the DC motor which
directly provides rotary motion. The electric circuit of the armature and the rotor, where e is

the back e.m.f. produced by the rotation of the motor, is shown in Figure 4.5.

Rarm Larm

— ANN——Y
v D Je

Figure 4.5 : DC motor equivalent circuit
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From the dc motor equivalent circuit, the motor model is derived as in equations (4.1)-(4.3).

i
Vm = Rarm-ia + Larm d—; +e 4.1)
t, = Ki, (4.2)
e=K,b,, (4.3)

The linear model of the DC motor is illustrated in Figure 4.6. The electrical time constant is
taken into account in this equation; Ry, and Lg., being the winding resistance and
inductance respectively. 6,,, is the angular rotation of the motor and v, is the applied motor
voltage. The torque t,, is generated by the motor. Meanwhile K; and K, are the motor torque
constant and the back-e.m.f. gain respectively. The combination of these equations produces

the torque generated by the electric motor which is shown in equation (4.4):

[ (4.4)

The mechanical inertia, J,,, and the inherent damping, C,, , with [ being the screw pitch
obtained from the dc motor rotary to linear “gearing”, n are accounted by the dynamic

equation (4.5):

_tm Cny  kmel k. 12 (4.5)
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Figure 4.6: Linear model of the DC motor

A full schematic of the actuator is shown in Figure 4.7. The interconnected system of
masses, dampers, and springs is represented by the equation (4.6), and m, being the mass of

the screw thread:

— (ks + k) Cs . Cs . k k.l
=#xm__sxm+m_sxact_ﬁsxact_ngm (4.6)

ve m
mS mS S S S

The force developed by this system is due to the compression of the lead screw and is given

by the equation (4.7):

fact = ksXm + Xy — KsXqer — CsXact 4.7)

The state equation (4.8) and the output equation (4.9) are the combination of equations (4.1)-
(4.7) and are the representation of an electromechanical actuator. The motor voltage, v, and

the actuator extension, X,.;, are the system inputs, and the output is the actuator force, f, .
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4.3.2 Electrohydraulic actuator

The hydraulic actuator in this research would be regarded as an electrohydraulic actuator,
although there is only a small distinction between this and the servohydraulic actuator. An
electrohydraulic actuation is a combination of the electrical and the hydraulic which will
then generate force. The electrical component delivers the primary stage of actuation, which
is provided by a torque motor. The motor provides a torque proportional to the current

delivered to it, and has a limited angle of movement.

The secondary hydraulic stage consists of a hydraulic cylinder connected to a hydraulic
pressure via a throttling spool valve. The spool valve is spring loaded and actuated by the
torque motor. Controlled oil flows into the cylinder to generate pressure and hence the

output force because of the relative in-compressibility of the hydraulic oil.

For modelling purposes, segregation between the electrical and hydraulic parts of the
actuator is made. The link between both is made though the positioning of the servo valve.
The hydraulic aspects of the modelling procedure are shown as below, followed by the
electrical subsystem. This model is a linearised model which incorporates the valve

dynamics, oil bulk modulus and damping effects.

The actuator generates force by compression of the hydraulic fluid on either side of the
cylinder. Compression or de-compression of the cylinder chamber is achieved via a throttled
connection to either a hydraulic power supply or to tank pressure. Figure 4.8 shows the

structure of an electrohydraulic actuator.
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Figure 4.8 : Electrohydraulic actuator model

Assuming the torque motor, having a current of i, drives the spool, then the simplified form

of this equation is given as in (4.10), where k, is the gain of the servo-valve drive amplifier:

i=kyXv (4.10)

The valve flow equation is given as:

Qy=kq xi (4.11)

where kg is the valve gain. The cross-port leakage flow, Q; is defined as below:

Ql — kl <koil(x6j4_ xact)) (4.12)

Where x, is the original position of the actuator and x,.; is the actuator extension. k,;; and
k; are the oil column stiffness and the leakage gain respectively. The flow that moves the

actuator is given by equation (4.13) :

(4.13)

67



Optimisation of actuator control

Where Q, is the total oil flow through the actuator which is define by the equation below:

Q- =0 (4.14)

In most physical systems the servo valve is not the main component, therefore it is best to
represent it in the simplified form of the relatively low frequency spectrum (Foo (2000)).
The transfer function of the servo valve and torque motor are described as in equation

(4.15):

= ko1 (4.15)
xv_52+2(a)s+w2 '

where w is the servo valve frequency in rad/s and { is the damping ratio. Figure 4.9 is the
linearised model of a servo-hydraulic element, incorporating valve dynamics, oil bulk
modulus and damping effects (Neal (1974)) . The linearised model of this actuator is made

with the assumption that the flow of fluid is proportional to the supplied current.

The state equation (4.16) and the output equation (4.17) are the combination of equations
(4.10) to (4.15), which together represent an electrohydraulic actuator. The servo valve
voltage, v and the actuator extension velocity, X, are the system inputs, and the output is

the actuator force f,¢.
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Figure 4.9 : Linearised model of an electrohydraulic actuator

4.4  Actuator outline design

From the idealised actuator in Chapter 3 the appropriate parameters (i.e. sizes, ratings) for

the desired actuator can be obtained. The idealised actuator provides the information

concerning the speed, acceleration and force level of the suspension. The outline design for

the actuator was made based on the quarter vehicle active suspension, in order to reduce the

complication of including the pitch mode.

Table 4.1 shows the r.m.s. values obtained from an idealised actuator from the quarter rail

vehicle active suspension as shown previously in Figure 3.8. The maximum values used are

69



Optimisation of actuator control

three times the r.m.s. value, which is a common design criterion when dealing with random
track inputs. During the operation of an active suspension on a railway vehicle, an actuator
may need to provide a stroke capability of at least +80mm, which is within the capabilities

of both the electromechanical can electrohydraulic actuators (Pratt (1993)).

Table 4.1: R.m.s. and maximum values for ideal actuators based on stochastic input

R.m.s Max Unit

Actuator acceleration 0.167 0.502 ms™
Actuator velocity 0.027 0.083 ms’
Actuator force 1.72 5.15 kN

4.4.1 Outline design of the electromechanical actuator

Calculation of the actuator parameters begins with an assumption of a typical maximum
linear motor speed of 3000 RPM. Then it is possible to determine the screw pitch and the
gear ratio. The motor torque may be evaluated from the maximum force and the recently
derived screw pitch. From the speed and torque evaluation, the rated motor power and peak
torque are obtained. An appropriate motor may then be selected fulfilling the torque and
power requirements. The motor's characteristics, which are the armature resistance and
armature inductance, may be found in the manufacturer's data. Detailed calculations are as

follows:

21
Omax = g5 X 3000 rad/ (4.18)

Derivations of the screw parameters are given by the following equations.

The screw gear ratio is given by:
n = 2mex rad/ (4.19)

vm ax

= 3340 rad/m
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The screw pitch is given by:

l:; m/rad

(4.20)
— -3 m
=091 x 10 /r ad
The derivation of the motor rating is given below.
The rated torque is given by:
_ Frms _
Trms = T = 0.515Nm (421)

The maximum force requirement produces a corresponding maximum motor torque,

assuming a lossless screw:

Fmax

= 1.542Nm (4.22)

Thax =

Using this information, a suitable motor is chosen since the maximum speed and torque are
all known and give the motor inertia, torque constant, etc. The TC70650 series motor is
chosen to give the appropriate motor specifications such as the motor inertia, motor
damping, terminal resistance and the winding inductance. The parameters' values are listed
in Table 4.2, where the motor parameters are provided by Motor Technology Ltd, and other

typical mechanical parameters are derived from Pratt's thesis (1996).
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Table 4.2: Parameters for the electromechanical actuator

Parameter Symbol Value
Motor torque constant k, 0.76 Nm/A
Motor back-emf gain k, 0.4393 V/rads™
Winding inductance Lo 4.2 mH
Winding resistance R 0.46 Q
Motor inertia I 2.9 %103 kgm2
Motor friction Cy 795.8x10°° Nmrads™
Motor series stiffness Koo 1 x 10" Nm!
Screw pitch / 0.91 x 10° mrad™
Screw mass My 2 kg
Screw stiffness ky 2 x 10° Nm™
Screw damping Cs 4 x10° Nsm”

4.4.2 Qutline design of the electrohydraulic actuator

The hydraulic power pack is assumed to be a typical value of 3000 psi, and it is normal for
the actuator to supply a maximum force at 2/3 of the maximum pressure, which gives a good
operating band allowing for a suitable pressure drop across the valve at maximum flow, and
from there the actuator cross-sectional area may be derived. The flow rating for the servo

valve is obtained from the velocity requirement and the derived actuator area.

Assuming a £25mA control input, where the flow or current constant, k, , can be obtained
from equation (4.10) and the servo valve flow gain equation (4.11). k, would be obtained

from the linearised flow characteristic of the valve.

Values for the oil stiffness (B,,) are obtained from the compressibility of the hydraulic oil.
An assumption of the supply pressure and the spool mass are made, and given in the

following equations.
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The area of the actuator force is:

Fmax

A =
¢~ 0.67P,

=3.372 x 10~*m? (4.23)

where P; is the supply pressure and F,,,, is the maximum force.

Obtaining the area of the actuator force A., and knowing the maximum ideal actuator

velocity, the maximum flow rate is calculated:

Qr = A¢.Vpax = 2.792 X 1075 m3 /s (4.24)

The valve gain, kg, is then calculated from the valve flow rate and also the rated current:

kg = % = 1.24 x 1073m3/s/A (4.25)

Given that the typical maximum frequency is 100Hz for the servo valve, with a 40%

damping Foo (2000), this gives a transfer function as follows:

by (628.32)2
52 +502.665 + (628.32)2

(4.26)

The actuator parameters' values for this actuator are listed in Table 4.3.
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Table 4.3: Electrohydraulic actuator parameters

Parameter Symbol Value
Amplifier gain ka 2.5%x107 A/V
Valve gain k, 1.24x107 m’/s/A
Leakage gain ki 1.48x10*m’s/Nm
Cross sectional area of cylinder A, 3.372x10™m?
Bulk modulus B, 1.7x10° N/m’
Length L 0.140m
Oil column stiffness Kot 8.19 x10° N/m
Damping of the servo valve ¢ 0.4
Servo valve frequency , 628.32 rad/s

4.5 Initial force loop design of the actuator

The structure of the force tracking control of the actuator is shown in Figure 4.11. A

standard force loop control is used for both actuators with a consideration of Proportional

plus Phase Advance control, and then tuned to obtain high closed loop bandwidth and a

good low frequency tracking.

Here the inner loop controller is designed without connecting to the railway vehicle

suspension, and the actuator velocity ‘feedback’, x,.; is set to zero, i.e. the actuator is

effectively locked. Thus, a very high bandwidth is expected. The controller parameters were

tuned to achieve a reasonable phase and gain margin in the force loop. A fair comparison is

made between the two actuators because the aim is to achieve the best performance while

maintaining stability using similar controllers. The stability has been assessed on the basis of

the open loop frequency response of the actuators using a Nichols chart.
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Figure 4.10: Actuator force control

functionality as a replacement of the force signal from the active suspension controller. This
is done purposely to validate the actuator before being placed in the suspension. Once the
actuator is placed in the suspension, in a real application, the force command is produced by

an active suspension controller in response to the excitation from the track.

4.5.1 FElectromechanical actuator

After the electromechanical actuator has been modelled, a compensator is designed based on
the open-loop force response. The controllers are tuned to give a stable gain and phase
margin. The Nichols chart of the uncompensated electromechanical actuator from voltage

input to force output is plotted in Figure 4.11, which shows that the system is unstable.

A force control loop using the classical Proportional Integral plus Phase Advance is
designed to tune the actuator to achieve a gain margin of 14.8 dB, and a phase margin of
44.6 degree in the force loop as shown by the Nichols chart of Figure 4.12 with a bandwidth

of 31 Hz. The controller equation for this actuator is formulated in equation (4.27):

_0.0398(1 + 0.3s)(1 + 0.00865)
€ 0.3s(1 + 0.0011s)

4.27)
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Figure 4.11 : Open loop uncompensated electromechanical actuator

Nichols Chart
40

30

20f ¢

g

c

‘s

a

o A
T KT I A O A
8 Bdeg.
$ . Gain Margin= 14.8dB
o

o]

_ Bandwidth=31Hz  IB;

Y L, o
-270 -225 -180 -135 -a0 -45 0
Open-Loop Phase (deg)

315

Figure 4.12: Open loop of controlled electromechanical actuator
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The above controller was designed assuming the velocity input to be zero. However, the
actuator in practice is connected to the secondary suspension, and the velocity input at the
extension of the actuator affects the overall performance of the system which will change the
actuator bandwidth and also restrict the actuator movement. This will be shown in
Section 4.6 where the difficulty in controlling the actuator is demonstrated. It will also be
seen that even though the vehicle modes are below 20Hz, the controlled actuator in the
suspension does not perform very well in the active suspension environment above SHz. For
this classical control strategy, the performance becomes worse when the actuator is applied

in the side-view model.

Figure 4.13 shows the time response of the closed-loop electromechanical actuator to a

square-wave force demand of 1kN at 10Hz.
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Figure 4.13: Force following of the closed-loop electromechanical actuator
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4.5.2 Electrohydraulic actuator

The Nichols chart given in Figure 4.14 shows the uncompensated actuator. The

electrohydraulic actuator voltage input to force output plot shows that the system is unstable.

The same type of controller is used to fulfil the task of giving an acceptable phase and gain
margin of 58 degree and 13.2 dB respectively, with a bandwidth of 38.7 Hz (Figure 4.15).

The controller for this actuator is as given in equation (4.28):

_0.0003(1 +0.0014s)(1 + 0.0113s)
€ 0.0014s(1 + 0.00225)

(4.28)

The bandwidth achieved is slightly lower than the electromechanical actuator, however it
would still be high for the active suspension application. Again it is found important to be
able to find the controller parameters which will satisfy the actuator validation test, and as
before, in the time domain it is necessary to look at the response of the actuator towards a

‘square wave’ demand input of 1kN at 10Hz as shown in Figure 4.16.

Nichols Chart

Open-Loop Gain (dB)

VT3] R i B : i o i i
-gﬁﬂ -315 -270 -225 -180 -135 -90 -45 0
Open-Loop Phase (deg)

Figure 4.14: Open loop uncompensated electrohydraulic actuator
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Figure 4.15: Open loop of controlled electrohydraulic actuator
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Figure 4.16: Force following of the closed-loop electrohydraulic actuator
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4.6 Actuator performance in quarter car railway vehicle

suspension

The validation carried out in Section 4.5 is solely to assess the actuator validity where the
actuator velocity is set to zero. It has been noticed that if it is placed directly into the
suspension system, instant degradation will be visible as the overall actuator bandwidth will
decrease and the stability margin of the actuator will reduce; this has been highlighted earlier
by (Goodall, et al. (1993) ; Md Yusof, et al. (2010)). Therefore it is important to revisit the
actuator controller parameter tuning, taking into consideration the interaction between both

model dynamics.

