
 

A controller and observer for active suspensions with preview

Citation for published version (APA):
Huisman, R. G. M. (1994). A controller and observer for active suspensions with preview. [Phd Thesis 1
(Research TU/e / Graduation TU/e), Mechanical Engineering]. Technische Universiteit Eindhoven.
https://doi.org/10.6100/IR429061

DOI:
10.6100/IR429061

Document status and date:
Published: 01/01/1994

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://doi.org/10.6100/IR429061
https://doi.org/10.6100/IR429061
https://research.tue.nl/en/publications/fb04f41a-4d24-4643-bcae-b245f1597a13


A Controller and Observer 
for 

Active Suspensions with Preview 

Rudolf Huisman 



A Controller and Observer 

for 

Active Suspensions with Preview 



CIP-DATA KONINKLIJKE BIBLIOTHEEK, DEN HAAG 

Huisman, Rudolf Geert Maria 

A controller and observer for active suspensions with preview / 
Rudolf Geert Maria Huisman. - Eindhoven : 
Eindhoven University of Technology 
Thesis Eindhoven. - With r~f.- With summary in Dutch. 
ISBN 90-386-0274-X 
Subject headings: active vehicle suspensions ; control systems. 

Druk: CopyPrint 2000, Enschede 



A Controller and Observer 

for 

Active Suspensions with Preview 

PROEFSCHRIFT 

ter verkrijging van de graad van doctor 
aan de Technische Universiteit Eindhoven, 

op gezag van de Rector Magnificus, prof.dr. J .H. van Lint, 
voor een commissie aangewezen door het College van Dekanen 

in het openbaar te verdedigen op 
maandag 19 december 1994 om 14.00 uur 

door 

Rudolf Geert Maria Huisman 

geboren te Venlo 



Dit proefschrift is goedgekeurd door de promotoren: 

prof.dr.ir. J.J. Kok 
prof.dr.ir. H.B. Pacejka 

en de copromotor: 

dr.ir. F.E. Veldpaus 



Voor mijn vader en moeder 



Summary 

Notation 

1 Introduetion 
1.1 Vehicle suspension systems . 
1.2 Research objectives . 
1.3 Outline of the thesis 
1.4 What's new? 

2 Models 
2.1 Modelsof the vehicle .......... . 

2.1.1 Model to evaluate the controller .. 
2.1.2 Model to evaluate the observer . 

Contents 

ix 

xi 

1 
1 
3 
4 
5 

7 
7 
8 
9 

2.1.3 Models to evaluate the combination of the controller and the ob-
server ......... .. 

2.2 Models of the road irregularities . 
2.2.1 Deterministic road surface 
2.2.2 Stochastic road surface .. 

3 A controller for active suspensions with preview 
3.1 Objectives of the control strategy 

3.1.1 Deterministic road surface ...... . 
3.1.2 Stochastic road surface ........ . 

3.2 Literature on controllers for active suspensions 
3.3 Derivation of the control strategy . . . . . . . 

4 Performance of the two-DOF active suspension 
4.1 Choice of the weighting factors .... 
4.2 The mechanism and effects of preview . 
4.3 Performance on realistic road surfaces . 

4.3.1 Deterministic road surface .. . 
4.3.2 Stochastic road surface .... . 

4.4 Oomparisou with other preview suspensions 
4.5 Conclusions . . . . . . . . . . . . . . . 

vii 

9 
11 
12 
13 

17 
17 
17 
18 
19 
25 

27 
27 
29 
33 
33 
36 
39 
45 



viii 

5 An ohserver for vehicle suspensions with preview 
5.1 Observing systems with unknown inputs ... 
5.2 Literature on observers for vehicle suspensions 
5.3 Design of the observer . . . . . . . . . . . 
5.4 Some performanceaspectsof the observer .. 

5.4.1 Influence of measurement noise . . . . 
5.4.2 Influence of parameter errors and tire lift-off 

5.5 Conclusions . . . . . . . . . . . . . . . . . . . . 

6 Combination of the controller and the observer 
6.1 Combining the controller and the observer .... 
6.2 Performance of the closed loop system with observer 

6.2.1 Deterministic road surface 
6.2.2 Stochastic road surface 

6.3 Conclusions . . . . . . . . . . . . 

7 Conclusions and recommendations 

A General solution of the optimal control problem 

B Frequency response of the active suspension with preview 

References 

Samenvatting 

Acknowledgements 

Contents 

47 
47 
48 
49 
54 
54 
58 
62 

63 
63 
66 
66 
82 
83 

85 

89 

93 

95 

101 

103 



Summary 

The performance of a vehicle suspension systemis primarily determined by the comfort 
of the occupants, the required suspension working space, the handling properties, the 
dynamic tire farces and, for commercial vehicles, the laad on the chassis components 
and on the cargo. The investigation described bere focuses on the development of an 
active suspension at the rear wheels of the tractor of a tractor-semitrailer combination. 
The suspension control uses knowledge of the road surface between the front and the 
rear wheels (the so-called preview information). 

One of the objectives of the research is to determine the maximum attainable per
formance improvement, particularly on deterministic road surfaces (e.g. traBic humps 
and railway crossings), compared toa representative passive suspension. The influence 
of the active suspension on the handling properties has not been examined so far. 

The main objective is to obtain more insight into the feasibility of active suspen
sions with preview. For that purpose, an observer is designed to determine the preview 
information and the required state quantities frpm simple and realistic measurements 
(i.e. vertical chassis accelerations and suspension de:B.ections), a control strategy is de
rived to calculate the actuator force from the reconstructed quantities, and, finally, 
the dynamic behaviour of the actively controlled vehicle is predicted. All results are 
obtained from computer simulations. 

The observer is based on a Luenberger observer and is also suitable for semi-active 
suspensions. To determine a suitable setting of the observer, Kalman filter theory is 
used. The control strategy is based on linear optimal control theory. 

The control strategy is evaluated first with a linear, two-DOF one-dimensional ve
hicle model and with exact knowledge of the preview information and the state. The 
performance of the observer, using a linear, four-DOF two-dimensional model, is eval
uated in the combination with the controller for a linear and a nonlinear, six-DOF 
two-dimensional vehicle model. In the nonlinear model, tire lift-off, nonlinear shock 
absorbers and progressive air springs are modelled. 

A new aspect in the investigation is that the measured chassis accelerations are 
twice integrated with a 'high-pass integrator' .to obtain extra 'measurements' for the 
Luenberger observer. As a result, the observer is also suitable to reconstruct the pre
view information and the state for deterministic road surfaces. Also new is that in the 
control strategy no assumption is made with respect to the road surface outside the 
preview interval. The performance and stability of the preview controlled active suspen
sion is evaluated for representative road surfaces and for realistic measurement, model 
and parameter errors. Finally, the maximum attainable performance impravement is 
determined compared to a representative passive suspension. 

The main results are as follows. With exact knowledge of the preview information 
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and the state, and without model and parameter errors, the active suspension with 
preview can rednee at the same time the dynamic tire force, suspension deflection and 
vertical chassis acceleration at the rear side of the tractor significantly. Moreover, 
the damping of the chassis movement at the rear wheels of the tractor is improved 
and, for the six-DOF model, the vertical chassis acceleration at the kingpin and the 
pitch acceleration of the chassis are decreased. For deterministic road surfaces, the 
improvements mean that the maxima of these quantities are reduced. For stochastic 
road surfaces the RMS values are reduced. The performance is improved at the expense 
of a slightly increased suspension deflection at the front wheels. An active suspension 
without preview can only improve the performance for stochastic road surfaces. 

The control strategy works satisfactorily for preview times larger than 0.13 s. This 
is the minimum available preview time for tractor-semitrailers. However, the control 
strategy is less suitable for smaller preview times. For that case it is recommendable to 
use an assumption with respect to the road surface outside the preview interval. 

The power peaks to be supplied by the actuator for both deterministic and sto
chastic road surfaces are significantly larger with preview than without preview. With 
ideal actuators, the average power dissipated by the actuators is much less than that 
dissipated by the actuators of an active suspension without preview or that dissipated 
the dampers of a passive suspension. . 

When a four- ortwo-DOF controller model is used insteadof a six-DOF one, the 
performance decreases marginally. The simpler controller models mainly influence the 
damping of the chassis movement and the vertical chassis acceleration at the rear wheels 
of the tractor. The nonlinearities have a negligible effect on the performance of the 
active suspension. In the class of considered parameter errors, errors in the tire stiff
nesses of the front and of the rear wheels have the most significant influence on the 
performance. A ten milliseconds estimation error in the preview time deteriorates the 
performance significantly. This is due to the fact that preview is used and not to the 
control strategy or reconstruction technique. A further increase of the preview time 
error can negate the advantages of preview. 

The use of the observer deteriorates particularly the dynamic tire force and the 
suspension deflection at the rear wheels of the tractor. The influence of measurement 
noise is marginally. Drift due to the integration of noisy measurements is eliminated 
by using the 'high-pass integrator'. 

Finally, the active suspension with preview remained stabie in all simulations with 
the representative road surfaces and with the realistic measurement, model and pa
rameter errors. Moreover, except in case of the preview time error, the suspension 
performance (particularly the vertical chassis acceleration at the rear side of the tractor 
and at the kingpin, and the pitch acceleration of the chassis) was significantly better 
than that of the passive suspension for both deterministic and stochastic road surfaces. 
Therefore, the stability ap.d performance robustness of the preview controlled active 
suspension are promising, but require further investigation. 