The difficulty of including a real actuator can be illustrated using the scheme of a force
controlled actuator as shown in Figure 4.17, where the actuators are placed in parallel to the
passive components across the secondary suspension (the most suitable choice of actuator
placement to reduce the force placed on the actuator - refer to Chapter 1). The actuator
extension velocity input or the actuator movement, X,.;, is obtained from the differential
velocity movement of the attachment points of the vehicle where the actuator is placed; this
will place impact upon the dynamic system and cause the actuator movement (no longer
assumed to be zero). This is the most appropriate and practical of applications for the
actuators in the secondary suspension (Goodall, et al. (1993)). The impact of the interaction
between the actuator dynamics and the suspension performance needs to be analysed,
considering the case of the individual actuators. Both actuators’ force control loops must
counteract in order to keep the actuator force error as close as possible to zero. Therefore it
is obvious that the actuator needs to be re-tuned to adapt to the dynamic changes in the
whole system (the actuator across the secondary suspension), in order to determine the
capability of the actuator to achieve the force. The active control law and also the track
inputs are not included yet as it would be beneficial to view how this arrangement affects the
actuator despite the actuator controller having been re-tuned to the best performance. This is
done to view the outcome based on the force command input, without the track excitation.
This step is also important to ensure that the actuator controller in the suspension will

provide sufficient performance.
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Figure 4.17 : Force controlled actuator

The two-mass vehicle model as described in Chapter 3, without the active suspension

control law, is used to demonstrate this effect. This model is shown in Figure 3.8 and is

represented by the state space model given in equations (4.29) and (4.30).
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Again, Nichols’ chart is used to illustrate the complexity of the actuator dynamics when
introduced within a vehicle suspension. The redesigned actuator controllers were not as easy
as the independent actuators, which can be seen in Figures 4.18 — 4.19. The influence of the
vehicle suspension dynamics on the actuator performance is clearly shown by looking at the
loops frequencies below 10Hz for both actuators, which was highlighted earlier in the
problem statement of the research. This is also visible for the force tracking performance
illustrated in Figures 4.20 — 4.21. It has been observed where the force tracking output has
shown difficulty in producing a steady force following output. This shows that even though
the controller has been modified to produce the best force tracking output, and a good phase
and gain margin, there are still issues at higher frequencies. This has changed the actuator
characteristic in the suspension which will also change the overall performance of the

suspension.

Since the actuator extension velocity also has effects on the overall dynamics of the actuator,
the controller needs to be modified to obtain a good frequency tracking. The modified

controllers for actuators are as in equations (4.31) and (4.32).

For the electromechanical actuator:

~0.028(1 +0.025)(1 + 0.165)
€ 0.02s(1 + 0.002s)

4.31)

and for the electrohydraulic actuator:

~0.001(1 4 0.0065)(1 + 0.004s)
€ 0.0065(1 + 0.00044s)

(4.32)

For the electromechanical actuator in the suspension, the performance is restricted by the
screw stiffness and also the armature inertia. Increasing the gain and phase margin for
bandwidth improvement will only excite the frequency oscillation at the region of 10Hz of
the armature through the screw stiffness. As for the electrohydraulic actuator, the limitations
arise from the valve spool dynamics and also the oil compressibility, and phase lag has to be
increased to improve the bandwidth but then it also reduces the gain margin. For both

actuators in the suspension system, achieving good force loop stability is an essential task
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that needs to be fulfilled for a better vehicle performance. The actuator performance of the
actuator is judged by its ability to isolate the vehicle from the acceleration environment on

the vehicle body. This will be shown in the next section.

40 Nichols Chart : Electromechanical actuator

— Independant
"Nl — In suspension
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Open-Loop Gain (dB)
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Figure 4.18: Open loop of controlled electromechanical actuator in the secondary suspension

40 Nichols Chart: Electrohydraulic Actuator
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Figure 4.19: Open loop of controlled electrohydraulic actuator in the secondary suspension
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Figure 4.20: Force following of the closed-loop electromechanical actuator in the secondary

suspension
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Figure 4.21: Force following of the closed-loop electrohydraulic actuator in the secondary

suspension
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4.7 Actuator performance in the active secondary vehicle

suspension (quarter car)

The effects of “real” actuator dynamics on the overall performance of an active suspension
will be demonstrated through the simple two mass model used in the previous section. The
actuator models developed in Section 4.3 with the retuned controllers in Section 4.7 are
linked to the vehicle model (as in equations (4.29) and (4.30)) and the active suspension
control law (equations (3.34) and (3.35)), where the overall system performance is
evaluated. The vehicle dynamic model, the active suspension controller and the actuator
dynamics may be viewed as linked with the structure shown in Figure 4.22 with the structure

given in equations (4.33) and (4.34).

% = Ax + Bugee + W¢ (4.33)

y = Cx + Duge + Dy¢ (4.34)

Actuator extension

velocity
Qutputs, y
Uca:t Uact A,B,W

A., B, C., D, Aactvs Bactvur Bactwy - >
cactw Dacrvu, Dacrvy C: Db:DW
Active suspension controller Actuator dynamics Vehicle Model
Track
inputs

Figure 4.22 : Vehicle dynamic model

The actuator model has the general structure given by equations (4.35) and (4.36). Two
inputs are required: the force command and the differential velocity movements between the
attachment points to the vehicle, ‘y,.;’, which are the differential velocity movements of the
attachment points to the vehicle to which it is connected (also referred earlier as actuator

extension velocity , x,.+). A single output force is generated by the model.
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xactv = Axactv + Bactvuuact + Bactvaact (4~35)

uactv = Cactxact + Dactvuuact + Dactyyact (436)

The active suspension control law provides the force command to the actuator, which will in
turn influence vehicle motions through the output force; the motion of the attachment points
at the same time is being sent back to the actuator dynamic block. The actuator force control

loop is included in the actuator dynamic model.

The control law, which includes the high pass filter introduced in Chapter 3, is used to
improve low frequency performance; it has a general state space model which is given by

the equations (4.37) and (4.38).

X, = Acx. + B,y (4.37)

Ucaet = Cexe + Dey (4.38)

The vehicle contains information that is required by the actuator dynamic block and also the

active suspension control law, which is given from the vehicle as seen in Figure 4.22.

This methodology applies to more complex models as the progress of the whole vehicle
suspension is modelled in the next phase of this research. The electrohydraulic and
electromechanical actuators were tested with identical skyhook damping on the two mass

model.

The comparison of the power spectral densities of the body acceleration for both actuator
technologies together with the ideal actuator, which is not influenced by internal dynamics,

is shown in Figure 4.23.
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The areas under the p.s.d. plots are representative of the vehicle ride quality for each of the
actuators discussed in this research. The ride quality shows notable deterioration when 'real’
actuator dynamics are included, even though the actuator controller is tuned to the best
performance. Clearly it shows that when the actuator is linked with the vehicle there will be
degradation in the ride quality. This is due to the technology used, as different actuators have

different bandwidth limitations.

Time responses for the vehicle accelerations on the track irregularities are shown in
Table 4.4, with a comparison between the passive and ideal suspension. From these results,
the increases in body acceleration and the actuator force are obvious. In the case of real

actuators, there is a high percentage of degradation compared to an ideal actuator.

The degradation in ride quality shown is due to the inability of the relevant actuator to
supply appropriate control effort at frequencies above 3Hz onwards. At these frequencies,
the active suspension control law does not perform, resulting in higher body velocities and
hence higher actuator force demands. It is apparent that above 4Hz and 4.75Hz for the
electromechanical and electrohydraulic actuators respectively, the response of the vehicle
acceleration deviates from the ideal. The difficulty of this situation is shown in Figure 4.24
where the actuators’ force is compared to the ideal. This degradation will also be visible
when the actuators are placed in the front and rear suspension of the side-view model; the
p-s.d.s and time responses will be illustrated towards the end of the chapter for comparison

with the following effort to improve the actuator performance in the suspension to avoid

repetition.
Table 4.4: R.M.S. results for the quarter car model
Passive  Ideal EMA EHA
Acceleration (%g) 2.431 1.700 4.331 2.809
Deflection (track input ) (mm) 10 8.0 8.5 8.3
Actuator Force (kN) - 1.718 6.884 5.558
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The next section extends the possibility of improving the active suspension actuator
performance in the suspension by introducing the parameter optimisation technique to the
actuator controllers. Here the multi-objective problem uses a genetic algorithm (GA)

approach.

4.8 Improvement of actuated active suspension using the

Genetic Algorithm

From the previous sub section observations, the actuated quartercar suspension performance
has shown a noticeable deterioration compared to the ideal. Although the actuator controller
was tuned to the best performance, using classical methods, as per the knowledge of the
author, there could still be a better combination of parameters that could yield a better

suspension performance.

The classical control consists of several parameters, which have been tuned empirically
using the trial and error process. This process was iterated until the best solution was found
which yields the force tracking output (Section 4.6) that achieves the best ride performance
without violating the actuator and suspension requirements. This was a daunting process as
tuning of the actuator had to be done while the actuator was in the suspension. No doubt this
method will have left out the best combination possibility of the controller parameters.
Furthermore, the task is even more laborious while the actuator is in the suspension. A more
efficient method is to use a genetic algorithm method which helps to eliminate the manual
selection process by formulating the problem into different objective functions. By using
GA, the best combination of parameters that will satisfy the defined objectives could be

obtained with much more ease.

4.8.1 Active suspension actuator controller parameter

optimisation using NSGA-II (OPT I)

The objective optimisations were carried out to obtain the Proportional Integral plus Phase

Advanced design parameters. Simulation results of the NGSA-II algorithm can evolve a ride
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quality profile approaching the ideal without violating the actuator boundaries while
traversing on an irregular railway track. The simulation also restricts the deflection of the

secondary suspension to a limit of 35mm for the deterministic input.

Then the next element was checked, which was the rated voltage for the actuator so as not to

violate the actuator requirement.

Tuning the actuator within the suspension controller using the NSGA-II optimisation method
is aimed to achieve the ideal ride acceleration without causing large degradation in the other
variables such as the suspension deflection, the actuator force requirement and also the
command signals into the actuator. The objective here is not to tune the active suspension
controller (skyhook), which therefore means that this outer controller has been left as it is

without any modifications.

The penalty function approach is used to keep constraints within limits, e.g. the suspension
deflection constraint. The genetic algorithms procedure was simulated for 300 generations
with 50 populations. Optimisation of the actuator controller parameters is carried out within
the quarter car suspension to reduce the simulations complication. The phase advance ratio,
k was left out in the tuning process as to concentrate on the main controller parameters

tuning.

Selection of the final controller parameters for both actuators was based on the ‘Pareto
curve’ obtained from the trade-off plot for the vertical acceleration against the suspension
deflection on a straight track as illustrated in Figure 4.25. The red ‘*’ curve shows the
optimisation of the electromechanical controller parameters, and the blue ‘*’ curves are for

the controller parameters and the electrohydraulic actuator.

In actuality, it was found very difficult to satisfy the ideal criteria for both actuators which
could be visualised on the scattered plots of the individual actuator in the suspension trade-
off. Very few solutions are able to be provided by the genetic algorithm for the
electromechanical actuator in the suspension actuator, compared to the electrohydraulic

actuator. However, this method has provided few solutions approaching the ideal.

Table 4.5 tabulates the actuator controller parameters obtained using the genetic algorithm

process in comparison with the manually tuned actuator controller parameter (in red).
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Figure 4.25: Trade off plot for EMA and EHA for controller parameter optimisation

Table 4.5: Final parameters for the controller optimisation (black) in comparison with the

manually tuned (red)

Actuator k K, W,

P
[V/N] [Vs/N] [rad/s]
EMA 0.0867(0.0282) 0.0445(0.020) 254(200)
EHA 0.0033(0.0013) 0.0127(0.0062) 628(855)

The controller equation for this optimisation is as shown in equation (4.39) for the

electromechanical actuator and in (4.40) for the electrohydraulic actuator.

_0.0867(1 + 0.04455)(1 + 0.1415s)
€ 0.0445s(1 + 0.0018s)

(4.39)

~0.0033(1+0.01275)(1 + 0.0033s)
€ 0.006s(1 + 0.00041355)

(4.40)
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4.8.2 Actuator in the secondary suspension controller parameter

and additional stiffness optimisation using NSGA-II (OPT II)

Another possible way to improve the performance of the active suspension is to ‘soften’ the
actuator, by introducing additional stiffness in series for the actuators. NSGA-II was used
with the same optimisation objective, but with an additional actuator stiffness parameter that

needs to be re-optimised.

Final controller parameters for both actuators were selected based on the ‘Pareto curve’,
presented in Table 4.6, and the trade-off plot for the vertical acceleration against the
suspension deflection on a straight track is illustrated in Figure 4.26. Again, the phase

advance ratio, k£ was left out in the tuning process.

By re-optimising the actuator stiffness, the genetic algorithm has been able to produce more
controller solutions for both actuators, especially the electromechanical actuator. However
for both actuators, the trade-off requires a slightly higher suspension deflection for better

ride quality.

These final controller parameters are then used for r.m.s. and p.s.d.s analysis for both the

quartercar and the side-view model.

Ride Quality vs Suspension movement
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Figure 4.26: Trade off plot for EMA and EHA for controller parameter optimisation and

actuator stiffness
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Table 4.6: Final parameters for the controller optimisation

Actuator k, k; W, Actuator Stiffness
[V/N] [Vs/N]  [rad/s]

EMA 0.0751 0.031 199.34 ks =133 MNm™!

EHA 0.00148  0.00334 379 B, = 1040 MNm™2

The controller equation for this optimisation is as shown in equation (4.41) for the

electromechanical actuator and in (4.42) for the electrohydraulic actuator.

_ 0.0751(1 + 0.031s)(1 + 0.0142s)

= 4.41
¢ 0.031s(1 + 0.0018s) (441)

_ 0.00148(1 + 0.00334s)(1 + 0.00755)

4.42
¢ 0.00334s(1 + 0.0009328s) (442)

4.9 Simulation results

This section uses the previous section’s findings to assess the effect of real actuators for the
quarter and side-view vehicle model. The p.s.d. results for the quarter rail vehicle actuated
suspension are shown in the following figures. Note that ‘OPT I’ refers to the optimisation
without the inclusion of a series spring to soften the actuator, whereas ‘OPT II” includes the
spring. For both actuators all three methods show behaviour slightly better than the ideal at
lower frequencies. The ride acceleration p.s.d.s with the electromechanical actuator in Figure
4.27, however, begin to deviate above 4Hz, and at 7Hz for the electrohydraulic actuator
respectively (with the exception of OPT II, which deviates at a much higher frequency) as
shown in Figure 4.28.

The p.s.d.s of the side-view vehicle using the same actuators is illustrated in Figures 4.29 -

4.30 for the electromechanical actuators and Figures 4.31 - 4.32 for the electrohydraulic
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actuators. The equivalent p.s.d. results for the front and rear body accelerations, for both

actuators in the suspension, again show the deterioration at higher frequencies.
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Figure 4.27: P.s.ds for the electromechanical actuator effect in the quartercar vehicle
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Figure 4.28: P.s.d.s for the electrohydraulic actuator effect in the quartercar vehicle
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Figure 4.29 : Front p.s.d.s for the electromechanical actuator effect in the sideview vehicle

Acceleration PSD: Rear

10 T T
— ldeal
Manual
107 b ---0PTI |{
T omenI -—-OPTII
/ o
10t [ LA
M1
)
N Wt a
:E 1076 | n Iiﬁff!!l
)
£
10° |
107t
)
]
107"} -
10" 10 10’ 10°
Frequency{Hz)

Figure 4.30: Rear p.s.d.s for the electromechanical actuator effect in the sideview vehicle
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Figure 4.31: Front p.s.d.s for the electrohydraulic actuator effect in the sideview vehicle
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Figure 4.32: Rear p.s.d.s for the electrohydraulic actuator effect in the sideview vehicle
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The results in terms of r.m.s. are tabulated in Table 4.7 for the quartercar vehicle, and in
Table 4.8 for the side-view vehicle. The deterioration for the active suspension with
actuator dynamics remains noticeable, but is substantially reduced by the optimisation of the
controller parameters. From the results of the quartercar suspension, the optimisation
techniques OPT I and OPT II have reduced the ride quality by 41% and 57% compared to
the manually tuned controller for the electromechanical actuator. The optimisation of the
actuator stiffness has also reduced the actuator force down to 2.428kN from 6.884kN which

is a 64% reduction from the manually tuned actuator.

Optimisation of the electrohydraulic actuator provided a significant improvement, especially
for OPT II where the ride performance achieved was 4.1% better than the ideal. The actuator

force has also reduced by 52% from 5.558kN to 2.661kN.

The actuator controller when translated to the side-view vehicle provided a similar
percentage improvement for both sides of the vehicle, with the rear being slightly worse due
to the pitch motion occurring in the vehicle. For all the optimisation strategies used earlier, it
has been shown that the actuator force has also deteriorated. Figure 4.33 shows a bar chart
representation of the quartercar vehicle, meanwhile Figures 4.34 and 4.35 for the front and
rear suspension of the vehicle show the results extracted from the two tables earlier to
illustrate the improvement obtained from both optimisation techniques. The ideal results
obtained in Chapter 3 are sandwiched in between the results for these purposes to highlight

the degradation or improvement achieved.

Table 4.7: R.M.S results for the quarter car model

EMA EHA
Manual OPTI OPTII  Manual OPTI OPT 11
Ideal k=20 k=20 k=1.13 B,=1700M B,=1700M B, = 1040
M (N/m) M (N/m) M(N/m) (N/m?) (N/m?) M (N/m’)
Acceleration — (%g) 1.700 4.331 2.569 1.878 2.809 1.866 1.642
Deflection — (mm) 8.0 8.5 8.4 8.4 8.3 8.4 8.4
Actuator Force — (kN) 1.718  6.884 3.176 2.428 5.558 3.055 2.661
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Table 4.8: R.M.S. results for the side-view model

EMA EHA

Manual OPTI OPTII Manual OPTI OPT II

Ideal k~20 k=20 k~1.13 B,=1700 B,=1700 B, =1040
MN/m) M(N/m) M(N/m) M©N/m’) M (N/m’) M (N/m?)

Acceleration Front 1.371 2.357 1.619 1.564 2.573 1.495 1.291
-(%g) Centre 0.869 1.285 0.965 0.942 1.373 0.936 0.869

Rear 1.540 2.110 1.640 1.610 2.135 1.445 1.365

Deflection Front 8.4 8.4 8.4 8.4 10.1 10.1 10.1

-(mm) Rear 11.1 11.1 11.1 11.1 10.2 10.2 10.2

Actuator Force Front 1.948 3.944 2.854 2.584 4.570 3.130 2.926
-(kN)
Rear 2.879 3.956 3.243 3.203 4.079 3.232 3.145

Quartercar r.m.s results (%g)
5
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o 3
X 2
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HEMA 4331 2.656 1.878
M [deal 1.7 1.7 1.7
W EHA 2.809 1.866 1.642

Figure 4.33 : Bar chart of the quarter car vehicle r.m.s. results

98



Optimisation of actuator control

Front acceleration r.m.s results (%g)
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Figure 4.34 : Bar chart of the front side-view vehicle r.m.s. results
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4.10 Actuators in suspension analysis at 3Hz

Although the actuators have improved the suspension performance compared to the passive,
there are still issues that need to be investigated in the p.s.d.s results of both actuators for
frequencies above 3Hz. It would be interesting to investigate the cause behind the original
problem of the actuator in the suspension for the force feedback control. An analysis for
both actuators while in the suspension at 3Hz was done to understand the possible causes

and also the possible corrective action that could be taken.

4.10.1 Electromechanical actuator analysis

The analysis was done with the actuator in the quarter rail vehicle with only the force
feedback control to look at the underlying issues of the actuator in the suspension. The
actuator is analysed by looking at the velocity input response at 3Hz where the degradation
begins. Figure 4.36 below shows the signals that have been analysed, where the main signals
of the motors and the actuators are measured. The actuator signals are extracted from the
model and the signal amplitudes are obtained at 3Hz as shown in Figure 4.37. The signal
amplitudes are tabulated in Table 4.9 and the p.s.d.s of the motor and load torques are shown

in Figure 4.38.

The information from both of the figures shows that the motor torque, T, , is much higher
than the load torque, T;, and at higher frequencies the motor torque appears to be
substantially at a larger scale than the load torque. This means that the motor is working very
hard to produce a lot of torque to accelerate the inertia. Most of the torque is wasted within
the actuator at high frequencies. By principle, the motor should be producing a motor torque
less than or equal to the load torque to produce the required motor speed. In addition the
output force, F,,;, produced was 29kN compared to the demand force, Fj,, of 6.6kN

required from it to operate in the suspension. This has also caused a large error.
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Table 4.9: Electromechanical analyses at 3Hz

Signal Amplitude | Unit
Input Force Fin 6.6 kN/ms™
Voltage \Y 1.7x10° | V/ms™
Current I 275 A/ms’!
Motor Torque T 206.5 Nm/ms™
Gear position 0.06 m/ms™
Speed W 3800

Load Torque T;, 8.8 Nm/ms™
Screw position 0.06 Rad/ m
Motor Force Frot 29.1 kN/ms™
Actuator extension velocity Xact 1.13

Output Force Fout 29.1 kN/ms™
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Figure 4.37: Magnitude plot of electromechanical actuator at 1-10 Hz
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4.10.2 Electrohydraulic actuator analysis
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Figure 4.38: Motor torque (Ty) vs load torque (Ty) p.s.d.s

The analysis of the electrohydraulic actuator was carried out similarly to the

electromechanical actuator to look at the underlying issues of the actuator in the suspension.

The actuator is analysed by looking at the velocity input response at 3Hz where the

degradation begins. Figure 4.39 below shows the signals that have been analysed, where the

main signals of the actuator are measured. The actuator signals are extracted from the model

and the signal amplitudes are obtained at 3Hz as shown in Figure 4.40. The signal

amplitudes are tabulated in Table 4.10. The actuator in suspension is producing much more

force compared to what is required from it by the suspension controller.
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Table 4.10:Electrohydraulic analyses at 3Hz

Signal Amplitude Unit
Input force Fin 5.13 KN/ ms™
Output force Fout 25.71 KN/ ms™
Force error 18.62 kN/ ms™
Voltage A% 124 V/ms™”
Current I 300 mA/ ms’
Valve flow Q, | 335x10" | m3s~1/ms™?
Load pressure 153 0.4 Nm®/ ms™'
Cross port leak flow Q; 1x10° m3s~1/ ms
Actuator extension velocity Xact 1.09

Active suspension controller

Actuator extension
Force In velocity
@ Actuator
Voltage Current
8 25.71kN force
av) (oo
Body |
(1; PID —> > [ Force  acceleration

Actuator
Valve flow Load pressure Track extension

signal velocit
L (33.5x10* m’s7) 0.4Nm? il

1
Track input

Figure 4.39: Electrohydraulic actuator analysis
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Figure 4.40: Magnitude Plot of the electrohydraulic actuator at 1-10Hz

4.11 Summary

The actuators for active suspension have been modelled and controlled using a classical
force loop controller. As a starting point, the parameters for the actuator controller were
tuned manually to improve the performance of the actuator without being in the suspension.

The phase margin and gain margin were taken into consideration and the ability to follow
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the force following the input was examined. This was done as a validation for the actuator
working condition. The actuator was placed in the suspension where the deterioration to the
suspension performance has been shown, which requires the actuator controller to be tuned

again,

A continuation study in this chapter has shown that by optimising the actuator controller
parameters using the genetic algorithm, significant improvement can be obtained. The
stiffness optimisation, along with the controller optimisation, has reduced the degradation
and also improved the performance of the actuator in the suspension. The simulation results
are presented both by the acceleration p.s.d.s and the overall r.m.s. values for the car body
accelerations, and these show that there are many opportunities to improve the actuator

performance especially at higher frequencies.

For both actuators, the output force produced has also shown a huge amount of excess at
3Hz compared with the demand, which indicates that the actuator is not moving fast enough

and is unable to absorb the vibration across the suspension.

For the electromechanical actuator, the motor torque is much higher than the load torque at
higher frequencies; this is because much torque is required to accelerate the inertia which is
wasted within the actuator. Meanwhile the electrohydraulic actuator issue was because much

error is required to produce the flow rate.

Further work is still required to look at other control strategies for the active suspension

actuators that will overcome the deterioration in performance at higher frequencies.
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Chapter 5
Optimised Actuator Control with

Feed Forward

From the analysis at 3Hz from the previous chapter, it is clear that the disturbance (at 3Hz)
has a significant effect on the actuator performance. Hence it seems worth looking at a feed
forward control strategy for further possibilities for improving the system and also to
complete the classical controller methods. Feed forward control is used extensively in
practice to reduce the effect on the system output of measurable command and disturbance
inputs. In this chapter a practical feed forward control method is used for both actuators to
improve the overall success of the active suspension performance. Again, only the actuator
controllers will be investigated with this strategy, while the active suspension controller
strategy remains the same. Another optimisation action will be applied to the force feedback

controller for further improvement of the actuated active suspension system.



Optimised actuator control with feed forward

5.1 Feed forward control strategy

Feed forward control is commonly used in practice to reduce the effect on the system output
of measurable disturbance inputs (Skogestad and Postlethwaite (2005)). Feed forward
control responds to the changes in the command or the known disturbances in a pre-defined
way to overcome the load effect of the system, contrary to the existing feedback control that
reacts depending on the error produced by the varying load. Whenever there is a measurable
disturbance, feed forward combined with feedback control can significantly improve the
performance of the system before if affects the process output. Feed forward is normally
combined with feedback control, where the feedback control is required to track the set point
changes and suppress other immeasurable disturbances that would appear in any real

process.

Although there are many feed forward methods for actuators, the application for the actuator
in the suspension would be a practical approach type. The feed forward control for actuators
in this thesis is developed in the context of the actuators being in the suspension which
might be different from other feed forward applications. This feed forward control strategy
applied in the railway vehicle model is based upon the need to compensate the effect of the
motion across the actuator in the suspension. Since the actuator is expected to provide a
performance approaching the ideal, the actuator has to overcome the difficulties of absorbing
the vibration at higher frequencies. In this chapter, the feed forward methods that are being

used are the reference feed forward and the disturbance feed forward.

5.1.1 Reference feed forward

The reference feed forward strategy is the architecture applied when dealing with the
reference tracking objective as shown in Figure 5.1. The design of the F(s) block must be
stable and proper. From the figure, the tracking performance could be quantified by the
expressions in equations (5.1)-(5.2). In this strategy, the disturbance D(s) is neglected as the

concentration would be on the reference input.
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D(s)
> F(s)
\
Ris)| + e(s) ) als) Y(si
Figure 5.1 : Reference feed forward
V() = R(S) + GOF(S) — 1. 51
S) = R(s SES) =D e -
e(s) =R(s) —Y(s) (5.2)

Although the ideal choice of F(s) would be G(s)”, this would often yield an improper
transfer function (Looze, et al. (2010)). The choice of F(s) should be carefully selected to

avoid this, which will be elaborated further based on the application of the actuator.

5.1.2 Disturbance feed forward

The disturbance rejection or disturbance feed forward, as illustrated in Figure 5.2, is another
method of resolving whether to add an open loop mechanism. This method pre-empts the
impact of the disturbance on the process output. The effect of the disturbance on the output
is expressed in equation (5.3). Note that since the disturbance arises from the system itself,
the use of the term ‘feedforward’ is not strict. Nevertheless the approach is consistent with
the principle of feed forward, i.e. which is of augmenting the control input to reduce the
feedback error. As this is a disturbance feed forward control strategy, the reference input,

R(s) was not taken into consideration.
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D(s)

F(s)

us(s) +

Y
Rs) + e(s) o Un(S) ) (s)
* 8 u(s)

\J

Figure 5.2: Disturbance feed forward

G(s)

1+ G(S)C(s)) D) (-3

Y(s) = (G(s)™ + F(s)) (
The ideal choice for this feed forward configuration would be the negative inverse of the
plant, —G(s)~1. Again, if not properly selected this would yield an improper, non-causal and
unstable transfer function. The impact of the disturbance feed forward on the plant input is

as in equations (5.4) where:

_ c(s)
1+G(s)C(s)

1

Y(s) = 146(5)C(s)

G(s)D(s) + F(s)D(s) (5.4)
From this equation it would be expected that this strategy should not adversely affect the

actuator design objective, such as force tracking and stability.

The feed forward control strategies are applied to the actuator in the quarter car rail vehicle
suspension with a common objective, to reduce the effect of the velocity disturbance across
the actuator. This is because what is expected from the actuator is to be able to move within
the suspension, and at the same time provide lower force when the disturbance exists. The
following subsections will elaborate further on the feed forward control strategies applied to
the active suspension actuators. The arrangement would be different depending on the

physics of the actuator itself, and this will be explained in the following subsections.
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5.2 Feed forward control strategy for the

electromechanical actuator

5.2.1 Reference feed forward (Force — Voltage)

The reference feed forward strategy for the electromechanical actuator is shown in
Figure 5.3, where the reference input is translated into a voltage input, V,(s), to be fed into
the actuator. The feedback controller C(s) remains as it is needed to modify the control
action to reduce the error caused by the disturbance and uncertainty towards the actuator.
Fi.(s) in this context refers to the active force input provided by the active suspension

controller, meanwhile F.(s) is the output force produced by the actuator in the suspension.

Actuator extension velocity, X.acl

Y
oy
)

4

Fu(s) + &(s) Facl(i)

Actuator

C(s)

Figure 5.3 : Reference feed forward scheme for the electromechanical actuator

The voltage is produced based on the relationship between the required actuator voltage and
the force input of the system. The voltage required is fed into the actuator so that the control
does not depend on the actuator feedback to derive the error signal back into the actuator.
This is a common classical approach of feed forward used to improve the performance of the

existing system, and involves some form of the inverse dynamics of the actuator.

Using the steady state approach and the knowledge of the d.c. motor in the actuator, the
required information of the relation between the input force, Fj,, and the actuator voltage,
Vin, means that the reference feed forward equation could be constructed. The reference feed

forward constant providing the voltage demand is shown in equation (5.5).
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Va(s) _ Rarm " mS(S) + (CmRarm + KeKt)l
F(s) K¢ Um-s(s) + D)

Gr(s) = (5.5)

The reference feed forward strategy as shown in Figure 5.4 will provide the required voltage

to provide the required force, but note that it does not include the effect of x ;.