Notation 

a, A, a scalar 
a column 
A matrix 
AT transposed of A 
A-t inverse of A 
G,;,j element of A 
a average value of a 
!! non-dimensional value of a 
à first time derivative of a 
ä second time derivative of a 
á first time derivative of a 
Á first time derivative of A 
ä reconstructed value of a 
E(a) expected value of a 
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Chapter 1 

Introduetion 

The development of new suspension systems for vehicles is subject of many theoretica! 
and practical investigations. On the one hand because vehicles and passenger cars in 
particular - are intriguing objects, on the other hand because they are quite suitable 
to demonstrate a lot oftheories that bas been developed, for example, in the field of 
dynamics and controL 

In Section 1.1 a short introduetion into the area of vehicle suspension systems is 
given. A survey of the relevant literature is given in Sections 3.2 and 5.2. The objectives 
of the research described in this thesis are presented in Section 1.2. The outline of the 
dissertation is described inSection 1.3 and, finally, the new aspectsin the research are 
mentioned in Section 1.4. 

1.1 Vehicle suspension systems 

The main problem in the design of a vehicle suspension is that the designer bas to 
deal with conflicting demands, namely good comfort of the driver and other occupants, 
low suspension working space and good handling properties (see Fig. 1.1) (Hrovat [28], 
Sharp and Crolla [65]). Comfort and handling properties are most important for pas
senger cars. For commercial vehicles, comfort and required suspension working space 
are of main interest, though recently also dynamic tire forces - which determine the 
handling properties and have a major contribution to road darnaging - have become 
important. 

Comfort, required suspension working space and handling can be improved if an 
active or semi-active suspension is used instead of a passive suspension. Compared 
to a passive suspension, a semi-active suspension can rapidly adjust some of its suspen
sion characteristics (usually the damping factor). An active suspension bas an actuator 
(hydraulic, electric or pneumatic) which can not only dissipate energy, but can also sup
ply energy. The latter suspension shows a superior performance compared to passive 
and semi-active suspensions but the system is also much more complex and is therefore 
expensive and less failure safe. Moréover, it is often thought that an active suspension 
automatically leads to an unacceptable increase of the fuel consumption due to the 
power requirements of the actuator. In this investigation it will be shown that this 
needs not necessarily to be true. 

A lot of effort bas been put in the design of suitable control strategies for active and 
semi-active suspensions. The majority of control strategies incorporates a 'skyhook 
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2 Introduetion 

Figure 1.1: The conflicting demands in the design of a vehicle suspension: reducing bath 
the sprung mass accelerations, dynamic tire forces and suspension deflections. 

V 
--+ 

Figure 1.2: Model of a tractor-semitrailer with a skyhook damper in the suspension at the 
rear axle of the tractor. 

damper' (Karnopp [39]) one way or another, because this has a beneficia! effect on 
comfort. Then, in the ideal case, the dynamic behaviour is similar to the situation where 
one end of the damper is rigidly connected to the sky (i.e. the fixed world, see Fig. 1.2). 
The suspension performance is further improved if knowledge of the road surface in 
front of the (semi-) actively controlled axles this knowledge is called preview is 
used in the control strategy (Eender [10], Thompson et al. [75], Tomizuka [76]). 

There are two preview concepts. One is based on the use of 'look-ahead sensors' 
(see Fig. 1.3) to determine the preview information (Foag [17), Foag and Grübel [18], 
Frühauf et al. [19]). Using these sensors, preview is available to control both the front 
and the rear suspension. The secoud concept is to assume that the road surface at the 
rear wheels is the same as at the front wheels except for a time delay. If the road surface 
which cantacts the front wheels can be determined one way or another, then preview is 
available for the rear wheels (Abdel Hady [1), Louam et al. [46], Sharp et al. [66]). 

Both preview concepts have drawbacks. For instance, the look-ahead sensor might 
recognize a heap of leaves as a serious obstacle, while a pot-hole filled with water might 
not be detected at all. In addition it is not easy to guarantee a good performance 
of the sensor under all circumstances. In case of the secoud preview concept, a brick 
detected by the front wheels can jump away soit won't enter the rear wheels. Moreover, 
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Figure 1.3: Look-ahead sensors used to determine the preview information (source: [56]). 

the track of the rear wheels is different from that of the front wheels, especially when 
cornering or when the rear axle is 'twin mounted' whereas the front axle is not. 

The automotive in dustry has become interested in the' use of preview. For example, 
the Mitsubishi Galant released in May 1992 can be equipped with a preview controlled 
semi-active suspension using look-ahead sensors (Morita et al. [56]). Unfortunately, 
there is not much known in literature about the implementation aspects of preview. 

1.2 Research objectives 

The main objective of the research described in this thesis is to obtain more insight 
in the feasibility of active suspensions with preview. For that purpose, a reconstruc
tion technique is designed to determine the preview information and the required state 
quantities1 from simple and realistic measurements, a control strategy is derived to cal
culate the actuator force from the reconstructed quantities, and, finally, the dynamic 
behaviour of the actively controlled vehicle is predicted. A less important objective is 
to determine the maximum attainable performance impravement compared to a repre
sentative passive suspension. 

The investigation is part of a Brite Euram project in which the Eindhoven University 
of Technology, DAF Trucks N.V., Monroe Belgium and ContiTech Formteile GmbH 
participate. Therefore, the application of the active suspension is focused on commercial 
vehicles. And because the main advantages of the new suspension are to be expected 
for long distance transport, especially tractor-semitrailers are of interest. 

The comfort of a tractor-semitrailer driving on motorways2 is at a satisfactory level. 
As a result the performance of the suspension on incidental road disturbances, like pot
holes and traffic humps, becomes important to the driver's impression of comfort. More
over, because fuel consumption. is a very important economical aspect for commercial 
vehicles in particular, the active suspension will be used only incidentally. Therefore, 
the investigation is primarily focused on these incidental road disturbances. However, 

1 'The state of a system summarizes the past of the.system insofar as relevant for its future behaviour' 
[44] or, in other words, the state completely describes the dynamical behaviour of a system. For 
mechanica! systems the state almost always contains displacements and velocities. To calculate the 
actuator force, the controller of the active suspension requires not only the preview information, but 
also the measurement or reconstruction of a number of state quantitiès (see Chapter 3). 

2The majority of the kilometers driven by tractor-semitrailers are made on motorways. 
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to facilitate comparison of the suspension with suspension types taken from literature, 
the performance of the suspension is also calculated for a Oerman motorway [11] and 
fora slightly worse than average minor road [14]. 

Because the excitation of the rear wheels of the tractor is the main cause of the 
longitudinal and pitch movement of the cabin, and of the load on the chassis components 
arid on the cargo, it has been decided to replace only the passive suspension at the rear 
wheels of the tractor by an active one. Now, the second preview concept, i.e. the 
reconstruction of the preview information from measurements at the front wheels of 
the vehicle, is a relatively reliable and cheap alternative, and is therefore chosen in this 
investigation. 

All results in this thesis are obtained from computer simulations. Unfortunately, so 
far it was impossible to do experiments. 

1.3 Outline of the thesis 

To describe the dynamic behaviour of a tractor-semitrailer accurately in the frequency 
range from 0.15 to 20Hz, a vehicle model withalotof (much more than ten) degrees 
of freedom (DOF) is required. Because it is impossible to use such an elaborate model 
for the reconstruction and the controi; and because first some insight has to be gained 
in the use of active suspensions with preview for commercial vehicles, simple vehicle 
models with less than ten DOF's are used. In Chapter 2 the vehicle models used in this 
investigation are described tagether with models which represent the road irregularities. 

As stated before, the performance of a suspension is determined by the comfort of 
the driver, the required suspension woricing space and the handling properties. For 
commercial vehicles also the load on the chassis components and on the cargo, and 
the darnaging of the road are of interest. Because the performance quantities 'comfort' 
and 'handling' are rather vague, they must be specified in more detail before a control 
strategy can be designed which can take into account these quantities. Both comfort 
and handling are relatively well defined for stochastic road surfaces, like a motorway 
and a brick paved road (ISO 2631 [6], Hrovat [28], Smith et al. [68]). Unfortunately, 
this is not true for incidental road disturbances. An ad hoc solution of this problem is 
described in Chapter 3. 

Also in Chapter 3, a control strategy is derived for active suspensions with preview. 
The strategy is based on linear optimal control theory ( e.g, Kwakernaak and Si van 
[43]). A first impression of the performance. of the suspension is given in Chapter 4, 
where a simple two-DOF model is used to describe the dynamica! behaviour of the rear 
side of the tractor. At this stage the preview information and all state quantities are 
supposed to be known. Moreover, model errors are neglected. The performance of the 
active suspension is compared to that of a representative passive suspension and to 
another preview controlled suspension from literature. 

An öbserver is used to reconstruct the preview information from measured suspen
sion deflections and vertical chassis accelerations. Moreover, à number of state quau
tities has to be reconstructed. For this purpose, in Chapter 5 an observer is designed 
which is basedon a Luenberger observer (Luenberger [49]). Todetermine a suitable 
setting of this observer, Kalman filter theory (Kalman and Bucy [37]) is used. Though 
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the performance of the observer is particularly determined by the performance of the 
combination of the controller and the observer, some performance aspects are already 
discussed in Chapter 5. 

In Chapter 6 the controller and the observer are combined. The combination is 
evaluated by simulations for a number of representative raad inputs, parameter errors, 
unmodelled dynamics, nonlinearities and measurement errors to obtain an impression 
of the performance, stability and robustness of a preview controlled active suspension. 
Moreover, as in Chapter 4, the performance is compared to that realized by a passive 
suspension. 

Finally, conclusions are drawn and recommendations for further and future investi
gations are given in Chapter 7. 