DC Motor

Figure 5.4: Reference feed forward for the electromechanical actuator

The p.s.d. results in Figure 5.5 show that the reference feed forward strategy does not
provide significant improvement to the original controller, compared to the force feedback
control, as seen in Table 5.1. This result confirms that it is the effect of the disturbance, X+

which is dominant in degrading high frequency performance.

Table 5.1: R.M.S. results

Ideal Force Reference
feedback  feed forward
Acceleration (%g) 1.700 4.331 4.332
Deflection (track input)  (mm) 8.4 8.5 8.6
Actuator Force (kN) 1.718 6.884 6.899
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Figure 5.5 : Comparison between the reference feed forward control strategy p.s.d.s with the
ideal and force feedback control strategy for the electromechanical actuator

5.2.2 Disturbance feed forward

Another possible feed forward control for the active suspension actuators would be the
disturbance feed forward strategy. Compared to reference feed forward, this strategy will
attempt to improve the active suspension actuator performance by using the inverse
relationship between the actuator extension velocity and the actuator voltage to provide the
required voltage for the actuator. The basic arrangement is shown in Figure 5.6. Velocity and
acceleration based strategies are the two possible approaches for the active suspension

actuator control.
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Actuator extension velocity, Xac

urs) [ 4

Ur(s) Faci(s)
C(s) Actuator >
* u(s)

Figure 5.6: Disturbance feed forward

These feed forward strategies will be applied and tested to observe the ability of the strategy
to suppress the effect of the disturbance caused by the motion of the actuator in the
suspension. This feature is important as here we are applying the actuator in the suspension

in exactly the manner that it would be in a real vertical suspension.

The combination of the feedback controller C(s) with the feed forward strategy is applied to
modify the control action to reduce the error caused by the disturbance and uncertainty
towards the actuator. The actuator input U(s) is derived based on the inverse relationship
between the voltage required by the d.c. motor and the actuator extension velocity of the
system. The voltage required by the actuator is fed directly into the actuator, in addition to

the feedback control signal.

5.2.2.1 Velocity based disturbance feed forward (Velocity—Voltage)

The velocity based disturbance feed forward method applies a feed forward compensation
back into the actuator from the actuator extension velocity, x,.¢, back into the actuator via
the armature voltage. In general, the knowledge of the velocity from the ideal actuator
requirement is used to provide the maximum voltage to drive the actuator. This requirement
was previously calculated from the ideal requirement during the actuator modelling process.
Using the steady state approach and the knowledge of the d.c. motor in the actuator, the
required information of the relation between the actuator x,.; and the actuator armature
voltage, V;,, the reference feed forward equation is constructed as shown in equation (5.6).

The arrangement is shown in Figure 5.7.
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Gp(s) =

Va(s)

Xqce(S) ol

e

D + “ e Applied Voltage

Force In

#|Load Torque

DC Motor

Motor
rotation

>0 w G
Serew pitch Motor series stiffness Screw mass
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L |
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@
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Figure 5.7 : Disturbance feed forward configuration for the electromechanical actuator

The results for the feed forward strategies are compared with the force controlled actuator

and the ideal as illustrated in Figure 5.8, and tabulated in Table 5.2. Unlike the reference

feed forward control strategy, the disturbance feed forward control strategy overall

acceleration r.m.s results in an improved ride performance. An improvement in the ride

quality of 52.2% has been achieved compared to the force feedback strategy. The actuator

force has also improved significantly by 39% compared to the manually tuned force

feedback actuator. Both ride quality and force output have shown an improvement in the

effort to approach the ideal. The disturbance feed forward strategy has pulled down the ride

quality to 2.07 %g which is 22% closer to the ideal compared to the force feedback. It can be

seen from the p.s.d. graph that it provides significant improvement in the 3-10Hz range, but

at higher frequencies it offers no benefit.

Table 5.2: R.M.S. results

Ideal  Force feedback Velocity based
disturbance feed
forward
Acceleration (%g) 1.700 4.331 2.070
Deflection (track input )  (mm) 8.4 8.5 8.4
Actuator Force (kN) 1.718 6.884 4.223
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Acceleration PSD

Ideal

——-Force Feedback
——— Disturbance Feedforward

Frequency(Hz)

Figure 5.8 : Vertical body acceleration p.s.d.s for the electromechanical actuator

5.2.2.2 Acceleration based disturbance feed forward

Another possible method to further improve the disturbance feed forward control strategy is
by using acceleration feed forward. Based on the information gained from the 3Hz analysis
subsection in Chapter 4, the motor creates a large error trying to create acceleration. To
overcome this, acceleration based feed forward control could possibility overcome this issue.
To accomplish this, a current control fed back to the actuator motor is required. This is an
interesting feed forward option based on the results shown from adding current control
within the electromechanical actuator by Du (2008). It is expected that by adding feed

forward, better results could be achieved.

The actuator with a current feedback is tuned to provide a bandwidth of 100Hz, and the
force feedback controller is re-tuned to produce a good force tracking output. The

configuration of the actuator is shown in Figure 5.9.
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By including the current control in the actuator, the acceleration disturbance feed forward is
made possible. This effort is expected to reduce the inertial effect by adding disturbance feed
forward in the actuator. Using the steady state approach and the knowledge of the d.c. motor
in the actuator, the required information of the relation between the actuator x,. and the
current to the actuator, the acceleration feed forward equation is constructed as shown in

equation (5.7).

Gr(s) =D = I

- Xace(s) B K.l G7)

The configuration of this strategy is illustrated in Figure 5.10 where the acceleration to
current feed forward control is placed into the current control input to reduce the feedback

error required to develop the appropriate current.

The p.s.d.s results for the acceleration feed forward and the current control of the actuator in
the suspension are illustrated in Figure 5.11, where it is clearly shown that an improvement
has been achieved through the additional current loop control with force feedback and a
much better improvement with the acceleration based disturbance feed forward. This can be
seen clearly in the p.s.d.s in Figure 5.9. The ride quality r.m.s. in Table 5.3 confirms this
with an improvement of 2% better than the ideal for the ride acceleration and a much lower

actuator force.
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Figure 5.11: Vertical body acceleration p.s.d.s for the electromechanical actuator with

acceleration feed forward control

Table 5.3: RMS results

Ideal

Force Current Acceleration
feedback control and based feed
force feedback forward
Acceleration (%g) 1.700 4.331 2.430 1.655
Deflection (mm) 8.4 8.5 8.4 8.4
Actuator Force (kN) 1.718 6.884 4.900 2.149
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5.3 Feed forward control of the electrohydraulic actuator

From the previous feed forward control strategy analysis for the electromechanical actuator
in the previous section, it has been found that the reference feed forward did not benefit the
actuator in terms of improving the ride quality. Therefore this method will not be repeated
for the electrohydraulic actuator because the main issue for actuators in the suspension is the
disturbance created by the actuator extension velocity. Therefore, for the electrohydraulic
actuator only the velocity based disturbance feed forward will be tested. As for the
acceleration based disturbance feed forward, this is only appropriate to compensate for the
inertial effects of the d.c. motor, and there is no such physical effect for the electrohydraulic

actuator.

5.3.1 Velocity based disturbance feed forward

The method of feed forward for the electrohydraulic actuator is a fairly straightforward
process compared to the electromechanical actuator. This is due to the simplicity of the
hydraulic device being used and also the requirement of the actuator. The feed forward for
the electrohydraulic actuator is done based on the velocity disturbance. The general idea is to
provide the maximum servo-valve current required to produce the actuator’s required speed

as calculated from the ideal requirements.

G _ Va(s) _ Ac
F(s) = ) K, (5.8)

The configuration for this strategy is illustrated in Figure 5.12. The p.s.d. for this control
strategy is shown in Figure 5.13, where it can be clearly seen that the electrohydraulic
actuator has the capability to achieve the ideal up to higher frequencies. The time domain
results have also shown rather promising improvements where the actuator in the suspension

with the feed forward control strategy gives significant improvement as shown in Table 5.4.
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An improvement better than the ideal of approximately 6 % is achieved and the actuator
force has reduced towards the ideal by 8.14 %. The additional feed forward control strategy
has significantly improved the existing electrohydraulic actuator with force feedback control

performance in the quarter vehicle suspension.

J Actuator extension velocity
Ac/K {2

i/s

{7 O

Force Out

In L 4 Qv

Current gain Valve gain

Oil column
Stiffness

Figure 5.12 : Feed forward configuration for the electrohydraulic actuator
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Figure 5.13: Vertical body acceleration p.s.d.s for the electrohydraulic actuator with
velocity feed forward
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Table 5.4: RMS results

Ideal Force feedback Velocity feed

forward
Acceleration (%g) 1.700 2.809 1.600
Deflection (mm) 8.4 8.3 8.4
Actuator Force (kN)  1.718 5.558 1.862

5.4 Improvement of feed forward control strategy using

NSGA- 11

From the previous subsections, the improvement given by the disturbance feed forward
control strategy for both actuators means that it would be interesting to look at further
improvement of the actuated quarter rail vehicle. The force feedback controller parameters
are optimised within the feed forward control strategy similarly to the previous actuator
parameters’ optimisation in Chapter 4 where the controller parameters are optimised
followed by another optimisation of the controller and actuator stiffness together in the

suspension.

The optimisation approach is carried out with the same set of rules as used previously in

Chapter 4 with the actuator in the quarter car railway vehicle suspension.

5.4.1 Electromechanical actuator controller optimisation

5.4.1.1 Velocity based disturbance feed forward

Final controller parameters for both strategies were selected based on the “Pareto curve” as
presented in Table 5.5, and the trade-off plot for the vertical acceleration against the

[T30¢ L)
%

suspension deflection on a straight track is illustrated in Figure 5.14. The curve shows
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the optimisation of the controller parameters (OPT I), and the “o0” curve is for the controller

parameters and actuator stiffness optimisation (OPT II). It could be seen that by softening

the actuator a better range of ride quality could be obtained as there is also a reduction in

actuator force across the suspension. Since the aim is to obtain an actuator performance as

close as possible to the ideal, the optimisation point closest to the ideal situation is selected.

These parameters from this point are then used for r.m.s. and p.s.d.s analysis for both quarter

car and the side-view model.

R.M.8 value of body acceleration (%g)
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: Trade-off plot for the NSGA-II optimisation of the velocity feed forward

controller optimisation and for the varied actuator stiffness

Table 5.5: Final parameters for the controller optimisation

k, ki W
[V/N] [VS/N]  [rad/s]
Controller optimisation 0.00993 0.01173 200.2
Controller and stiffness optimisation 0.0881 0.034 363 ks = 2.498MN/m

The controller equation for this optimisation is as shown in equation (5.9) for the optimised

electromechanical actuator controller parameters and in equation (5.10) for the optimised

controller and stiffness parameters.
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_0.00993(1 + 0.01173s) (1 + 0.141s) (5.9)
€ 0.01173s(1 + 0.0018s)

_0.0881(1 + 0.034s5)(1 + 0.0078s)
€ 0.034s(1 + 0.000974s)

(5.10)

5.4.1.2 Acceleration based disturbance feed forward

The final controller parameters for both parameter optimisation strategies were selected
based on the “Pareto curve” as presented in Table 5.7, and the trade-off plot for the vertical
acceleration against the suspension deflection on a straight track is illustrated in Figure 5.16.
Here only the force feedback controller is optimised and the current controller within the
actuator is remained unchanged. The “*” curve shows the optimisation of the controller
parameters (OPT I), and the “0” curve is for the controller parameters and actuator stiffness
optimisation (OPT II). It could be seen that further improvement is achievable however
softening the actuator stiffness no further improvement obtained. Again, the best
performance is selected (since the initial strategy has shown improvement). These
parameters from this point are then used for r.m.s. and p.s.d.s analysis for both quarter car

and the side-view model.
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Figure 5.15: Trade-off plot for the NSGA-II optimisation of the acceleration based feed

forward controller optimisation and for the varied actuator stiffness

Table 5.6: Final parameters for the controller optimisation

kp ki W
[V/N] [Vs/N] [rad/s]
Controller optimisation 0.0194 0.804 318.36
ks =7.446 MN
Controller and stiffness optimisation 0.0237 0.3124 340.8 s /m
The controller equation for this optimisation is as shown in equation (5.11) for the

optimised electromechanical actuator controller parameters and in (5.12) for the optimised

controller and stiffness parameters

_0.0194(1 + 0.804s)(1 + 0.0089s) (5.11)
° 0.804s(1 + 0.0011s)
0.0237(1 + 0.741s)(1 + 0.0083s)
- (5.12)

¢ 0.741s(1 + 0.0010s)
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5.4.2 Electrohydraulic actuator controller optimisation

The electrohydraulic actuator force controller parameters are optimised and presented in
Table 5.7. The trade-off plot for the vertical acceleration against the suspension deflection

[T3K L)
*

on a straight track is illustrated in Figure 5.15. The curve shows the optimisation of the
controller parameters (OPT 1), and the “0” curve is for the controller parameters and actuator
stiffness optimisation (OPT II). As the actuator stiffness parameter was optimised too, this
has led to a higher value compared to the original design. This could indicate that a redesign

of the actuator parameters is required.

The disturbance feed forward control strategy for the electrohydraulic actuator has
demonstrated improvement better than the ideal, any optimisation and selection of
parameters is based on the best ride quality and also on the suspension deflection. These
parameters are then used for r.m.s. and p.s.d.s analysis for both the quarter car and the side-

view model.
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Figure 5.16 : Trade-off plot for the NSGAII optimisation of the controller optimisation and
for the varied actuator stiffness

Table 5.7 : Final parameters for the controller optimisation

kp ki W,
[VIN] [Vs/N] [rad/s]

Controller optimisation 0.00073 0.0169 683

Controller and stiffness optimisation ~ 0.00083 0.0648 698.2 B,, = 2.486 x 10°N/m?
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5.4.3 NSGA-II optimisation simulation results

Using the parameters obtained from the optimisation in Tables 5.5, 5.6 and 5.7, the
performance in the quarter rail vehicle is compared with the previous disturbance feed
forward control. The p.s.d. comparison is illustrated in Figures 5.17 until 5.19. The r.m.s.
results are tabulated in Table 5.8. Optimisation of the controller gains has shown noticeable
improvement for the acceleration and also the actuator force which can be clearly seen in the
p.s.d. and also in the r.m.s. results. For the electromechanical actuator with the velocity
based disturbance feedforward, the selected optimised controller parameters with fixed
stiffness (OPT I) showed the ability of the suspension to follow the ideal up to 15Hz before
gradually degrading. Meanwhile, compared to the selected optimised controller and stiffness
parameters (OPT II), the degradation gradually begins at 10Hz. The actuator force is also
reduced significantly, which could mean that the motor is producing less motor torque to
drive the inertia. The acceleration based feed forward has also showed a better than the ideal
suspension performance with similar results for the optimisations. This is illustrated by the

r.m.s values and the p.s.d.s.

For the electrohydraulic actuator, the selected controller and stiffness parameters for both
optimisation techniques produced similar results to the initial feed forward strategy, which

has been illustrated by the p.s.d.s and also the r.m.s. values.