1.4 What's new? 

A new aspect in the investigation is that the measured chassis accelerations are twice 
integrated with a 'high-pass integrator' to obtain extra 'measurements' for the Luen
berger observer. As a result, the observer is also suitable to reconstruct the preview 
information and the state for deterministic road surfaces. Also new is that in the control 
strategy no assumption is made with respect to the road surface outside the preview 
interval. The performance and stability of the preview controlled active suspension is 
evaluated for representative road surfaces and for realistic measurement, model and 
parameter errors. Finally, the maximum attainable performance impravement is deter
mined compared to a representative passive suspension. 
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Chapter 2 

Models 

Models of the vehicle and specification of the road irregularities are necessary to arrive 
at an active suspension and to determine the feasibîlîty of this suspension. These 
subjects are discussed in Sections 2.1 and 2.2 respectively. 

2.1 Modelsof the vehicle 

In this thesis only two-dimensional (2-D) vehicle models for the dynamic behaviour in 
longitudinal and vertical direction are used (so rollis not modelled) because the benefits 
of the active suspension are supposed to be gained especially in these directions. In a 
later stage full vehicle models are required to check the influence of the new suspension, 
for example, on handling and fatigue properties of the vehicle. · 

The controller of the active suspension needs a vehicle model, the controller model, 
to calculate the actuator force. A possibly different vehicle model, the observer model, 
is required to reconstruct the preview information and the state from measurements. 
Moreover, a more realistic and elaborate model, the simulation model, is necessary 
to obtain an impression of the total systems performance. Therefore, three distinct 
vehicle models are required. 

Fig. 2.1 shows the general structure of a controlled system. In the block diagram 
the controller, observer and simulation model are incorporated. In our case the distur
bance input represents the road surface and the control input is the actuator force 
generated by the active suspension. The controlled output contains quantities which 
have to be controlled by the suspension, for example chassis accelerations and tire forces 
(see Section 3.1). In the measured output are, amongst others, measured chassis ac
celerations which serve as the input for the observer. From these measurements the 
observer reconstructs the necessary quantities for the controller. 

Sections 2.1.1, 2.1.2 and 2.1.3 describe the vehicle models used to evaluate the con
troller, the observer and the combination of the controller and the observer respectively. 
An overview of all vehicle models used in the investigation is given in Fig. 2.6. 
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'reality' 

dlsturbance Input 
simulation model 

controlled output 

controlinput measured output 
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controller observer .... ~ ....... ~ • - * ...... : . ................... 

L controller model 
reconstructed · 

observer model 
control strategy reconstruction technique 

quantitles: 
~ 

Figure 2.1: General structure of a controlled system. 

2.1.1 Model to evaluate the controller 

Two-DOF mode1s1 are often used in the development of suspension systems because 
they are the simplest models showing the conflict between comfort, suspension working 
space and handling. The two-DOF model shown in Fig. 2.2a is used to evaluate the 
controller of the active suspension with preview and to get a first impression of the po
tential performance improvement. This model is used both as simulation and controller 
model (see also Fig. 2.6). 

The model describes the dynamic behaviour of the rear side of the tractor. The 
quantities mcr and mar represent the sprung and unsprung mass. The vertical dis
placement of the sprung and unsprung mass are represented by Qcr and Qar. The tire is 
modelled as a linear spring with stiffness ktr and is fixed to the road such that tire lift
off can not occur. For the passively suspended vehicle, the actuator, which generates a 
force fa, is replaced by a linear spring (stiffness ksn see Fig. 2.2b) and linear damper 
( damping coefficient bsr)· The parameter values used are given in Table 2.1. 

Table 2.1: Parameter values of the two-DOF vehicle model. 
I quantity I parameter I value I unit I 
I unsprung mass mar 1350 I [kg] 

sprung mass fier 8650 [kg] 
' tire stiffness ktr 6.5·106 [N/m] 

suspension stiffness ksr 4.4·105 
I [N/m] 

suspension damping bsr , 4.31-104 [Ns/m] 

The road elevation qrr at the rear wheels is supposed to be the same as at the front 
wheels ( Qr 1) except for a time delay tp, the so-called preview time. The preview time 

1The two-DOF model is better known as the 'quarter car model', thougb the terms 'quarter' 
and 'car' are of course erroneous here. 



2.1. Modelsof the vehide 

V 
----+ 

(a) (b) 

Figure 2.2: Two-DOF vehide model of the rear side of the tractor with an active suspension 
with preview (a) used to evaluate the controller. T wo-DOF model of the passively suspended 
vehicle (b ). a lso used to evaluate the observer. 

is equal to the quotient of the wheelbase of the tractor and the vehicle speed v. In 
this stage the preview information, i.e. the road profile between the front and the rear 
wheels, is supposed to be known exactly. Because also the state quantities are supposed 
to be known, there is no observer required yet. 

2.1.2 Model to evaluate the observer 

The two-DOF vehicle model of Fig. 2.2b is used to demonstrate some performance 
aspects of the observer, such as the performance under influence of measurement errors 
and parameter errors. It is used both as simulation and observer modeL In case of 
parameter errors the structure of the model is correct, but the model parameters are 
different in the simulation and observer model. 

For the two-DOF model the observer has to reconstruct the road input qrr and 
the state quantities qar, tlar 1 qcr and tier from simple measurements. In this investiga
tion it has been chosen to measure only vertical chassis accelerations and suspension 
deflections. Forthetwo-DOF model this means that iicr and qcr- qar are measured. 

2.1.3 Models to evaluate the combination ofthe controller and the observer 

To evaluate the combination of the controller and the observer, the 2-D, six-DOF model 
shown in Fig. 2.3 is used as simulation modeL The cabin, chassis and engine are 
represented by one rigid body. The semitrailer is also modelled as a rigid body. Each 
axle is represented by a point mass. Both alinearand nonlinear version of the six-DOF 
model are used to evaluate the combination. For the linear model the tires are modelled 
by linear springs and the passive suspensions contain linear springs and dampers. 

For the nonlinear model the tires, the air spring at the rear wheels of the tractor 
and the dampers are modelled as shown in Fig. 2.4. The modeHing of the tires implies 
that tire lift-off is taken into account. In case of the active ·suspension the stiffness of 
the air spring is lower than for the passive suspension. 



10 Models 

V 

Figure 2.3: Six-DOF vehicle model of the tractor-semitrailer with an active suspension used 
as simulation model to evaluate the combination of the controller and the observer. 

11re force vs. ti re deflectlon 

Ureforce j 

<-·· 
expanslon 

Figure 2.4: Tire, air spring and damper model used in the nonlinear six-DOF vehicle model. 

Figure 2.5: Four-DOF vehicle model (linear) used as controller and observer model to 
evaluate the combination of the controller and the observer. 



2.2. Models of the road irregularities 

Chapter 4 
'Control with 

preview' 

Chapter 5 
'Reconstruc

tion' 

Chapter 6 
'Reconstruc

tion and 
con trol' 

simulation model controller model observer model 

Figure 2.6: Overview of all vehicle models used in the investigation. 
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It is assumed that the actuator bandwidth is above 15 Hz, which means that it is 
not necessary to model the actuator dynamics at this stage, because all eigenfrequencies 
of the model are below 15 Hz. For the passively suspended rear a.xle, the actuator is 
replaced by a damper. The road elevation at the rear wheels of the tractor, q,r. and at 
the semitrailer, q,t, is assumed to be the same as that at the front wheels, qr1, except 
for a time delay. 

The controller and the observer use the simpler, linear, four-DOF model of Fig. 2.5 
to calculate the actuator force, respectively to reconstruct the preview information and 
the state. The semitrailer is modelled as one point mass that represents the part of the 
mass of the semitrailer and cargo which has to he taken into account on the tractor. 
To test the active suspension for larger modeHing errors also the two-DOF model of 
Fig. 2.2 will he used as controller model. Remark that by introducing the nonlinearities 
and the controller and observer models which differ in structure from the simulation 
model, the active suspension is tested for unmodelled dynamics. 

2.2 Modelsof the road irregularities 

Road surfaces can he described in two ways. For deterministic road surfaces the 
height is known as a function of the position along the road. Examples are a step, a 
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rounded pulse, a railway crossing and a pot-hole. These road irregularities are used in 
simulations to determine the dynamic behaviour of a vehicle at incidental road excita
tions. Stochastic road surfaces, on the contrary, are described by statistic quantities 
like the probability density function and the power speetral density. Examples are a 
motorway and a brick paved road. Stochastic road surfaces are used in simulations to 
determine the average dynamic behaviour of a vehicle. 

The definition of deterministic and stochastic road surfaces might become a little 
bit confusing in combination with preview, because every road surface that is recon
structed at the front wheels is known as a function of the place, and should therefore 
be characterized as deterministic. To avoid any misunderstanding, a stochastic road 
surface will still he called stochastic after it is reconstructed. The deterministic and 
stochastic road surfaces used in this investigation are described in Sections 2.2.1 and 
2.2.2 respectively. 

2.2.1 Deterministic road surface 

In literature often a step functîon is used as deterministic road surface (e.g. Foag [17], 
Louam et al. [47], Thompson [72]). A step function will be used in this investigation to 
show the mechanism and effects of preview and to compare the control strategy derived 
in Section 3.3 with another from literature. 

To demonstrate the performance capabilities of a suspension, a step function is less 
suitable and might even lead to erroneous conclusions (Huisman et al. [31]). Therefore, 
rounded pulses2 are used to evaluate the suspension for incidental road disturbances 
(Alanoly and Sankar [4], Marcelissen [51]). These rounded pulses, see Fig. 2.7a, are 
described, as a function of the horizontal vehicle position s, by the equation 

(2.1) 

where the height of the pulse is determined by qm= and ld is a characteristic length 
such that the area under the pulse in the interval [0, ld] is approximately equal to 95% 
of the total area. The response of a vehicle on a rounded pulse depends on ld and qmax, 
and also on the vehicle speed v. Forthetwo-DOF vehicle model, however, the response 
only depends on qm= and the quotient of ld and v, as illustrated in Fig. 2.8. Because 
of this the response of the two-DOF vehicle model is shown as a function of ld/v. 

The main advantage of these rounded pulses is that an incidental road irregularity, 
like a brick, a pot-hole or a trafiic hump, can be represented more or less by one 
combination of ld and qmax· So, several road irregularities can he represented by a range 
of combinations of ld and qmax· Here, the following procedure is chosen to determine 
this range forthetwo-DOF model. Fora given ld/v, the pulse height qmax is calculated 
such that either the dynámic tire force or the suspension defiectîon is critica! for the 
two-DOF model of the passively suspended vehicle, where 'critica!' means that the tire 

20riginally, rounded pulses are used in the field of mechanical vibrations and shocks (e.g. Snowdon 
[69]). The pulses are physically realistic in that they describe the translation of an object over a finite 
distance in a finite time and with finite acceleration. Because the frequency content of the pulses is 
still broad, the (nonlinear) dynamics of an object is sufficiently excited. 
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Figure 2.7: Rounded pulse (a) and the critica! combinations of ld/v and qmax (b) used to 
evaluate the active suspension of the two-DOF vehicle model for incidental road irregularities. 

Position s Timet 

Figure 2.8: The response of a one-dimensional vehicle model only depends on the pulse 
height qm= and the quotient of the pulse width ld and the vehicle speed v, since the road 
height as a function of time- which determines the vehicle response- is equal when ld/v 
is the same for two different pulses q1(s) and q2(s). 

almost loses contact with the road or that the suspension almost comes on bump. The 
resulting combinations of ld/v and qm= are shown in Fig. 2.7b. A similar procedure 
is chosen for the 2-D vehicle model, where the combinations of ld and qma:c are chosen 
such that the dynamic tire force or the suspension defl.ection are critical for the linear, 
passively suspended vehicle model at vehicle speeds up to 90 km/h. This strategy is 
chosen to obtain road inputs that repreaent extreme incidental road disturbances. 

2.2.2 Stochastic road surface 

Typical power spectra of measured road surfaces are shown in Fig. 2.9. Often, these 
spectra are approximated by filtered or integrated white noise- with Gaussian probability 
density function (e.g. Braun and Hellenbroich [11J, Mitschke [53!). The single-sided PSD 
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Figure 2.9: Typical power spectra of measured road surfaces. nis the wave number, L the 
wave length (source: [53]). 

(Power Speetral Density) is given by 

PSD('q) = R:, 
1] 

(2.2) 

where 1] is the wave number, and Re and "'are determined by the road type. For low 
wave numbers (17 < rJo), the PSD of the road surface is assumed to be constant. The 
power spectrum can also be written as a flmction of the frequency f and the vehicle 
speed v, using f = v ·1] and PSD(n)d'IJ = PSD(f)df: 

PSD(f) = Re ~~,.-
1 

(2.3) 

The stochastic road surface used in this investigation is the filtered white noise. 
The parameters of the stochastic road surface are chosen to represent either a German 
motorway [ll] or a slightly worse than average minor road [14]. These parameter are 
given in Table 2.2, the resulting PSD-spectra are shown in Fig. 2.10. 
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Table 2.2: Parameter values of the stochastic road surfaces described by (2.2). 

road type 

German motorway 
minor road 

rto 
[cyclefm] 

0.01 
0.01 

Re 
[m2 (cyclefm)"'-1] 

10-2 10-1 10° 
Wave number [cycle/m] 

Figure 2.10: Power spectrum of the German motorway [11] and the minor road [14]. 
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Chapter 3 

A controller for active suspensions 
with preview 

In this chapter a control strategy is derived for an active suspension with preview. 
Especially active suspensions are of interest because one of the research objectives is 
the determination of the maximum attainable performance impravement compared to a 
passively suspended vehicle. Therefore, no attention is paid to semi-active suspensions. 

The objectives of the control strategy are described in Section 3.1. In Section 3.2 
an overview of the literature concerning controllers for active suspensions is given. The 
control strategy is derived and evaluated in Section 3.3. 

3.1 Objectives of the control strategy 

The performance of the suspension of a tractor-semitrailer is determined by the comfort 
of the driver and other occupants, the load on the chassis components and on the 
cargo, the required suspension working space, the dynamic tire force and the handling 
properties1. These performance quantities must he specified in more detail before a 
suitable control strategy can he derived which can take them into account. This is done 
for deterministic and stochastic road surfaces in Sections 3.1.1 and 3.1.2 respectively. 

3.1.1 Deterministic raad surface 

There is not much known about how to judge the performance of a suspension in case 
of incidental road disturbances. Of course it is undesired that the suspension enters 
the bump stop and/or that the tire loses contact with the road, though tire lift-of! over 
a short time is not particularly dangerous when driving straight ahead. It is therefore 
reasonable to look at the maxima of both the suspension defl.ection and the tire force, 
and to demand that they should lie between certain limits. 

The main problem is how to judge the comfort of the accupants and the load on 
the chassis components and on the cargo. As will he shown in Section 3.1.2, the 
accelerations of the sprung mass determine the occupants' comfort and it is likely that 
they can also he used for the load on the chassis components and on the cargo. For 
incidental road irregularities it sounds reasonable that the maximum absolute sprung 

1The qua.ntities 'handling' a.nd 'dynamic tire force' are intercha.ngeable in this investiga.tion beca.use 
handling is more or less determined by the dynamic tire force (Hrovat [28]). 

17 
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Figure 3.1: Tojudge comfort for deterministic road surfaces, not only the maximum absolute 
sprung mass acceleration but also the damping should be taken into consideration. 

mass acceleration should be as small as possible. Moreover, for comfort and structural 
fatigue reasous the vibration of the sprung mass has to damp out quickly (see Fig. 3.1). 
It is, however, not clear which of these demands should have the highest priority. For 
the time being the maximum absolute sprung mass acceleration is used as a quantitative 
measure for the comfort of the accupants and for the load on the chassis components 
and on the cargo. Time responses of tlie absolute chassis displacement are used to judge 
the damping of the sprung mass movement visually. What is meant by the 'acceleration 
of the sprung mass' depends on the vehicle model: 

• Two-DOF model: the sprung mass acceleration, iicr in Fig. 2.2, is used to judge 
the occupants' comfort and the load on the chassis components and on the cargo. 

• Four- and six-DOF model: the vertical chassis acceleration of the rear side of the 
tractor, iicr in Figs. 2.3 and 2.5, is used to judge the load on the chassis compo
nents, the vertical chassis acceleration at the kingpin (iick) is used to judge the load 
on the cargo, and the vertical chassis acceleration of the front side of the tractor2 

(iicJ) and the pitch acceleration ofthe chassis (0) are used todetermine the accu
pants' comfort. The pitch acceleration is of importance because the longitudinal 
acceleration of the cabin, which is mainly caused by the pitch acceleration of the 
chassis, appears to be very discomforting for the driver and other occupants. 

3.1.2 Stochastic road surface 

Contrary to the situation for deterministic road surfaces, there is a great deal of con
sensus on how to judge the suspension performance for stochastic road surfaces. lf the 
probability density function of the performance quantities are approximately Gaussian, 
then the RMS (Root Mean Square) values of the dynamic tire force, the suspension 
deflection and the acceleration of the sprung mass are good measures for the handling 
properties, the required suspension working space and the comfort and loads respec
tively (ISO 2631 [6], Hrovat [28], Smith et al. [68]). 

The sensitivity of humans for accelerations is frequency dependent [61 [68]. Human 
beings are sensitive for vertical accelerations especially in the frequency range between 

2Note that it is not expected that the vertical chassis acceleration at the front side of the tractor 
will improve because only the rear wheels of the tractor are actively suspended. 
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Figure 3.2: Approximation of the skyhook damper by an active suspension. The actuator 
generates a force fa which is proportional to the absolute sprung mass velocity q2 • This 
force acts, however, also on the unsprung mass. 

4 and 8 Hz. Below 1 Hz the so-called 'motion sickness' can occur. For longitudinal 
accelerations, humans are primarily sensitive for frequencies between 1 and 2 Hz. How
ever, in this investigation it is not useful to weigh the accelerations frequency dependent 
because the cabin and the chair, which are both passively suspended, have not explicitly 
been modelled. 

The statement that the RMS values of the dynamic tire force and the sprung mass 
acceleration are suitable measures for the handling properties and the comfort respec
tively is verified by measurements [6] [28] [68]. The argument to justify the use of the 
RMS value of the suspension defiection is another. If the average defiection is zero, 
then the RMS value is equal to the standard deviation of the suspension defiection. 
Moreover, if the probability density function of the suspension defiection is Gaussian 
and its stochastic process is ergodic, then the RMS value determines the percentage of 
time in which the suspension defiection remains within a certain limit. For example, the 
suspension defiection will be smaller than two times its RMS value in 95.4% of the time 
(e.g. Papoulis [59]). Because the probability function of the performance quantities is 
expected to be approximately Gaussian, it is justified to make use of the RMS values 
in this investigation. 