128



d actuator control with feed forward

1mise

Opt

NZISTL'T :9910,] I0Jen}Oy Wll},'§ : UONIOJO( 59, | UONRII[OIIY : [BOP] s

000C | 190C | €981 breT 1€5°T 6v1°C €zeT | L9sT gzoy | (NPD) 9010 J03EMOY
'8 7’8 'S €8 €8 'S 7’8 '8 '8 (wrur) wonodoFeq
06S'T | 0€S'T 009°1 L6S'T €651 SS9l 1SS'1 099°'1 0L0°C (824) uoneId[a20Yy
I11dO | 11dO 1 LdO [ LdO M1do | 11dO
uonestundQ [enueN uonesmundQo [enueN uonesmundQ [enue

PI€ALI0] PIJJ paseq AIDO[IA

PAEALI0J PIJJ PISB( UONBIIPIIY

PIeAMI0] PIIJ Paseq AIDOIA

VHA

VIAH

SI[NSII *S*WI"T SIAIFIJRA)S [01)UOD PILMIOJ PId] :8°S dqeL

129



Optimised actuator control with feed forward
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Figure 5.17: P.s.ds for the effect of the electromechanical actuator with the optimised

velocity based disturbance feed forward control in the quartercar vehicle actuator
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Figure 5.18: P.s.ds for the effect of the electromechanical actuator with the optimised

acceleration based disturbance feed forward control in the quartercar vehicle actuator
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Figure 5.19: P.s.ds for the effect of the electrohydraulic actuator with the optimised feed

forward control in the quartercar vehicle

5.5 Controller performance assessment in the Side-view

vehicle

In this section the feed forward control strategies that have been tested in the quarter car
railway vehicle will be placed in the side-view model; an additional pitch mode exists in the

system.

Power spectral densities for the front and rear suspension for the electromechanical actuator
is shown in Figures 5.20 until 5.25. A significant reduction in the ride acceleration is shown
for both of the disturbance feedforward strategies and its parameters’ optimisation
techniques for the electromechanical actuator. The front and rear suspension of the vehicle
suspension with the velocity based feedforward control strategy has shown the ability of the
actuator to accommodate the movement across the suspension of up to 13Hz for both OPT I
and OPT II before going into degradation. Softening the actuator stiffness, kg, has however

reduced the degradation compared to the manually tuned actuator, which means that a softer
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spring gives benefit to the whole system in reducing the actuator force. The acceleration
based feedforward p.s.ds are shown in Figures 5.22 and 5.23. This strategy has shown that
this strategy and the optimisations showed similar performance where the ride acceleration

demonstrated the ability to follow the ideal beyond 10Hz.

The p.s.d.s for the electrohydraulic actuator are presented in Figure 5.24 and 5.25 where
there is not much difference in terms of the acceleration performance for all of the three
actuator controllers. All three (manually tuned, OPT I, and OPT II) controllers have the
ability to produce the ideal up to 25Hz before deviating towards degradation.

A full summary of the actuator performance in terms of the r.m.s. values is shown in Table
5.8 for the electromechanical actuator and Table 5.11 for the electrohydraulic actuator. From
the p.s.d.s and also the time response r.m.s. values, both optimisations of the controller
parameters improve the performance significantly. However, the overall results were not

affected by the stiffness optimisation.

Acceleration PSD : Front

10 T T
— Ideal
——-Feed Forward
- ---0PTI
10 -—-0PT Il
[
10" PN rfﬁ"‘l -
wl _I'v“";l:'lf_"f
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Figure 5.20: Front p.s.d.s for the electromechanical actuator with optimised velocity based

disturbance feed forward control effect in the sideview vehicle
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Figure 5.21: Rear p.s.d.s for the electromechanical actuator with optimised velocity based

disturbance feed forward control effect in the sideview vehicle
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Figure 5.22: Front p.s.d.s for the electromechanical actuator with optimised acceleration

based disturbance feed forward control effect in the sideview vehicle
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Figure 5.23: Rear p.s.d.s for the electromechanical actuator with optimised acceleration

based disturbance feed forward control effect in the sideview vehicle
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Figure 5.24: Front p.s.d.s for the electrohydraulic actuator with optimised feed

forward control effect in the sideview vehicle
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Figure 5.25: Rear p.s.d.s for the electrohydraulic actuator with optimised feed

forward control effect in the sideview vehicle

Table 5.8: Comparison of ride results for the disturbance feed forward controller strategies

for the electromechanical actuator compared to the ideal

Vertical Accel. Suspension Actuator force
Strategy (%g) Defl. (mm) (kN)
Front Centre Rear Front Rear | Front Rear
Ideal 1.371 0.869 1.539 8.4 11.1 1.948 2.879
Velocity based disturbance 1.960 1202 1.982 10.8 11.5 | 3.554 3.612
feedforward
OPT 1 1.624 1.450 1.666 10.8 11.5 3.033 3.123
Optimisations
OPT 11 1.600 1.030 1.640 10.8 11.5 2.953 3.046
Acceleration based disturbance) | 5,4 | 0360 1444 | 129 904 | 3445 2918
feedforward
OPT 1 1.570 1.058 1.512 12.8 9.3 3491 2.990
Optimisations
OPT 11 1.516 1.037 1.460 12.8 9.4 3.381 2.868
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Table 5.9: Comparison of ride results of the disturbance feed forward controller strategies

for the electrohydraulic actuator compared to the ideal

Vertical Accel. Suspension Actuator force
Strategy (%g) Defl. (mm) (kN)
Front Centre Rear Front Rear Front Rear
Ideal 1.371 0.869 1.539 8.4 11.1 1.948 2.879
'Velocity based

1.564 1.015 1.607 10.8 11.5 2.870 2.792
disturbance feedforward

Optimisations OPT 1 1.558 1.012 1.601 10.8 11.5 2.870 2.970

OPTII | 1.562 1.010 1.601 10.8 11.5 2.878 2.975

The feed forward control strategy has meant that the r.m.s. results approach the ideal in
certain cases. As shown in Table 5.8, the velocity based feed forward controlled
electromechanical actuator has improved the vehicle ride quality degradation compared to
the force feedback control scheme where the ride quality has an average of 40% of
degradation compared to the ideal. This is an improvement of 10% compared to the 50%

degradation caused by the force feedback control introduced in Chapter 4 earlier.

Optimisation of the electromechanical actuator controller parameters has also brought down
the acceleration towards 18% (OPT 1) and 16% (OPT II), approaching the ideal actuator
performance. The improvement of the actuator force is also noticeable compared to the force

controlled actuators in the previous chapter.

Meanwhile the acceleration based feed forward has demonstrated improvement better than
the ideal for the quartercar vehicle, however when translated to the sideview vehicle, the
performance has deviated from the ideal by almost 10% and more for the optimised

controller parameters.

As for the electrohydraulic actuator as in Table 5.9, feed forward has improved the ride
quality, with the ride acceleration approaching 10% towards the ideal. This is an
improvement compared to the average of 52% of degradation compared to the ideal offered
by the actuators’ force feedback control. Optimisations of the controller parameters, OPT 1

and OPT II, has further improved the ride performance by an average of 6.7% and 6.5%
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respectively approaching the ideal. The actuator force has reduced for the feed forward

strategy but the optimisation has not reduced the actuator force any further.

5.6 Robustness of the active suspension actuator

controller

The feed forward and also the force controller were developed to improve the vibration
experienced by the linearised railway vehicle suspension. However the feed forward
approaches in particular rely upon accurate knowledge of the relevant parameters, but if
these controllers were to be applied in the physical railway vehicle actuators, the parameters
assumed during design stage will vary due to changes in the operating environment.
Therefore it is important to investigate the robustness of the devised actuator controllers in
an operating environment of changing physical parameters. This will be carried out by

investigating the changes in the crucial components of the actuators.

The aim in this subsection is to test the stability of the overall system and evaluate the
performance in terms of ride quality when certain parameters are adjusted. This is
considered a good test for the practicality of the actuators in the suspension because of the
variation of parameters due to the manufacturing tolerances. The active suspension actuator
feed forward control strategy developed will be investigated for robustness. For the feed
forward strategy that has been investigated and also the off line optimisation procedure that

has been applied, a robustness check must be done to the actuated vehicle system.

The check will be carried out using the quarter rail vehicle and extended to the side-view

vehicle.

5.6.1 Robustness of the active suspension actuator controller on

the quarter car railway vehicle

For the electromechanical actuator, the motor inertia, /,,, and also the back e.m.f, constant,
K,, are the parameters that will be varied. A variation up to + 20% is applied and the ride

quality and actuator force are investigated.
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Table 5.10 and Table 5.11 tabulate the results by the varying of the motor inertia and the
motor back e.m.f. Feed forward strategies are tested along with the optimisation of the force
control feedback parameters (OPT I), and also the actuator stiffness optimisation strategy
(OPT II). The results presented in Tables 5.11 and 5.13 shows that the incrementing of the
motor inertia degrades the ride quality slightly and also increases the actuator force for both
feed forward strategies by 12% and 16% respectively, whereas the optimised strategy is
slightly affected by the variations of the motor inertia. Tables 5.12 and 5.14 shows that by
increasing the motor back e.m.f. the ride quality and the actuator force significantly

improves for the feed forward strategy and slightly for the optimised controller parameters.

For the hydraulic actuator, the robustness check is done by varying the flow rate gain,
Kg , by £20%. The results are tabulated in Table 5.14. The variation of K, has resulted in
very minimal variations for the feed forward control strategy and the optimisation of

controller parameters.

Table 5.10: Effect on the ride quality for the variation of motor inertia, J,, , for the quarter

rail vehicle with the velocity based disturbance feed forward control strategy

Acceleration (%g) Force (kN)
% Var Feed opri | opTm |  Feed OPTI | OPTII
forward forward
-20 1.830 1.665 1.542 3.542 2411 2.116
-10 1.941 1.658 1.544 3.875 2.481 2.223
0 2.070 1.660 1.551 4.223 2.565 2.323
10 2.315 1.673 1.575 4.583 2.673 2.473
20 2.373 1.695 1.603 4.954 2.792 2.617
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Table 5.11: Effect on the ride quality for the variation of motor back e.m.f., K, , for the

quarter rail vehicle with the velocity based disturbance feed forward control strategy

Acceleration (%g) Force(kN)

% Var fof::; 4 | OPTI| OPTH fof :Vei 4| OPTI| OPTII
20 2196 | 1.678 | 1.567 | 4.176 | 2.627 | 2.442
-10 2128 | 1.668 | 1.560 | 4372 | 2.595 | 2.390

0 2070 | 1.660 | 1.551 | 4.223 | 2.565 | 2.323
10 2019 | 1.653 | 1553 | 4.116 | 2.540 | 2.301
20 1975 | 1.647 | 1552 | 4.018 | 2.516 | 2.265

Table 5.12: Effect on the ride quality for the variation of motor inertia, /,,, , for the quarter

rail vehicle with the acceleration based disturbance feed forward control strategy

Acceleration (%g) Force (kN)
% Var Feed OPTI | OPTII Feed OPTI | OPTII
forward forward
-20 1.645 1.574 1.572 2.051 2.348 2211
-10 1.649 1.582 1.583 2.098 2.438 2.280
0 1.655 1.593 1.597 2.150 2.531 2.344
10 1.662 1.608 1.614 2.204 2.626 2.405
20 1.671 1.627 1.632 2.264 2.724 2.460
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Table 5.13: Effect on the ride quality for the variation of motor back e.m.f., K, , for the

quarter rail vehicle with the acceleration based disturbance feed forward control strategy

Acceleration (%g) Force(kN)

% Var foljfve; 4 | OPTI | OPTII foljfve:r 4| OPTI | OPTII
20 1.673 | 1595 | 1582 | 2.148 | 2.489 | 2.295
-10 1.664 | 1594 | 1590 | 2.147 | 2.508 | 2.318

0 1.655 | 1.593 | 1.597 | 2.150 | 2.531 | 2.344
10 1.6465 | 1.5954 | 1.6065 | 2.1509 | 2.5563 | 2.3734
20 1.6385 | 1.5991 | 1.6177 | 2.1545 | 2.585 | 2.405

Table 5.14: Effect on the ride quality for the variation of flow gain rate, K,

Acceleration (%g) Force(kN)
%var | Y oprr|oprm |, T | opTI| oPTHI
forward forward
20 1.570 1.530 | 1.616 1.910 | 2.140 | 2.047
-10 1.580 1.530 | 1.596 1.883 | 2.097 | 2.019
0 1.590 1.532 | 1.590 1.863 | 2.061 | 2.000
10 1.600 1.530 | 1.590 1.850 | 2.030 | 1.970
20 1.610 1.540 | 1.580 1.830 | 2.000 | 1.950
5.6.2 Robustness of the active suspension actuator controller on

the side-view railway vehicle

A similar robustness check is done to the actuator in the side-view vehicle to look at the

pitch effect of the vehicle on the whole system’s performance. The results are tabulated in
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Tables 5.16 - 5.21 for the electromechanical actuator and in Table 5.24 —5.25 for the

electrohydraulic actuator.

For the electromechanical actuator technology, the robustness of the feed forward controllers
in the suspension shows that the reduction of the motor inertia has resulted in an
improvement of the ride quality for both sides of the vehicle by a range of 10-14%. This has
also been reflected for the actuator force. Increasing the motor inertia has shown noticeable
degradation towards the acceleration and the actuator force for the un-optimised feed
forward controller, and slight improvement has occurred for the optimised controllers. The

pitch effect from the vehicle did not produce large degradations with this variant of actuator.

The variations of the motor back e.m.f. have shown some pitching effect in the force output
OPT II optimisation strategy. Other than that, reducing this parameter value has improved
the ride quality by 4 to 16% for the front suspension and is also reflected by the rear and
centre ride performance, with an exception for the un-optimised feed forward with a 5%

increase of ride acceleration.

Varying the valve flow gain for the electrohydraulic actuator has not shown any significant
changes in any of the feed forward controllers. The actuator controller strategies for these

actuators were not affected by the system bounce and pitch modes.
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5.7 Summary

This chapter examined the possibility of applying classical controller strategies for the
control of the two active suspension actuators used in this thesis. The feed forward controller
strategies were explained and categorised into reference and disturbance feed forward
controller strategies. The actuators were controlled with feed forward controller strategies
which were derived based on the physics of the individual actuator. The reference feed
forward proved not to be beneficial to the overall system based on the testing on the
electromechanical actuator. This is because the main issue for the actuator in the suspension
was discovered to be the disturbance created by the actuator extension velocity. Therefore

both actuators were tested further with the disturbance feed forward.

For the electromechanical actuator technology, the disturbance feed forward was categorised
into the velocity and acceleration disturbance feed forward. The velocity feed forward
strategy has shown significant improvement in the effort to achieve the ideal ride
acceleration, with a slight reduction in the actuator force compared to the classical feedback
control introduced in Chapter 4. Then the acceleration based feed forward strategy was
introduced in this chapter to reduce the error created due to motor acceleration. To achieve
this, the actuator was given an additional current control within the actuator itself to create
acceleration, and a feed forward was applied to reduce the current that goes into the actuator.
This method had shown improvement for the quarter car vehicle performance where the ride
acceleration was better than the ideal and further improvement was achieved with the

optimisation of the controller parameters.

However when the acceleration and also velocity based disturbance feedforward controller
were translated to the sideview vehicle, the same improvement did not occur (better than

ideal results) due to the effect of the pitch motion that occurred in the model.