An alternative procedure to judge the handling properties and the required suspen
sion working space is to determine, from simulations, the percentage of time in which 
either the tire or the suspension defiection exceeds a criticallimit. Another possibility is 
to estimate the probability density function of the quantity of interest. This can be done 
if the mean, standard deviation, skewness and kurtosis are calculated from simulations 
( Johnson [35]). Perhaps these alternatives are interesting for future investigations. 

3.2 Literature on controllers for active suspensions 

The skyhook damper is an interesting theoretical concept to improve comfort. How
ever, in practice the skyhook damper can not be realized because it is still impossible 
to fix the dampers to the sky. An approximation of the skyhook damper by an active 
suspension is illustrated in Fig. 3.2. 
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Figure 3.3: Two-DOF vehicle model with an active suspension. 

There are several studies of au approximated skyhook damper known (e.g. Akatsu 
et al. [3], Alleyne et aL [5], Charalambous et al. [13]), also for commercial vehicles. 
For example, ElMadany et al. [15] [16] use a skyhook based control strategy to control 
the cab suspension of a tractor-semitrailer. A two-dimensional model of the vehicle, 
containing nine rigid bodies, is used to show the benefits of the suspension. Contrary 
to [15] the chassis and the semitrailer are modelled in [16] by elastic beams. The 
actuator dynamics are modelled by a first-order filter with a 3 Hz bandwidth. Results 
are obtained fora filtered white noise road surface. The RMS values of the ISO-weighted 
cab accelerations are reduced significantly compared to that of a passively suspended 
cab for both semi-active and active cab suspensions, however at the expense of an 
increased cab suspension deflection. 

The main disadvantage of the skyhook strategy is that the dynamic tire force in
creases significantly. Therefore, in the seventies a control strategy was searched for, 
which eau take into account not only the comfort but also the dynamic tire force and 
the suspension deflection. Linear optima! control theory (e.g. Kwakernaak and Si van 
[43]) appeared to be suitable for this task, though there are some drawbacks which will 
be discussed later. 

Thompson was the first one to apply linear optimal control theory to au active 
suspension [72]. He illustrates the advantages of this theory with the two-DOF vehicle 
model shown in Fig. 3.3. The performance quantities of interest, i.e. dynamic tire force, 
suspension deflection, sprung mass acceleration and actuator force, are incorporated 
into one performance index as follows: 

00 

JT ~ /!au(ql- qo? + a22(q2- q1? + aoo/;]dT. (3.1) 
0 

In JT the tire defiection q1 - q0 can he used since it is proportional to the dynamic tire 
force. The acceleration Óf the sprung mass is incorporated because it is proportional 
to the actuator force fa· JT is defined as an integral from zero to infinity to stress 
the importance of the average dynamic behaviour more than the incidental behaviour. 
With the weighting factors aoo, a 11 and a22 it is possible to put extra emphasis on a 
certain quantity. Note that only the relative value of JT is of importance, which means 
that a fixed value can be chosen for one of the weighting factors. 
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The next step is to find the actuator force fa which miniruizes JT with the equations 
of motion as constraints. Thompson translates the minimization of JT into an optima! 
regulator problem [43] and assumes the road surface either to be a step function or 
integrated white noise. The resulting actuator force is a linear function of all state 
quantities q1 - q0, q2- qo, eh and eh, which means that full state feedback is used. 

Wilsou et al. [78] use linear optima! control theory to find the actuator force which 
miniruizes JT for the case that only limited state feedback3 is possible. Often, state 
quantities which can easily be measured are used for this purpose, for example the 
suspension de:ffection and suspension velocity. Abdel Hady and Crolla [2] show the use 
of limited state feedback in the control of a seven-DOF, full vehicle model. 

In literature several modifications are proposed of the control strategy presented 
by Thompson. However, because the use of preview is of primary interest in thls 
investigation, for modifications concerning the non-preview case is referred to Barak 
and Hrovat [7], Hrovat et al. [29], Kashani and Kiriczi [41], Lin and Willumeit [45], 
Nagai and Sawada [58], Ray [61] and Thompson and Davis [73] [74]. 

One of the main drawbacks of the use of linear optima! control theory is that not 
all the objectives of the control strategy, as described in Section 3.1, are properly 
represented in the performance index JT. Especially the demands for de terministic road 
surfaces, conceming the maxima of, för instance, the suspension deflection and of the 
sprung mass acceleration, are not described well by quadratic quantities. Nevertheless, 
linear optimal control theory appears to be a useful tool in the development of control 
strategies for both semi-active and active suspensions, particularly in the presence of 
preview, as will be shown later. 

A lot of recently developed control theoriesis applied in the control of (semi-) active sus
pensions. Examples are fuzzy control (Cai and Konik [12] and Roukiehand Titli [62]), 
sliding mode control (Alleyne et al. [5] and Roukieh and Titli [63]), neural networks 
(Moran and Nagai [55]), H00 -control (de Jager (33]), hierarchical control (Rutz and 
Jäker [64]) and nonlinear state feedback to approximate the minimization of a non
quadratic performance index (Gordon et al. [21][22]). However, sofarthese strategies 
have not been used in combination with preview. 

Bender [10] was the first to introduce the use of preview in the control of an active sus
pension. Using Wiener filter theory he determines the actuator force which miniruizes 
the RMS value of both the sprung mass acceleration and the suspension deflection of 
the single-DOF vehicle model shown in Fig. 3.4. For this purpose, he translates the 
minimization problem in the minimization of the quadratic performance index4 

(3.2) 

and supposes the road surface to he integrated white noise. 
Bender concludes that, compared to the non-preview case, the RMS value of the 

chassis acceleration can be reduced by a factor sixteen without affecting the required 
suspension working space, or the suspension working space can be reduced by a factor 

3 Also called output feedback. 
4 'E' denotes the expecta.tion operator. 
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Figure 3.4: One-DOF vehicle model with an active suspension using preview. 

2~ without affecting comfort. Moreover, he shows that the performance impravement 
decreases when the preview time increases. Unfortunately, the mechanization of Ben
der's control scheme is not straightforward hecause the resulting transfer function, from 
the preview information to the actuator force, has poles with positive real parts. 

Tomizuka [76] uses discrete optimal control theory to solve the same preview 
prohlem as Bender. Fora sample time D..T = 0.02 s, the vehicle response deviates from 
[10] if the weight au is large, hecause then the discretization error is significant due to 
the increased handwidth of the controlled system. A smaller sample time solves this 
prohlem. Contrary to [10] the control strategy proposed hy Tomizuka is suitahle for 
practical use. 

Thompson et al. [75] found the continuous time solution of the minimization of Jr 
in (3.1) for the situation in which preview is availahle. Because of the limited preview 
information in practice, it is not possihle to minimize (3.1) at once. Therefore, the 
minimization prohlem is first reformulated in finding the optima! control input u which 
miniruizes 

tl 

J~(t) = ~ j[yT(r)Qy(r) + uT(r)Ru(r))dr, t1 2:: t, (3.3} 
t 

in which y is the controlled output of the controller model, Q and R are the weighting 
matrices and t 1 is the, yet arhitrary, upper limit of the integration interval. Later on, 
t1 will tend to infinity in accordance with (3.1}. As in (3.1) u, y, Q and Rare equal to 

U= [fa], Y Q = [au 0 ] , 
0 ();22 

R= [ aoo ]. 

Note that only the optima! control input miniruizing J:t.(t) at the current time t is of 
interest and not the one in the whole interval [t, t1], hecause new preview information 
is availahle a moment later than t, which means that the minimization procedure bas 
to he repeated again. 

In genera!, a linear, time-invariant system can he written in statespace notation as 
follows: 

x(r) = Ax(r) + Bu(r) + Ew(r), 
y(r) = Cx(r) + Du(r) + Fw(r). 

(3.4) 
(3.5) 

Here, the state is taken equal to x = [qb q2, q1, ri2JT (see Fig. 3.3), D = 0 and the 
disturhance input w = [q0]. The prohlem is to minimize Jr(t) under the constraints 
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(3.4) and (3.5). If (3.5) is substituted in (3.3), an optimal regulator problem results. 
Thompson et al. found the solution of this problem by supposing the optimal control 
input to be 

(3.6) 

Aftersome elaboration, for example see [43], it can easily he shown that P(r) and r(r) 
satisfy the first order differential equations 

P(r) = -P(r)A- ATP(r) + P(r)BR-1BTP(r)- CTQC, {3.7) 

i:(r) -A~(r)r(r)- [P(r)E + CTQF]w(r), (3.8) 

with boundary conditions P(t1) = 0 and r(t,) = 0. The closecl-loop system matrix Ac 
is defined by Ac= A- BR-1BTP. It can be shown that P(t) ----t P if t1 --+ oo, where 
P is determined by the algebraic Riccati equation 

(3.9) 

Then, the optimal control input at time t remark again that this is the one in which 
we are interested - becomes 

u(t) = -R-1BT[Px(t) + r(t)], 

where r(t), the solution of (3.8) at time t, is given by 

t, 
r(t) = j lf>~(r-t)[PE+.CTQF]w(r)dr. 

t 

Here, ~~>c is the state transition matrix of the closed-loop system, defined by 

(3.10) 

(3.11) 

(3.12) 

Equation {3.11) can not he solved because the preview information ofthe disturbance w 
is only known over the preview interval [t, t + tp]· Therefore, the integration interval 
is divided into two parts: [t, t + tp] and [t + t1" til· Integration over the first interval is 
no problem. For the second interval the disturbance w is modelled by a linear shaping 
filter with a standard input5• The big problem, however, is how to find this shaping 
filter and its initial conditions. 

So, in practice, P is calculated once, r( t) is determined at each time t by solving 
(3.11), and, together with the state x(t), the actuator force is calculated using (3.10). 
Because r(t) is calculated with information about disturbance inputs to come, it is often 
called the feedforward information. The state x(t) is the feedback information. 

Recently, Haé [24] and Louam et al. [47] have proposed modifications of the strategy 
presented in [75]. The essential difference is that in [24] and [47] the disturbancew is 
set equal to zero outside the preview interval, instead of using the linear shaping filter. 
In that case, r(t) is determined by 

t+tp 

r(t) = j lf>~(r t)[PE + CTQF]w(r)dr. (3.13) 
t 

standard input can be white noise, an impulse function, a step function, etc. 
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Pilbearn and Sharp [60] use the strategy presented in [47] to control an active suspen
sion with limited bandwidth. In Section 4.4 the performance of the active suspension 
presented in [24] and [47] is compared to that obtained with the control strategy derived 
in Section 3.3. 

Optima! control theory has also been applied to control the active suspension by in
corporating the time delay between the excitation of the front and the rear wheels in 
a two-dimensional vehicle model. Then, the theory as presented by Thompson in [72] 
can not be applied directly because there are two correlated disturbance inputs. 

Frühauf et al. [19] approximate the time delay by a fourth order Padé filter to 
eliminate one disturbance input. The state of the system is extended with the state of 
the Padé filter and the strategy presented in [72] can be used. 

In [46] Louam et al. use discrete optima! control theory to solve the problem of 
using optima! control theory in case of correlated disturbance inputs. Again, the state 
is extended. Here, the solution tends to the optima! solution if the sampling time 
is small. Unfortunately, the number of state quantities is proportional to the sample 
frequency. 

Sharp and Wilson [66] suppose the optima! control force to be in the form u(t) = 
-Kx(t), as in [72], and determine the.feedback matrix K by minimizing Jr iteratively 
for a standard input as disturbance. 

Crolla and Abdel-Hady [14] compai:e the strategy of using a Padé filter with that 
presented in [46]. Fora road surface modelled by filtered white noise, the performance of 
both strategies appeared to be almost equal for different vehicle speeds. This pleads for 
using the Padé approximation since the number of state quantities and, as a result, the 
computational effort is substantially less than with the controller of [46]. Comparison, 
however, was notmade for deterministic road surfaces. 

Because in [14] the model of the road surface is incorporated in the controller model, 
full state feedback implies measurement of the road elevation at the front wheels. There
fore, the use of limited state feedback together with the Padé filter is illustrated. A 
Kalman filter (see Chapter 5) is used to reconstruct the state. If the measurement of 
the road information is omitted, Crolla and Abdel-Hady report that the improverneut 
in performance is still significant compared to the situation in which the time-delay is 
not modelled. However, the performance, and especially the comfort, is deteriorated 
significantly compared to the full state feedback case. 

Foag [17], Foag and Grübel [18] and Lückel et al. [48] propose the use of multi-criteria 
control6 when preview information is available. In contrast to the optima! control the
ory which can beseen as a 'single-criterion' strategy each performance quantity 
is taken into account individually. For this purpose, an objective function is formu
lated for each performance quantity such that a better performance with respect to 
this quantity results in a smaller value of the objective function. After a structure of 
the controller is defined and a representative road surface is chosen, the unknown para
meters in the controller are determined in such a way that the value of each objective 
function is smaller than its corresponding, predefined 'threshold'. Next, the designer 

6 Also called multi-objective optimization (e.g. Maciejowski [50]). 
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adjusts the thresholds and the procedure is repeated until no parameters can be found 
anymore such that all demands, defined by the thresholds, ate met. 

To the author's opinion, the main disadvantage of this control strategy is that a lot 
of experience is required to define a suitable structure of the controller. Moreover, the 
resulting controller is strongly influenced by the non-trivial choice of the thresholds, 
which is comparable to the choice of weighting matrices in the optimal control case. 

3.3 Derivation of the control strategy 

The main advantages of optimal control theory are that the conflicting objectives of the 
control strategy can be weighted with respecttoeach other one way or another, and that 
the preview information can be incorporated easily. Therefore, also in this investigation 
a control strategy based on optimal control theory is chosen. Moreover, because the 
determination of the maximum attainable performance impravement compared to a 
passive suspension is one of the research objectives, only the continuous time solution 
of the optimal control problem is regarded. 

The control strategy presented bere is in essence equal to that proposed by Thomp
son et al. in [75], except that the quadratic performance index is minimized only over 
the preview interval [t, t + tp]: 

t+t" 

J(t) ~ j [yT(r)Qy(r) + uT(r)Ru(r)]dr. (3.14) 
t 

The main reasou for this is that no assumptions can be made for the road surface outside 
the preview interval in case of iuddental road disturbances which are of primary interest. 
However, in the course of time, steadily new preview information becomes available and 
the optimal control input is calculated again and again. The idea of minimizing the 
performance index only over the preview interval has been proposed first by Hak [25]. 

The derivation of the optimal control input which minimizes J(t) is slightly different 
from that in [75] and is described by Huisman et al. in [32J. In Appendix A the general 
solution of the minimization problem is given. Here, the situation is described in which 
D = 0, to make comparison with [75] possible. 

The optimal control input u which minimizes J(t), under the conditions of (3.4) 
and (3.5), is given by (3.10). However, in contrast with [75], r(t) is determined by two 
linear differential equations: 

r(r) = -A~r(r)- [PE+ CTQF]w(r), 
x(r) = A"x(r) BR-1BTr(r) + Ew(r), 

(3.15) 
(3.16) 

with boundary conditions r(t + tp) = -Px(t + tp) and x(t) = x(t). Note that (3.15) 
is equal to (3.8), except that P is determined by the algebraic Riccati equation (3.9) 
and that the boundary condition is different. By doing this, the need to solve the 
nonlinear differential equation (3.7) is avoided. In Appendix A it is shown that the 
optimal control input (3.10) which minimizes J(t) can also be written as 

(3.17) 
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Figure 3.5: Calculation of the actuator force from the preview information and the state. 

with 

i
t+t,. 

C(t) = t H(t, tp,-r)w(r)dr. (3.18) 

From (3.17) we can see that the gain matrices K 1 and K 2 depend on the preview time 
which means that they have to be adapted with the vehicle speed. The calculation of 
the actuator force by the controller in'practice is illustrated in Fig. 3.5. 

Concerning the minimization problem, some remarks have to be made. One is that 
the control input becomes zero when the preview time approaches zero, since tp = 0 
means that 

r(t) r(t + tp) = -Px(t + tp) = -Px(t) = -Px(t). 

From (3.10) we can see that u(t) = 0 now. With this result it can he expected that the 
performance of the active suspension is disappointing for small preview times. 

The secoud remark is that the optimal control input is equal to that presented in 
[24], [47] and [75] when the preview time approaches infinity. This is not surprising 
since the performance indices to be minimized are equal for infinite preview time. A 
mathematica! proof is given in Appendix A. 

In the design of a controller, often a model of the disturbance input, if available, is 
incorporated in the controller model to improve the performance. Here, in the deriva
tion of the control strategy neither such a model has been incorporated nor has any 
assumption been made about the road input. Nevertheless, it might he interesting to 
examine the consequences of incorporating a model of the road input in the controller 
models used in this investigation. 

It can be proved that the solution of the optimal control problem is equal to that 
in [24} and [47] if the boundary value of (3.15) is set equal to zero (seè Appendix A). 
This situation is described in detail by Huisman in [30]. 

Finally, when the act~ve suspension is implemented on a real truck, probably the 
discrete time solution of the optimal control problem is required. For this purpose, J 
has to be formulated as the sum instead of the integral of the performance quantities. 
The control input which minimizes the resulting discrete time performance index for the 
situation with preview is derived by Spanjers [71]. In fact this minimization problem is 
a special case of predictive control (e.g. Garcia et al. [20], Soeterboek [70]). 



Chapter 4 

Performance of the two-DOF 
active suspension 

In this chapter the active suspension with preview is applied to the simple two-DOF 
vehicle model of Fig. 2.2a. To get a thorough understanding about the way preview 
works and about the maximum attainable performance with an active suspension, the 
preview information and all state quantities are supposed to be known. Moreover, 
model errors are neglected in this stage. 

The choice of the weighting matrices, which strongly infiuences the performance, 
is illustrated in Section 4.1. The mechanism and effects of preview are explained in 
Section 4.2. To obtain a first impression of the potential performance improvement 
compared to the performance of a representativ~ passive suspension, both passive and 
active suspensions are tested for representative road surfaces in Section 4.3. In Sec
tion 4.4 the performance of the active suspension with preview is compared with that 
of another optima! controlled suspension with preview. Finally, conclusions are drawn 
in Section 4.5. 

4.1 Choice of the weighting factors 

Before the benefit of preview is illustrated, a suitable combination of weighting matrices 
Q and R of the controlled output y and the control input u, respectively, has to be 
chosen. The performance quantities to be weighted are the sameasin [72] and in (3.1). 
The value of the performance index J is of little interest bere because the extreme values 
of some performance quantities are the main concern. The minimization of J is only 
done to obtain a control strategy in which preview is incorporated and in which the 
performance quantities of interest can be weighted one way or another. 

The minimization of the maximum absolute acceleration of the sprung mass is the 
main purpose of the active suspension in this investigation. However, the dynamic tire 
force and suspension defiection must be kept between certain limits: the dynamic tire 
force should besmaller than the static tire force (9.81·104 N forthetwo-DOF model) 
and the suspension deflection should lie between -0.09 m (compression) and 0.14 m 
(extension). Therefore, in fact we are dealing with a constrained optimization problem. 
To circumvent the problems associated with minimization under inequality constraints, 
the weighting factors have to be tuned in such a way that these requirements are met 
for typical road excitations. 