The feed forward control for the hydraulic actuator, on the other hand, was much more
straightforward due to the physics of the linear actuator. The ride quality has shown a
significant improvement of 6.2% compared to the ideal, and the actuator force has also

reduced towards the ideal by 8%.

In this chapter, the optimisation technique has been revisited to re-optimise the feedback

controller. This was done to further improve the feed forward control strategy. The
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optimised actuator controllers have produced improved results for both actuators in the
quarter car railway vehicle. When translated to the side-view vehicle, the improvement still

exists for the ride quality and also the actuator force.

Lastly, a robustness analysis was used to check the stability of the overall system and
evaluate the performance, as the practicality of this strategy might be questionable. The
motor inertia and the back e.m.f, gain are varied for the electromechanical actuator. For the
electrohydraulic actuator, the flow gains were varied. All parameters were varied by £20%.
For both actuators, the ride quality and the actuator force did not produce large degradations.
This was applicable for the quarter car and side-view model, and so it could be concluded

that robustness will not be a critical issue for the strategies that have been developed.
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Chapter 6
Validation with more complex

active suspension strategy

The preceding chapters investigated the actuator controller strategies for the active
railway secondary suspension. Controller strategies for both electromechanical and
electrohydraulic actuators have been developed based on the quarter car vehicle which
was then extended to the side-view vehicle model, in both cases using the basic skyhook
suspension control strategy. The aim of this chapter is to look at the various actuator
controller schemes’ compatibility with a more complex active suspension control
configuration, therefore proving that the actuator control strategies are not only applicable
for the relatively simple suspension controller used earlier. The validation process is
performed using the complementary filter technique, a technique that has been used in
several research studies for active railway suspension. The actuator effects will be
assessed for all the actuator control schemes that have been developed in previous

chapters.



Validation with more complex active suspension strategy

6.1 Validation model

The validation method that has been adopted in this chapter is the complementary filter
technique. This technique is applied to the modal-based structure similarly to that which
was used in Chapter 3. Incorporating complementary filters within the modal active
control strategy changes the structure of the system; the front and rear suspension
deflections are decoupled from the vehicle’s bounce and pitch modes and then added to
the complementary filters. This method has been chosen based on its successful
application for the active lateral suspension on a railway vehicle (Goodall (1981)) where
the overall design approach is applicable for any form of active suspension concept. This
method has been studied by a number of researchers (Goodall (1976); Williams (1994);
Hong (1997); Zhou (2010)) for various stages and directions of the vehicle suspension.

The complementary filters are composed of a pair of second order Butterworth filters
(High Pass +Low Pass = 1) with the cross over frequencies according to what has been
used earlier in Chapter 3. The basic structure of the complementary filter is shown in
Figure 6.1, where the combination of the low pass filter (LPF) and high pass filter (HPF)
are fed into the skyhook damper coefficient, cy, , which is then fed into the actuators as a
force command, u,,. The basic idea is that absolute velocity feedback (i.e. skyhook
damping) is used at high frequencies, with relative velocity feedback (i.e. normal

damping) at low frequencies.

The complementary filters in the modal structure are used according to the arrangement
in Figure 6.2. When applied to the modal controller, the accelerometer and displacement
transducers from both ends are used in practice to derive the velocity signals. The
accelerometers from both ends measure the vehicle accelerations which need to be
integrated as before; the displacement transducer measures the relative displacement
between the bogie and the vehicle body, and this has to be differentiated to provide the
relative velocity. The suspension modes are controlled independently, where the two
filters on each sides of the vehicle are used to fulfil the fundamental suspension
requirements. The LPF is combined with a derivative of the suspension deflection, and
the HPF is combined with an integrator to process the front and rear vertical
accelerations. The suspension deflections are minimised (compared to the passive) by the

low pass filter which is predominantly a low frequency effect, meanwhile the high pass
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Validation with more complex active suspension strategy

filter generates a vertical damping command improving the ride improvement function

(compared to the passive). The combination is fed into the skyhook damper coefficient

and decoupled before being fed into the actuators as the force command. The damping

ratio used (and the corresponding skyhook damper value) remain the same as used in

Chapter 3.
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Figure 6.1 : Complementary filter structure

Actuator
Force

+
o

-Csp

Zf - Zbf
Zr - Zbr
Railway Vehicle
Dynamics -
Zs
z
LPF*s | 2
+
Z,

HPF* 1/s

+Y 4

LB

-Csp

UV i Q=
X s 11(2h) HR2

LPF*s |

+ A
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6.2 Validation results

The actuators and the force feedback controller scheme developed in Chapters 4 and 5 are
placed in the active suspension system to observe the compatibility of the actuators in
another active suspension system. Although the actuator controllers have been developed
based upon a quarter rail vehicle, it had performed relatively well in the local and modal
skyhook suspensions controller (i.e. for the side-view vehicle). Therefore it is expected to

do the same for this technique.

The effects of the actuators with all the developed actuator controller schemes are
compared using the modal skyhook control strategy (in black) and the complementary
filters (in red) as shown in Table 6.1 for the electromechanical actuator, and in Table 6.2

for the electrohydraulic actuator.

The following subsection compares actuators’ effects within the two active suspension

strategies, compared to the ideal as the basis.
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6.2.1 Electromechanical actuator analysis

The data tabulated in both tables earlier is best viewed in terms of a percentage. The bar
chart representation is shown in Figures 6.3 and 6.4 along with the percentage of

degradation/improvement occurring in the respective system, with the ideal as the basis.

The electromechanical actuator with the feedback control and its optimisation shows a
large percentage of degradation for the front and rear suspensions with the modal
skyhook strategy, however in the complementary filter suspension strategy a very
minimal degradation is shown, with a better than the ideal achieved in the rear
suspension. Both disturbance feed forward controller schemes (velocity and acceleration)
worked well with the new active suspension control strategy, where a percentage of
improvement in ride quality (approaching and also better than the ideal) for the front and

rear suspensions has been shown.

“ EMA: Front Acceleration
c 70
S
B 60
O -
=S 50
¥ o
Bl 40
c c
g § 30
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E o 20
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0
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B CompFilter| 27 2.6 53 32 4.1 5.8 3.546 | -0.71 -0.71

Figure 6.3: Bar chart of percentage of the ride performance degradation/improvement of
actuator and controller scheme effects with the different active suspension controller
strategies (with respect to the ideal) for the electromechanical actuator in the side-view

vehicle.
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EMA: Rear Acceleration
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Figure 6.4: Bar chart of percentage of ride performance degradation/improvement of
actuator and controller scheme effects with the different active suspension controller
strategies (with respect to the ideal) for the electromechanical actuator in the side-view

vehicle.

The electromechanical actuator effects for the validation active suspension control
strategy can be seen from the p.s.d.s of the front and rear acceleration in Figures 6.5 and
6.6. The ride acceleration can be seen to be able to perform better than the ideal up to a
frequency of 10Hz and begins to degrade beyond that. However from the linear plot of
the front and rear acceleration in Figure 6.7, it can be seen clearly that the actuator works
well at frequencies up to 10Hz for the electromechanical actuator with force feedback

controller strategies and only the manual tuned actuator continues to deviate above 11Hz.

The p.s.d.s for the velocity based disturbance feed forward controller with the
complementary filter suspension strategy in Figures 6.8 and 6.9 and for the acceleration
based feed forward (Figures 6.10 and 6.11) shows the ability of the actuator to adapt to
the active suspension strategy. The p.s.ds shows that the actuator has the ability to

achieve the ideal at higher frequencies.
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Acceleration PSD :Front
10 T T

—Ideal
Manual
10° -—-0PT1 |

Frequency(Hz)

Figure 6.5: Effect of electromechanical actuator with feedback controller

- Front acceleration p.s.d.s
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Figure 6.6: Effect of electromechanical actuator with feedback controller

- Rear acceleration p.s.d.s
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Figure 6.7 : Front and rear accelerations linear p.s.d.s for electromechanical actuator
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Figure 6.8: Effect of electromechanical actuator with the velocity based disturbance feed
forward controller- Front acceleration p.s.d.s
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Figure 6.9: Effect of electromechanical actuator with the velocity based disturbance feed

forward controller- Rear acceleration p.s.d.
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Figure 6.10: Effect of electromechanical actuator with the acceleration based disturbance
feed forward controller- Front acceleration p.s.d.s
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Figure 6.11: Effect of electromechanical actuator with the acceleration based disturbance

feed forward controller- Rear acceleration p.s.d.

The output forces produced by the electromechanical actuator in both suspension
controller strategies are compared again in terms of percentage. From the bar charts and
tables in Figures 6.12 and 6.13, the feedback control and optimisation scheme in the
complementary active suspension system produces a very high percentage of actuator
force. However, the actuator force for the feed forward control strategies shows
improvement with a much reduced force for both front and rear suspensions especially for
the acceleration based disturbance feed forward. This is caused by a reduction in the
motor torque requirement to accelerate the motor inertia, which eventually reduces the
actuator force. This is also an indication that the actuator is able to absorb the vibration

across the suspension and follow the movement across the secondary suspension.

These results are also conveyed in the force p.s.d.s in Figures 6.14 - 6.15 for the force
feedback control where the front and rear suspension with the electromechanical actuator
still shows difficulty in producing the ideal actuator force compared to the feed forward

control in Figures 6.16 - 6.19.
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Figure 6.12: Bar chart of percentage of the actuator force degradation/improvement of

actuator and controller scheme effects within the different active suspension controller

strategies (with respect to the ideal) for the electromechanical actuator in the side-view

vehicle.
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Figure 6.13: Bar chart of percentage of the actuator force degradation/improvement of

actuator and controller scheme effects within the different active suspension controller

strategies (with respect to the ideal) for the electromechanical actuator in the side-view

vehicle.
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Figure 6.14: Effect of electromechanical actuator with feedback controller
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Figure 6.15: Effect of electromechanical actuator with feedback controller

- Rear force p.s.d.s
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Figure 6.16: Effect of electromechanical actuator with the velocity based disturbance feed
forward controller- Front force p.s.d.s
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Figure 6.17 : Effect of electromechanical actuator with the velocity based disturbance
feed forward controller - Rear force p.s.d.s
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Figure 6.18: Effect of electromechanical actuator with the acceleration based disturbance
feed forward controller- Front force p.s.d.s
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Figure 6.19 : Effect of electromechanical actuator with the acceleration based
disturbance feed forward controller - Rear force p.s.d.s
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6.2.2 Electrohydraulic actuator

The electrohydraulic actuator effect on the acceleration for both controller strategies is
represented by the bar charts in Figures 6.20 and 6.21. It can be seen clearly that an
improvement better than the ideal has been achieved with the complementary filter
control strategy for both the front and rear suspension. All the actuator controller
strategies have shown a satisfactory adaptation to the suspension control strategy, with

improvements for almost all controller strategies.

These results are also conveyed in the force p.s.d.s in Figures 6.22 - 6.23 for the feedback
control and in Figures 6.24 - 6.25 for the feed forward control. The front and rear
suspension with the electrohydraulic actuator shows that the feed forward controller
schemes have the ability to follow the ideal, and perform better than the ideal for the
optimisation schemes. Meanwhile, with the feedback controller schemes, the suspension

still shows difficulty at higher frequencies.

N EHA: Front Acceleration
s
= 100
R
= 80
[V )]
:;59 60
c
£/ 40
9o
3|= 20
Q. .
Ev 0 - 1 .-—_-—
20 FFW FFW
Manual | OPTI | OPTII FFW o1 | ot
® ModalSky 87 9 5.8 14.4 15.5 2.16
m CompFilter| 35 -9.4 -16 0.9 -6.6 -6.3

Figure 6.20: Bar chart of percentage of ride performance degradation/improvement of
actuator and controller scheme effects with the different active suspension controller
strategies (with respect to the ideal) for the electrohydraulic actuator in the side-view

vehicle.
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Figure 6.21: Bar chart of percentage of ride performance degradation/improvement of
actuator and controller scheme effects with the different active suspension controller

strategies (with respect to the ideal) for the electrohydraulic actuator in the side-view

vehicle.
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Figure 6.22 : Effect of electrohydraulic actuator with feedback controller

- Front acceleration p.s.d.s
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Figure 6.23: Effect of electrohydraulic actuator with feedback controller

- Rear acceleration p.s.d.s
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Figure 6.24: Effect of electrohydraulic actuator with feed forward controller

- Front acceleration p.s.d.s
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Figure 6.25: Effect of electrohydraulic actuator with feed forward controller

- Rear acceleration p.s.d.s

The output forces produced by the electrohydraulic actuator in both suspension controller
strategies are compared again in terms of percentage. From the bar chart and table in
Figures 6.26 and 6.27, the feedback control and optimisation scheme in the
complementary active suspension system produces a higher percentage of actuator force
compared to the actuator on the modal skyhook control strategy. However, the actuator

force for the feed forward control scheme shows a much lower actuator force.

These results are also conveyed in the force p.s.d.s in Figures 6.28 - 6.29 for the feedback
control where the electrohydraulic actuator still shows difficulty in producing the ideal
actuator force. The feed forward controller in the system shows an ability to follow the
ideal as shown in Figures 6.30 - 6.31. This indicates that the feed forward controller
strategy for the electrohydraulic actuator is able to provide the appropriate servo-valve
current required to produce the actuator’s required speed, which reduces both the actuator

force and also improves the ride performance.
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Figure 6.26: Bar chart of percentage of the actuator force degradation/improvement of
actuator and controller scheme effects within the different active suspension controller
strategies (with respect to the ideal) for the electrohydraulic actuator in the side-view

vehicle.
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Figure 6.27: Bar chart of percentage of the actuator force degradation/improvement of
actuator and controller scheme effects within the different active suspension controller

strategies (with respect to the ideal) for the electrohydraulic actuator in the side-view

vehicle.
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Figure 6.28: Effect of electrohydraulic actuator with feedback controller

- Front force p.s.d.s
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Figure 6.29: Effect of electrohydraulic actuator - Rear force p.s.d.s
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Figure 6.30: Effect of electrohydraulic actuator - Front force p.s.d.s
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Figure 6.31 : Effect of electrohydraulic actuator — Rear force p.s.d.s
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6.3 Conclusion

In this chapter, the control schemes for both actuation technologies developed in the
earlier chapters are validated using the complementary filter technology within the modal
skyhook structure. Bar charts were used to illustrate and compare the percentage of
improvement/degradation of the actuator effects in the both active suspension controller
strategies. The electromechanical system showed significant improvements in the ride
acceleration especially for the feed forward controller scheme compared to its
performance with the modal skyhook strategy. However, an even larger improvement has
been found for the electrohydraulic actuator where a performance better than the ideal has

been achieved with the complementary filter strategy.

Actuator force still remains an issue for both actuators with the feedback control schemes,
where the force performance is made worse by the introduction of complementary filters.
However, both actuators demonstrated improvement better than the ideal, and also a very

small amount of actuator force for the feed forward scheme.

Based on these results, the feed forward strategies could be said to be the best active
suspension actuator controller strategy. This should be highlighted, as the actuator
controllers are developed taking into consideration the vehicle dynamics. This has been a
challenging process to achieve and it could be said that the feed forward controller has
shown that the actuator could be controlled in the suspension successfully. It has
performed as expected in this active suspension control technology, which would lead to

its adaptability in other structures for vehicle controllers.