27 
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Table 4.1: Sealing factors used to make the weighting factors non-dimensional. 

I performance quantity I sealing factor I value I unit I 
I actuator force mao 10" [N] 
. tire force marl 105 [NJ 
I suspension deflection m,.2 0.1 [m] 

chassis acceleration m.,3 10 [mjs2] 

The strategy used here todetermine suitable weighting factors is the following. First, 
the weighting factors are scaled and made non-dimensional by the order of magnitude 
of the quantities to be weighted. Then, the non-dimensional weighting factors are 
tuned for a number of representative road inputs in such a way that the requirements 
mentioned above are met. 

Weighting factor aii is scaled by the factors m,., and maj, which are of the order of 
magnitude of the quantities to be weighted. The non-dimensional weighting factor a.;i 
now becomes 

a.;i = D'.ijma• m"'1 , i, j = 0, 1, ... (4.1) 

The sealing factors for the performanee quantities are summarized in Table 4.1. 
Next, the non-dimensional weighting factors have to be fine tuned for a number 

of representative road inputs. In [32] a step function is used for this purpose. Un
fortunately, it turned out in [31] that the step function is not suitable to determine 
appropriate weighting factors for more realistic road surfaces. Here, a suitable rounded 
pulse is chosen. With the obtained weighting factors the tire force and suspension 
deflection are checked for all rounded pulses. If either of them exceeds a limit, new 
weighting factors are determined. This iterative procedure has been carried out using 
standard optimization routines of the simulation program MATLAB [52]. 

The rounded pulse for which the maximum absolute chassis acceleration of the 
passive suspension is maximal seems appropriate. For this pulse (ld/v 0.26 s, qmax 

0.0934 m, from now on denoted as the 'critical' pulse), the minimum tire force of 
the passively suspended vehicle is zero and the maximum suspension compression is 
0.09 m. It is expected that, if the maximum absolute chassis acceleration is minimized 
for this rounded pulse at a certain load, the rednetion of the chassis acceleration is also 
satisfactory at the same load for all other pulses. This turned out to be true for all 
simulations described in this chapter. 

The weighting factors have been determined fora 0.13 seconds preview time, because 
this is the minimum preview time available if the maximum vehicle speed is supposed 
to be 90 km/h (25 m/s) and the wheelbase of the tractor is 3.25 m. It turned out not to 
be possible to keep the suspension defl.ection of the active suspension without preview1 

within the limits for all rounded pulses. Therefore, as will be shown in Section 4.3, a 
slightly different strategy has been used for this suspension. The choice of the weighting 
factors for both active suspensions is shown in Table 4.2. Unless stated otherwise, these 
factors are used in all simulations with the two-DOF vehicle model. 

1 As for the suspension with preview, the optimal control input of the active suspension without 
preview is described by (3.10) except that r(t) 0. 
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Figure 4.1: Step response of the two-DOF vehicle model. --- passive suspension, -- ac
tive with 0.13 s preview, ...... active without preview. 

4.2 The mechanism and effects of preview 

The response of the vehicle on a step function as road input is very suitable to illustrate 
the working principle of preview. The step response is shown in Fig. 4.1 for the vehicle 
with a passive suspension and with an active suspension withand without preview. In 
this section the weighting factors of the active suspension without preview are equal to 
that with preview to get a fair comparison. 

The effect of preview is obvious: the axle and the chassis are excited by the actuator 
before the step lifts the axle. As a result, both the axle and the chassis already have 
a positive vertical displacement when the tire spring contacts the step. It turns out 
that the axle is excited in a 10 Hz movement. Apparently, the actuator uses · the 
eigenfrequency of the tires which is typically near 10 Hz - to get the vehicle in 
motion easily. 

The effect of preview on the performance quantities is shown in Fig. 4.2. We can see 
that the maximum absolute chassis acceleration is reduced significantly compared to 
that of the two other suspensions. Moreover, the minimum ·and maximum tire force as 
well as the maximum suspension compression are reduced. As stated in Section 3.1.1, 
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the rednetion of the maximum absolute chassis acceleration will have a positive effect on 
the comfort and on the load on the chassis components and on the cargo. lt is, however, 
not clear whether this is annihilated by the acceleration peaks that arise before the step 
or, more generally, the road disturbance contacts the tire. 

Though less spectacularly, the active suspension · without preview also reduces the 
maximum absolute chassis acceleration, but at the expense of an increased dynamic 
tire force and suspension compression. This might already indicate that the active 
suspension without preview is not suitable to reduce the maximum absolute chassis ac
celeration for deterministic road disturbances without an increase of either the dynamic 
tire force or the suspension deflection. Thls will be further investigated in Section 4.3. 

Returning to Fig. 4.1, we can see that the chassis movement is much better damped 
by the active suspension without preview than by the suspension with preview. It will 
be shown in Section 4.4 that this is due to the chosen control strategy in combination 
with a small preview time. Other preview control strategies show a better damping for 
small preview times. 

Additional information on the effects of preview is obtained by investigating the 
magnitude of the transfer function (t.f-)2 from the road input to each performance 
quantity (see Fig 4.3). The t.f. of the active suspension with 0.26 s preview is also 
shown to get a first impression of the influence of the preview time. 

We can see that the performance improverneut of the active suspension with 0.13 s 
preview is especially gained in the frequency range around 10 Hz. This is in contrast 
with the active suspension without preview, which gains the performance improvement 
around 1 Hz. If the preview time is doubled - which means that either the vehicle 
speed is lowered or look-ahead sensors are to be used- the suspension with preview 
is also in the 1 Hz region superior to the one without preview. 

The slope of the t.f. of the suspension deflection of the active suspension without 
preview is equal to 1 for low frequencies ( < 1 Hz) insteadof 2 for the other two suspen
sion types. This means that the suspension deflection will not tend to zero if the road 
input is a ramp function. As will be shown in Section 4.3, this also causes problems in 
the response on long rounded pulses. 

The t.f. 's also show so-called invariant points: one for the suspension deflection at 
about 4 Hz, the other for the chassis acceleration at 10Hz. 'Invariant' means that the 
t.f. 's will always pass these points, regardless of the kind of suspension between the axle 
and the chassis (Hedrick and Butsuen (26], Karnopp [40]). This is caused by the fact 
that any suspension generates an equal but opposite force on the chassis and the axle. 

The t.f. of the chassis acceleration of the active suspension with preview shows an 
oscillatory behaviour for frequencies above 10 Hz. It is shown in Appendix B that the 
'frequency' of thls phenomenon is equal to the preview time (see Fig. 4.4). 

A few things have not been clarified with respect to the behaviour of the active 
suspension with preview.· One is the physical explanation of the fact that the perfor
mance improverneut is gained only at high frequencies when the preview time is smalL 
Another is the reason why a 'dip' appears at 10 Hz in the t.f. of the dynamic tire force 

2The transfer function of the active suspension with preview is derived analytically by replacing 
w(t) by sin(21rjt) in (A.3), (A.l5), (A.17) and (A.18), and by solving the integral for (. A summary 
of the derivation is given in Appendix B. 
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Figure 4.4: A part of the magnitude of the t.f. of the chassis acceleration for the active 
suspension with 0.13 s preview. The 'frequency' of the lobes is equal to the preview time. 

and suspension deB.eetion if the preview time is doubled. It is also not ohvious why 
the t.f. of the suspension with preview does not lie ahove that of the same suspension 
with double preview time for all frequencies. Furthermore, the physical explanation of 
the 'dip' in the t.f. of the chassis acceleration hetween 1 and 10 Hz is lacking at the 
moment. 

4.3 Performance on realistic road surfaces 

In this section the performance of the passive suspension and active suspension with 
and without preview is calculated for more realistic road surfaces, i.e. inSection 4.3.1 
for deterministic road surfaces and in Section 4.3.2 for stochastic road surfaces. These 
road surfaces have been described inSection 2.2. 

4.3.1 Deterministic road surface 

The performance of the three suspension types on all rounded pulses is shown in Fig. 4.6. 
Fig. 4.5 shows how the performance quantities of Fig. 4.6 are obtained from time simu
lations. Because the height of the rounded pulses is chosen in a realistic way, the valnes 
of the performance quantities give a first indication of what can he expected in practice. 

We can see in Fig. 4.6 that, as described in Section 2.2, the performance of the 
passive suspension is critica!: the minimum tire force is zero for small valnes of ltt/v 
(short pulses), and the minimum suspension deB.eetion is -0.09 m for large valnes of ltt/V 
(long pulses), which means that either the tire airoost lifts-off or the suspension comes 
on hump. 

As described in Section 4.1, the weighting factors of the active suspension with 
and without preview have heen determined for the rounded pulses. We can see that 
indeed both the dynarnic tire force and the suspension deB.eetion are within the limits 
for the suspension with preview. It was not possihle to choose the weighting factors 
of the active suspension without preview in such a way that the suspension deB.eetion 
is between the limits for all pulses. As described in Section 4.2, this is caused hy 
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the representation of the suspension performance on the rounded pulse. The markers are 
placed at the corresponding ld/v value. 

the transfer function of the suspension deflection at low frequencies. However, it is 
not likely tha.t the increase of the suspension deflection for long pulses will occur in 
practice. Due to drift in the reconstruction of absolute positions and veloeities (see 
Section 5.4), the use of highpass filters will be necessary. This means that in fact only 
relative positions and veloeities are given as the input for the controller. With this 
informa.tion the suspension deflection will cause no problems for long pulses. Thus, to 
obtain a suitable setting for the active suspension without preview, the demands for 
the suspension deflection are omitted for long pulses. Partîcularly this means that the 
weighting factors have been chosen such that the minimum tire deflection is zero and 
the maximum suspension compression is 0.09 m for the critica! rounded pulse to get a 
maximum reduction of the maximum absolute chassis acceleration. 