It would be interesting to retune the active suspension controller parameters (HPF
frequency, skyhook damper coefficient for both modes and others). This however will not

be investigated and is left for future works.

The next chapter will discuss the controller strategies devised using optimal control

design, together with the estimator (Kalman filter) to estimate the immeasurable states.
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Chapter 7
Optimal Control

Controlling the active suspension actuators using classical control strategies has shown an
overall satisfactory outcome and a compatibility of the system in the validation process.
The classical approach has the advantage of providing a hierarchical structure, i.e. so that
the actuator controllers can be developed (and could be commissioned) separately from
the active suspension controller itself. However, it is also interesting to extend the
actuator control design using an optimal control algorithm to investigate the possibility of
applying modern control to control the actuators in the suspension. In this chapter the
controller design is a model based approach using an optimal control technique. The
design of this controller takes into consideration the active suspension actuator being
placed in the secondary suspension. The design of the controller concentrates on the
ability of the actuator in the suspension to be able to follow a force tracking input before
being placed into the whole active, vertical, secondary suspension scheme. Due to the
complexity of the whole system, the actuator controller will only be investigated with a
quarter car suspension. Since any model-based strategy has the potential for problems
when there is a mismatch between the real physical system and the embedded model, a

robustness check on the system is included at the end of the chapter.
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7.1  Linear Quadratic Gaussian (LQG) control design

Optimal control has been extensively applied in the active suspension industry, especially
in the automotive industry and also for railway vehicles. Optimal control permits the
suspension design to be a trade-off between minimising the body accelerations and
minimising the suspension deflections, a scheme that makes this scheme favourable.
Studies that have applied optimal control mainly concentrated on the suspension
controller for ride performance improvement in response to random inputs (Foo and
Goodall (2000) ; Zheng (2011)), and also on deterministic problems (Pacchioni (2010)),
without taking into consideration the actuator dynamics during the design of the
controller, whereas in this thesis the focus is upon the actuators themselves within the
active suspension. As highlighted in the previous chapters, it is necessary to take into
consideration the vehicle dynamics interactions with the actuator to further improve the
vehicle ride performance and also to keep the actuator force at a lower level. This is an
important aspect of designing the actuator controller which should be taken into
consideration in the aspect of active railway suspension actuator designs. The model
based approach control has been selected and applied to the developed actuator in an
active suspension, whilst investigating possible improvement using a model based control

for the system.

The design of this controller involves the combination of the Linear Quadratic regulator
(LQR) and the Linear Quadratic Estimator (LQE). In this thesis the performance of the
actuator across the secondary suspension is given priority where the interaction with the
vehicle dynamics is taken into consideration. Using the same basis of the state feedback
approach, the design of the state space representation for the system is the combined
model of the actuator and also the railway vehicle. Designing the optimal control is best
done using the separation principle where the regulator and estimator are designed

separately. The basic principle of the LQG is illustrated in Figure 7.1.
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Figure 7.1 : Linear Quadratic Regulator (LQG) scheme
7.1.1 Linear Quadratic (LQR) optimal control

This optimal quadratic controller controls the dynamics of the system back to the input
using a gain factor, K. . This is the advantage of using optimal control, where the closed
loop stability of the system is ensured and the technique also guarantees the level of
stability robustness. The performance of the system using the optimal control method in

this thesis uses a simple quadratic cost function which is expressed as in equation (7.1):

J = f t[xT(t)Qx(t) + 4T () Ru(t)]dt (7.1)
0

The required closed loop performance is then obtained by tuning the constant weighting
matrices Q and R until the minimisation of the resulting cost function leads to suitable

results on the plant.

In this thesis, the LQR control of the actuators developed for the active railway secondary
suspension as modelled in Chapter 4 is shown in Figure 7.2. The state equations for both
actuators are given in Chapter 4 (equations (4.18) - (4.19) for the two-mass vehicle, (4.8)
- (4.9) for the electromechanical actuator and (4.16) - (4.17) for the electrohydraulic
actuator). Since the actuators in this thesis are essentially force-tracking, an integral of the
force error is included in the developed plant of the actuated vehicle system. The
application of the LQR/G to the whole system is rather complex and not straightforward

compared to the application of the optimal control for the actuator or the active
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suspension system. Instead it is applied to both systems interacting with each other. As
highlighted earlier, the control scheme design is implemented for the quarter car model.
This decision is made firstly due the complexity of the system, and secondly because the
optimal control for the actuator in the suspension is not directly transferrable from a
quarter car vehicle to the side-view vehicle as with the previous methods. It would be
possible to apply optimal control to the whole system, i.e. to provide both suspension and
actuator control, but this is not done here. This is partly because the complexity would be
further increased, but also because the focus is upon the actuator control and the

comparison with the previously developed classical method.

The test that will be initially done is the ability of the actuators to be able to track the
force tracking input. Once this is obtained, only then will the active suspension controller

strategy be incorporated in the system.
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Figure 7.2: Actuator controller configuration for a combined system

The general LQR control scheme of the actuator in the secondary suspension is

mathematically described using the following state equations:

Xe = Acxe + Bou + Bgist € (7.2)
Ye = Cexe + Dou (7.3)
u=—-Kx.+ke (7.4)

€ = Yin — Yact = Yin — CactXact (7.5)
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where A, is the system matrix, B, is the control input matrix, Bg;s is the track
disturbance matrix into the vehicle, C, is the output matrix, D, is the control input feed
forward matrix of the combined system, and X, is the combined states of the actuator and
vehicle systems x,.; and X,.,. Meanwhile, y,., is the output vector of the vehicle
system, and y,.; is the actuator force output that will be fed back into the state feedback
controller. u is the input vector, while K. is the system control gain, and K; is the integral

state gain. ¢ is the position error of the force tracking output.

The main objective of the actuator controller in the suspension is the ability to improve
the ride quality at higher frequencies, whilst at the same time maintaining the suspension
deflection. The force produced by the actuators is also expected to be at a lower scale due
to approaching the ideal force. It is important to highlight that the objective of the
controller is to improve the ride quality of the vehicle to be as close as possible to the
ideal. The problem of the actuator in the suspension is objective based, however not all
the regulated variables (i.e. the actuator force) could be found in the state variable.
Therefore the output weighting method is used instead of the state weighting, due to the
lack of physical understanding of some of the state variables. The output weighting
method in the initial stage of the design eases the difficulty of assigning the weightage for

the desired performance. The cost function expressed in equation (7.1) is modified to J,,

in equation (7.6):

' 7.6
Iy = f [y"®)Qy(®) + u” (H)Ru(t)]dt (7.6)
0

The selection of the quadratic weights requires the knowledge of Q and R which is
derivable in many ways (Skogestad and Postlethwaite (2005)).

The regulated output for the actuator is the actuator force, and for the suspension the

outputs are the active suspension force, ride acceleration, and suspension deflection.

YT Qyy(6) = (Cx(®) + Du(t))" @y (Cx(t) + Du(b)) (7.7)
= x(®)TCTQ,Cx(t) + 2x(t)"CTQyDu(t) + u(t)" D" Du(t)
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Output weighting is applied, based on assigning the weighting diagonally as the inverse

1

m) for each variable

of the square of the maximum expected r.m.s. values (

value. This method is used in the initial selection of the output weighting and the final
selection is based on a trial and error process. Both voltage drive actuators are

investigated in tracking the force following signals.

The actuator has a single output, where the output is the actuator force. The output
weighting for the actuator, Q,, defined as C,”q,C,, is combined with Q, which is

Cpen! QuCyen, Where Cpep, are the suspension outputs. Qpep, is defined as below:

g 0 0 (7.8)
Qven = [0 qz 0]
0 0 g3

where g, is the weightage for the vehicle acceleration, g, for the suspension deflection,
and qsis for the actuator force output. The combined output weighting factors are

combined to form the matrix below:

Q. 0 0 0 (1.9)
0, = 00q 0O
00 0 0 g3

An additional output weighting is added to Q,, for the integral of position error.

7.1.2 Estimator

The design of the optimal controller for the actuators in the secondary suspension for this
chapter has so far assumed the use of a full state feedback. Although the LQR provides a
powerful controller design methodology, it is necessary to measure the entire states.
However, the states are not always measureable due to the unavailability of capable
sensors to measure all the states, and so an estimator is needed to estimate those states
which cannot be quantified physically. The Kalman filter used in this thesis estimates the
system states, with the assumption of “white noise” as the excitation of the application of

the estimator to the state feedback control, as in Figure 7.3.
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Since the nucleus of the research is the control of the actuator, this will therefore be

looked at initially until a satisfactory outcome is achieved, before being combined with
the suspension control. The model of the plant process is given by equation (7.10) and the

output measurement is given by the equation (7.11):

Xir =Akkaf+kau+L(ymeas —ykf) (7.10)
Yier = CrgXyr + Diyu (7.11)

where
Ymeas =Y TV (7.12)

Hhere Ay is the estimator dynamics, By is the estimator input matrix, Cy is the output
matrix and Dy is the estimator feed forward matrix. x,r is the estimator vector
containing the states of the modelled actuator and the railway vehicle system with the
connection of the actuator extension velocity . yy s is the estimator output vector, u is the
input vector, v is the measurement noise and L is the Kalman gain filter. y,,,,45 in this

case would be y, 5.

The regulator L is independent of the statistic of the noise and the output, C, and also of
the optimal control law gain K,- (LQR) based upon the separation theorem. The system is
subjected to the actuator force input and the random track disturbance. The
measurements feeding into the estimator are the acceleration, actuator force and

suspension deflection. The outputs are disturbed by the measurement noise v.

Selection of the error covariance, w, and the noise, v, is based on the aspect of the real
problems rather than the “tuning parameters” which need adjustment until a satisfactory
design is obtained. w is given by the ideal force input and the track variance. The
measurement noise, v, is assumed to have an r.m.s. value of one per cent (1%) of the

maximum acceleration, actuator force and suspension deflection.

Combined with the LQR control input, the control input now becomes:

u=—K,xys (7.13)
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7.2  Performance analysis

7.2.1 LQR

The electromechanical actuator has been tuned to achieve a force tracking output by
varying the weighting factors. The matrices Q and R give the best results in terms of the
reliability of the actuator in following a force tracking input, while the actuator is placed
across the secondary suspension. The ability to track the force inputs for the
electromechanical actuator is shown in Figure 7.4. The actuator output weighting, q,, is
adjusted to 160 to produce a good force tracking. A big output weighting value of 10° is
required for the integral state to produce a small integral position error. The tuning of the
other output weighting states has not had much effect on the suspension performance.
The input weighting, R, is a 2 by 2 matrix with a selected input of 0.01. The force

tracking output for the electromechanical actuator is shown in Figure 7.4.
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Figure 7.4 : Force following output for EMA

Unlike the electromechanical actuator, the selection of Q and R parameters for the
electrohydraulic actuator was less straightforward, and it was found to be difficult to

achieve a good solution for the force tracking output. The best outcome achieved by the
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author is illustrated in Figure 7.5. A higher actuator output weighting of 1760 - 10° was
required. A larger output weighting value of 11.6-10° was required for the integral
state to produce a small integral position error. Adjustments were required for q; and g,
to obtain a good force tracking output. The input weighting, R, is a 2 by 2 matrix with a

selected input of 0.0033.
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Figure 7.5: Force following output for EHA

When the actuators in the suspension are tested in an active suspension configuration (the
active suspension controller included), the power spectral density graphs for the body
acceleration and also the actuator force in comparison to the ideal active suspension is
shown Figures 7.6 and 7.7. In comparison to the ideal, the electromechanical actuator has
shown an ability to follow the ideal, while the electrohydraulic actuator has a lower peak
at 0.6Hz but begins to deviate from the ideal at 2Hz onwards. The r.m.s. values of the
optimal control of the actuator effects on the active suspension are calculated and
tabulated in Table 7.1. From the simulated time response results it is shown that only the
electromechanical actuator performs very close to the ideal. The force p.s.d.s show the
ability of the electromechanical actuator force to follow the ideal up to 6 Hz, and the

electrohydraulic actuator force deviates from the ideal beyond 1Hz.
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Table 7.1: R.m.s results of LQR control actuator design

Passive  Ideal EMA EHA
LQR LQR

Acceleration (%g) 2.431 1.700 1.864 2.454
Deflection (track input ) (mm) 10 8.0 10.9 10.1
Actuator Force (kN) - 1.718 2.337 3.928

Acceleration PSD

10- T T
——-ldeal
-——-EMA LOR
10°F - .
-~ \...
/ \__‘
S ———
10°F / N |
W
e %
N 107 %
< I
o A
k. ‘\\‘\
E 107 (Y 1
v
v NN
" N
10°f N \\ 4
AN
SN
Y
1070 N -
\‘
\
10‘8 1 1
10" 10 10’ 10°
Frequency(Hz)

Figure 7.6 Acceleration p.s.d. of the LQR control designed electromechanical actuator in
the active secondary suspension
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Figure 7.7 : Acceleration p.s.d. of the LQR control designed electrohydraulic actuator in
the active secondary suspension
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Figure 7.8: Force p.s.d. of the LQR control designed electromechanical actuator in the
active secondary suspension
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Figure 7.9: Force p.s.d. of the LQR control designed electrohydraulic actuator in the
active secondary suspension

7.2.2 LQG

The error covariance, w, and the noise, v, for the system estimator for the

electromechanical and electrohydraulic actuators are chosen as:

w = diag(1700,5.4283.10™%) (7.14)

v = diag((0.01 - 0.186)2,(0.01 - 0.008)2, (0.01 - 1720)?) (7.15)

where w is the ideal actuator force and the track variance. Meanwhile the measurement
noise, v, used is the assumption of a one per cent of the ideal acceleration, suspension

deflection and actuator force.
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Table 7.2: R.m.s. results of LQG control actuator design

Ideal EMA EMA EHA EHA
LQR LQG LQR LQG

Acceleration (%g) 1.700  1.864 1.863 2.454  2.590
Deflection (track input ) (mm) 8.0 10.9 10.9 10.1 10.1

Actuator Force (kN) 1.718  2.337 2.410 3.928 4.014

Table 7.2 compares the r.m.s. results of the LQR and LQG control design for both
actuators. It is apparent that the introduction of the Kalman Filter does not create a large
degradation in the suspension performance or the actuator force. The acceleration caused
by the LQG for the electrohydraulic actuator degrades by 5.3% while the
electromechanical actuator remains the same with respect to the LQR configuration. The
force for both actuators degrades by 3% and 2.2% for the electromechanical and
electrohydraulic actuators respectively in comparison with the LQR. These very small

differences in the results shown here could be considered as negligible.

7.3 Robustness test

A robustness test is essential to be performed after the design of the optimal controller for
the combined system. The main reason for this is that for the LQR/G optimal control
there are no guaranteed, or there are very small, stability margins for the controlled
system (Skogestad and Postlethwaite (2005)). Since the LQG is a model based control
strategy, the performance of the controller is affected by the accuracy of the system
model. This means that the adjustment of the controller could change if certain
parameters of the system change. The robustness check in this subsection is important to
the overall system to ensure that a change in parameters does not give an extreme
deterioration in the performance. This is a good test, in which the actuators could have
some flexibility in the selection of certain parameters. This could also mean that the
vehicle could have certain conditions for the parameters, i.e. with the vehicle being laden

or unladen. The variation will be in certain parameters for the actuator, i.e. the motor
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inertia, /,,, and also the back e.m.f, K, for the electromechanical actuator and the flow
rate gain, K, for the electrohydraulic actuator. As for the vehicle, the parameters of the
vehicle mass will vary, and a +25% variation is chosen. The parameter variation is on
the high side and perhaps not possible in practice; however, this practice is a good way of

checking the behaviour of the system for the worst case scenario.

Tables 7.3 and 7.4 contain the results of the varied parameters for both actuators. From
Table 7.3 it is shown that the changes in the electromechanical actuator parameter have
very minor effects on the ride quality and the actuator force. Table 7.4 also shows the
same trend for the varied electrohydraulic actuator. Meanwhile, robustness checks carried

out by varying the vehicle mass show an unchanged performance (Table 7.5).

Table 7.3: R.m.s. results for electromechanical actuator parameter variation

EMA with varied J,, EMA with varied K,
LQG | LQG with | LQG with | LQG with LQG with
+25% Jm -25% I +25% K, 25% K,
Acceleration (%g) 1.863 1.873 1.858 1.846 1.880
Actuator force (kN) | 2.410 2.472 2.374 2.417 2.410

Table 7.4: R.m.s. results for electrohydraulic actuator parameter variation

EHA with varied K,
LQG | LQG with LQG with
+25% K, -25% K,
Acceleration (%g) 2.590 2.592 2.587
Actuator force (kN) 4.014 3.990 4.054
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Table 7.5: R.m.s results for vehicle mass variation

EMA EHA
LQG with | LQG with LQG with | LQG with
LQG +25% mass |-25% mass LQG +25% mass |-25% mass
Acceleration (%g) 1.863 1.863 1.863 2.590 2.590 2.590
Actuator force(kN) |2.410 2410 2.410 4.014 4.014 4.014

7.4 Summary

In this chapter, the optimal LQR and the model based estimation using the Kalman filter
have been designed to develop the Linear Quadratic Gaussian optimal control.
The design of this controller has been undertaken using the separation principle, for
designing the estimator and the controller. The development of the controller involves the
combination of two systems: the actuator and the suspension. The actuators are placed
across the secondary suspension with the velocity extension as an added dynamic for the
actuator. This has increased the complexity of the system and also the development of the
optimal controller. As in previous chapters where the actuator has been a force tracking
device, the method used for developing the controller was based on a state feedback
regulator where an additional state of an integral of force error was added to the

combined states.

Both actuators are tested for force tracking performance where the electromechanical
actuator has shown the ability to do so; however the electrohydraulic actuator controller

had not produced a satisfactory force tracking output.

Due to having the vehicle dynamics included in the model for this design the selection of
the quadratic weights of the LQR has been difficult. The weighting factors selection had
been tedious especially for the electrohydraulic actuator for the force tracking
investigation. The active suspension controller was only included after a satisfactory

outcome of the LQR control was achieved.

It could be concluded that the optimal control for the electromechanical actuator had

created an improvement in the active suspension system. In comparison to the ideal, the
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strategy has shown less degradation compared to the classical force control in the
previous chapters. As for the optimal control for the electrohydraulic actuator in the
suspension, the results showed a 50% degradation compared to the ideal. This, in
comparison to the previous chapters, is not the best performance for this actuator.
Obtaining the right weighting factor for the electrohydraulic actuator was quite difficult
compared to the electromechanical actuator. The main reason for the LQR not working as
expected for the electrohydraulic actuator in the suspension was not entirely clear, and

perhaps further research in this matter is required.

A robustness check on both actuators in the suspension was made by varying the actuator
parameters and also the vehicle mass. This check has shown that the variation produces a
very small percentage variation of the ride quality and actuator force results (less than 1%

for both).

The optimal control in this chapter was applied to the quarter car vehicle, as the controller
is not directly transferable and also to avoid model complexity. This would also lead to a
remodelling of the controller and also the vehicle system, as the effects of the bounce and
the pitch and the response of the actuators in the suspension at the same time would be
complicated. Therefore this has been left for future works, where it would also be
interesting to include the controller parameter optimisation technique, and also take the

active suspension optimal controller into consideration.
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Chapter 8

Conclusions and Future Works

8.1 Conclusions from the research

This thesis describes the contribution of this research into the enhancement of the vehicle
ride performance for high speed railway vehicles via the control of the active, vertical,
secondary suspension actuators. The research outcome has demonstrated the improvement
achieved using this novel idea. This initiative has improved the ride performance of the
vertical suspension significantly for frequencies up to 10Hz over a straight track with the

ability to follow the ideal.

Previous research on the use of active secondary suspension has proven that its incorporation
would improve the vehicle ride quality compared to its passive counterpart, which is purely
mechanical. Considerations of ‘real’ actuators were limited in the effort to reduce ride
performance degradation, where previous concentration had only been on active suspension
controllers. The use of actuators in some literature has been with the actuator simply
modelled, without any consideration of the dynamic interaction between both systems. But
once the dynamic interaction has been properly represented, actuators have been reported to

contribute to a major degradation of the vehicle performance in comparison to the ideal. This
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is an understandable situation due to the limitation of the actuators being in the suspension.
Therefore, there is motivation to concentrate on the improvement of the vehicle performance

through the controls of the actuators across the secondary suspension.

In this thesis, the electromechanical and the electrohydraulic actuators are chosen to fulfil
this task. The actuator controllers are evaluated, taking into consideration both the vehicle
and actuator dynamics. This is a crucial criterion for the actuator application in the

suspension which has not yet been addressed properly by researchers.

In this thesis the importance of including the physical ‘feedback’ from the vehicle dynamics
into the actuators to represent the movement across the secondary suspension is addressed.
The ability to control the vehicle modes using actuator technology is important with more
complex models and suspension control laws. However it would be sufficient to observe the
trends on a simple side-view model, since the situation would be more or less the same as

seen with complex models.

This thesis began with the development of the quarter car and side-view model of the railway
vehicle. The vertical view of the suspension has been chosen, for a clearer view of the
behaviour of the actuators that will be placed across the secondary suspension. Active
control strategies have been developed based on the skyhook control strategies. The local
and modal skyhook strategy was introduced and had shown improved ride performance
which is not possible with the passive. The modal skyhook strategy had shown the best
performance giving a ride quality around 1% g and maintained a low suspension deflection
compared to the passive and also the local strategy. The vehicle analysis results of the active
suspension were taken as the “ideal actuator” condition. Then the parameters of the actuators
were calculated and selected based on these “ideal actuator” requirements obtained from the

developed active suspension quarter car railway vehicle earlier.

Initial development of the actuator controllers for both types of actuator was done using the
quarter car railway vehicle, which was then evaluated for the full vertical side-view vehicle

with a modal control active suspension strategy.

Controlling the actuators in the secondary suspension was initially carried out using a simple
force feedback control. Actuators were tuned to the best performance, and placed in the
secondary suspension, and then retuned again to provide a satisfactory force tracking

performance. The tuning of the actuators in the suspension was also checked to satisfy the
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actuator voltage requirements, and also so as not to exceed the allowable suspension

deflection over a straight track requirement.

The whole active suspension system was assessed where both actuators in the quarter car
suspension have shown an improvement compared to the passive, however this still shows a
substantial degradation compared to the ideal. Subsequently, an optimisation of the actuator
controller parameters was carried out using the genetic algorithm to optimise the controller
parameters (OPT I). Significant improvement of the r.m.s. results has been achieved using
the new controller parameters’ combination. This optimised control of the electromechanical
and electrohydraulic actuators has improved the ride quality by 41% and 56 % respectively
compared to the manually tuned controller. However the degradation against the ideal still
remains high, with the electromechanical actuator still showing 51% of degradation, and 9%

with the electrohydraulic actuator.

The optimisation technique has been extended with a further possible way of improving the
actuated active suspension which takes into consideration an additional stiffness in series
with the actuator (OPT II); here the stiffness and the controller parameters were optimised
together. The optimised electromechanical actuator controller and stiffness reduced the ride
acceleration by another 26%, making it closer to the ideal by 10%. Meanwhile, with the

electrohydraulic actuator an improvement of 3% compared to the ideal has been achieved.

When these controller strategies for the actuators were transferred to the side-view vehicle,
the degradations were similar to those which had occurred for the quarter car. The ride
acceleration r.m.s. values for the suspension with the electromechanical actuator have shown
a reduced degradation to an average of 11% approaching the ideal for OPT I and 8% for
OPT II. With the electrohydraulic actuator, OPT II gave an average of only 3% of

degradation and a better than the ideal performance by 6% for the rear suspension.

For both quarter car and side-view vehicles, it has been shown that the ride acceleration has
been pulled down to a lower level, however the p.s.d.s plots of the ride acceleration still
show that the actuated suspensions deviate from the ideal at frequencies of 3-4Hz. Careful
tuning of the actuator force control loops and also of the optimisation has reduced the
degradation in performance to a relatively low level, but there are still high frequency
limitations that need to be considered. The forces produced by both actuators were also

relatively high.
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An analysis has been made for both actuators at 3Hz to investigate the reason behind this
problem. It has been found that there was a large amount of access force compared to the
demand, which indicates that the actuator is not moving fast enough to absorb the vibration
across the suspension. Therefore, the optimisation of these controller parameters was not

sufficient to fulfil the objective of achieving the ideal.

To improve this condition, a feed forward control strategy is introduced as the actuator
controller. The strategy used is a practical type of approach to compensate for the effect of
the motion across the actuated secondary suspension and also to overcome the difficulties of
absorbing high frequency vibrations. Reference feed forward and disturbance feed forward
are introduced to both actuators. The reference feed forward scheme showed no benefit,
which indicates that the main issue for the actuator control was the disturbance created by
the actuator extension velocity. Implementation of the velocity and acceleration disturbance
feed forward for the electromechanical actuator has shown an improvement for the ride
quality of the vehicle with a reduced actuator force. The acceleration based feed forward has
shown benefit to the system where the ride acceleration and also the actuator force has been
significantly reduced when tested in the quarter car vehicle. However this strategy was

affected by the pitching motion that occurred in the sideview vehicle.

The electrohydraulic actuator has benefited the most from the feed forward strategy, where
the ride performance is better than the ideal by 5% for the quarter car and 11% on average
for the side-view. Optimisations of the actuator controllers and also the actuator stiffness
have improved the ride quality, approaching nearer to the ideal especially for the
electrohydraulic actuator. The improvements using the feed forward and optimisation
schemes have been tested for their robustness. Both actuated systems showed very minimal

changes which did not affect the whole system stability.

In Chapter 6, the developed actuator controller schemes was put to the test by a validation of
the developed actuator controller schemes’ with a more complex suspension control strategy.
The complementary filter technique was selected for these assessments. All the controller
schemes for both actuators have reduced the degradation, with the feed forward controller
scheme having the best performance for both actuators. The feed forward has shown a better
adaptability to the new active suspension controller strategy compared to the force feedback

controller. The actuators’ forces have also reduced indicating that the actuators are able to
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absorb the vibration across the suspension and follow the movement across the secondary

suspension.

Introducing modern control to the actuators in the suspension in this thesis had to be
performed on a quarter car vehicle model. The Optimal Linear Quadratic Regulator (LQR)
and model based estimation using the Kalman filter have been designed to develop the
Linear Quadratic Gaussian (LQG) optimal control. The design of this controller has been
solved using the separation principles and also involves the combination of the actuator and
the suspension, which is a different approach compared to other applications of optimal
control to the actuator or the suspension. The focus was meant only for the actuator in the
suspension which makes the design rather complicated as the actuator is placed across the
suspension, with the actuator having a ‘feedback’ from the vehicle velocity extension and
also an additional integrator for force tracking purposes. The complexity of the controller
design was significant, even for just the quarter car vehicles. Compared to the actuators’
classical controller schemes used in Chapters 4 and 5, this modern controller strategy does
not have the advantage of providing a hierarchical structure which can be transferred to the

side-view model from the quarter car vehicle design.

Using this actuator controller scheme, the quarter car suspension with the electromechanical
actuator was found to be able to follow the force tracking inputs which leads to the ability to
perform well, giving just a 9% of ride performance degradation. Compared to other
controller schemes, this performance does not differ much from the results given by the
optimised force feedback and feed forward controller schemes for the quarter car vehicle.
The electrohydraulic actuator, on the other hand, was unable to provide a similar or better
performance compared to the other control schemes using the optimal control. The
robustness test for the system has shown that a less than 5% variation occurs with a 25%

variation of the actuator parameters, and none for the variation of the vehicle mass.

8.2 Future Works

The research has used simplified models of the vehicle and also the actuators to focus on the
development of controller strategies for the actuators. In future, the author suggests that a
continuation of the research should include additional features to complete the whole vehicle

system, and also perhaps it should be applied practically.
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Optimisation in this thesis only concentrated on the actuators’ controllers, but there is the
possibility to include certain suspension controller parameters. In this thesis, only the
classical controllers explored for the electromechanical and electrohydraulic actuators were
extended to the side-view vehicle model. The extension of the optimal controller to the side-
view vehicle could be explored which involves higher complexity and might benefit the
electromechanical actuator in the suspension. Other modern control strategies might be
considered for the electrohydraulic actuator based on the unsuccessful attempt to further

improve the ride acceleration using optimal control.

The study of the actuator controller for an active suspension system has been researched for
a system to be linear without flexibility with consideration of just the vertical suspension of
the vehicle. In future, testing the actuator and controller scheme effects should be taken into
consideration if used in other directions of the vehicle with added nonlinearities, in particular
for the hydraulic actuator, and also the flexibility of the vehicle. Multibody software such as
SIMPACK or VAMPIRE could also be used in the validation stages of the design with
additional non-linearities. Application of the actuator controller design to a test rig would be
interesting to validate the results achieved though the simulations. In future, it would be

desirable to see that trains take advantage of the research ideas described in this thesis.
In summary, for future works, the testing of the developed controller can be extended to:

e The full vehicle model (SIMPACK, VAMPIRE)

e Including the non-linearity effects of the electrohydraulic actuator (and to a lesser
extent for the electromechanical actuator) on the system

e Lateral active suspension

e Experimental testing of the actuator controllers (using hardware-in-loop concepts to
represent the vehicle dynamics)

e Testing on a real railway vehicle.
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Appendix A

Railway Vehicle parameters

Parameter Symbol Value
Body mass m, 38000 kg
Body pitch inertia Jv 2310000 kgm®
Air spring mass Mympfr Mmpr | S kg
Bogie mass Mpf, Mpy 2500 kg
Bogie pitch inertia ip 2000 kg m’
Air spring change of area stiffness kq 0 Nm™
Air spring volume stiffness kg 1160000 Nm™
Secondary reservoir stiffness ki, 508000 Nm
Secondary damping Cry 50000 Nsm''
Primary spring stiffness ky 4935000 Nm™
Primary damping Cp 50740 Nsm™'
Semi bogie to bogie spacing l; 9.5m
Wheel to wheel spacing Iy 2.5m

Source : Pratt, . (1996). Active Suspension Applied to Railway Trains. PhD Thesis, Loughborough

University.
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Appendix B

State space matrices for active vertical secondary

suspension
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