In Fig. 4.6 we see that the minimum and maximum tire force of the suspension with 
preview are always preferabie compared to that of the passive suspension. Moreover and 
more important, no tire lift-off occurs. In contrast to this, the tire force of the active 
suspension without preview becomes negative for short pulses, which means that tire 
lift-off will occur. With preview, the maximum absolute chassis acceleration is reduced 
with 30 to 60% for ld/v s; 0.75 s. The reduction is marginal for ld/v > 0.75 s. The 
active suspension without preview reduces the acceleration with 10 to 25% for ld/v < 1 s 
and with 25% for ld/v > 1 s. These results again show that the active suspension with 
preview especially improves the performance at high frequencies which are more or 
less equivalenttoshort rounded pulses in contrast to the suspension without preview. 

Next, the power Pa supplied by the actuators is compared to the power Pd supplied 
by the damper of the passive suspension. The powersPa and Pd are defined as follows: 

p,.(t) = f,.(t)(<icr(t) - <Îar(t)), (4.2) 

A positive power, therefore, means that energy is put into the suspension, whereas a 
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Figure 4.6: Performance on all rounded pulses. --- passive suspension, -- active with 
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negative power means that energy is dissipated. It is evident that Pd can not become 
positive since a damper only dissipates energy. We can see from Fig. 4.6 that the active 
suspension with preview has to supply much more power than the active suspension 
without preview (22 instead of 8 kW). In contrast to this, significantly less power is 
dissipated (83 instead of 235 kW). The active suspension without preview dissipates 
almost as much as the damper of the passive suspension (209 kW). 

From time domain plots of the chassis acceleration, it has been noticed that, just 
as shown for the step function as road input, the damping of the chassis movement 
is best for the active suspension without preview. However, it can be concluded that 
the active suspension without preview is not suitable to reduce the maximum absolute 
chassis acceleration for deterministic road disturbances, without increase of either the 
tire force or the suspension deflection. 
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Table 4.3: RMS values of the performance of the passive suspension and active suspension 
with and without preview on a minor road at 90 km/hand a German motorway at 80 km/h. 

minor road 
dyn. tire force susp. deftection chassis acceleration 

suspension type [104 N] [cm] [m/s2
] 

passive 4.04 2.60 2.63 (100%) 
active with preview 3.07 2.68 1.89 -28% 
active without preview 4.15 1.99 2.50 -5% 

German motorway 
dyn. tire force susp. deftection chassis acceleration 

suspension type [104 NJ [cm] [m/s2
] 

passive 0.73 0.30 0.41 (100%) 
active with preview 0.52 0.25 0.27 -34% 
active without preview 0.72 0.23 0.37 -10% 

4.3.2 Stochastic road surface 

The performance of the three suspension types on two stochastic road surfaces, i.e. a 
minor road and a German motorway, is shown in Table 4.3. The German motorway 
is traversed with 80 km/h. The minor road is traversed at a speed of 90 km/h, which 
is a worst case situation. As a result, the RMS values for the minor road are much 
higher than for the motorway. The power spectra of the dynamic tire force, suspension 
deflection and chassis acceleration for the minor road are shown in Fig. 4. 7. The RMS 
values shown in Table 4.3 have been calculated by integrating the power spectra over 
the frequency range from 0.1 to 25 Hz and by taking the root of the integral value. 
Note that the preview time on the German motorway is 0.146 s because of the vehicle 
speed of 80 km/h. 

We can conclude from Table 4.3 that preview reduces the RMS value of the chassis 
acceleration with 28% for the minor road and with 34% for the German motorway 
compared to that obtained with the passive suspension. Moreover, the dynamic tire 
force is reduced significantly. The suspension deflection is increased only for the minor 
road {+ 3%). The active suspension without preview shows a less significant rednetion 
of the RMS value of the chassis acceleration: 5% for the minor road and 10% for the 
German motorway. The dynamic tire farces are equal or a little bit larger than with the 
passive suspension. However, the rednetion of the suspension deflection is remarkable. 
lt is even more than that obtained with preview. 

We can see from the power spectra in Fig. 4. 7 where the significant rednetion of 
the suspension deflection by the active suspension without preview comes from. The 
suspension deflection is mainly determined by excitations in the frequency range around 
1 Hz. In Section 4.2 it was shown that this is the region where the active suspension 
without preview obtains the performance improvement. The dynamic tire force, on the 
contrary, is mainly determined in the 10 Hz region and is therefore especially reduced 
by the suspension with preview. The same holds, though to a lesser extent, for the 
chassis a.cceleration. 
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Figure 4.7: Power spectra of the performance quantities on a minor road. v 90 km/h. 
--- passive suspension, -- active with 0.13 s preview, .. ···· active without preview. 

The RMS values discussed have been obtained by using the settings of the weighting 
factors of Table 4.2. These settings have been determined for the rounded pulses as 
road input which does not necessarily mean that they are also optimal for a stochastic 
road input. Therefore, the optimization is carried out once again for the minor road. 

N ow, the weighting factors are chosen in such a way that the RMS value of the chassis 
acceleration is minimal, without increasing the RMS value of the dynarnic tire force and 
of the suspension defiection compared to the passive suspension (see Table 4.4). We see 
that the new weighting factors weigh the dynamic tire force and suspension defiection 
less than with the previous settings. The only exception is the weighting factor _q11 for 
the tire force in case of the active suspension without preview. This factor had to be 
increased because the dynamic tire force was higher than that of the passive suspension. 

The performance of the active suspensions with the updated weighting factors is 
shown in Table 4.5. We can see that the reduction of the chassis acceleration is increased 
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active with preview 
active without preview 

Table 4.5: RMS values ofthe performance ofthe active suspension withand without preview 
optimized for the minor road at 90 km/h. 

minor road 

suspension type 
dyn. tire force I susp. deflection I chassis acceleration 

[104 N] [cm] [mjs2] 

active with preview 4.01 

I 
2.59 11.74 -34% 

active without preview 3.99 2.60 2.16 -18% 

to 34% and 18% for the suspension withand without preview respectively. This result 
clearly shows that it is not possible to determine one setting of the weighting factors 
which is optimal for all possible road surfaces. Therefore, it might seem interesting 
to use an adaptation scheme which stowly adjusts the controller settings according to 
the changing road conditions. Unfortunately, such an adaptation scheme will not work 
because the suspension will be used especially on incidental road disturbances for which 
the adaptation is too slow. Whether it is useful to adapt the settings with the vehicle 
speed is investigated in Section 6.2.1. 

With respect to the power requirements of passive and active suspensions on sto
chastic road surfaces, Karnopp shows in [38] that the average power supplied by a 
suspension is equal to the average propulsion power of the vehicle. Consequently, to 
keep a vehicle at a constant forward speed, the power to be supplied by the engine 
due to the presence of suspension elements like dampers and actuators is equal to the 
average power dissipated by these elements3 . 

The average power dissipated by the actuator, i.e. -pa (see (4.2)), or by the damper 
( -pd) is calculated for the three suspension types. Moreover, the average positive 
power supplied by the actuator (Pa+) is determined as an indication of the average 
engine power to be supplied directly to the actuator or, more likely, to be storedintoa 
buffer. The average powers are calculated from different simulations such that the 95% 
confidence intervallies between 5% of the estimated average value. The result is shown 
in Table 4.6. A typical time domain plot of the power requirements of the suspensions 
is shown in Fig. 4.8. 

We can see that the average power dissipated by the active suspension with pre
view is about one third of that for the other suspensions. This is due to the fact that 
the actuator supplies a lot of power, which is beneficia! for the propulsion. Therefore, 
with ideal actuators, an active suspension with preview requires significantly less engine 
power than a passive suspension. Unfortunately, the actuators require more power be
cause of friction and leakage and, especially with preview, an energy buffer is required to 

3Note that in practice the engine power required due to the power dissipation in the shock absorbers 
is much lower than that required to overcome the air resistance. 
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Table 4.6: Average power dissipated by the actuator {-pa) or. by the damper ( -pd) and 
average positive power supplied by the actuator CPa+) fora minor road at 90 km/h and a 
German motorway at 80 km/h. 

minor road German motorway 
-fia -pd Pa+ -Pa -pd Pa+ 

suspension type [kW) [kW) [kW) [kW) [kW) [kW) 
passive - 9.01 - - 0.23 -
active with preview 2.95 - 0.93 0.06 - 0.02 
active without preview 8.98 - O.ol 0.22 - 0.00 

Actuator/Damper power 

~ 
J -50 

-75 

-100~------~~------~---------L--------~--------~------~ 
5 u 6 u 7 u 8 

Time [s] 

Figure 4.8: Power requirement of the actuator/damper on a minor road. v = 90 kmjh. 
--- passive suspension, -- active with preview, ...... active without preview. 

be able to supply high power peaks instantaneously. Nevertheless, the general thought 
that active suspensions automatically require too much power is not correct. 

As for the rounded pulses, the average positive power Pa+ is for the active suspension 
with preview much higher than for the one without preview whlch mainly dissipates 
power. As also mentioned in [24], thls is the reason why the performance of a semi
active suspension is similar to that of an active suspension without preview when the 
control strategy of the active suspension is used. Therefore, similarity in performance 
between an active and semi-active suspension with preview will not occur. 

4.4 Comparison with other preview suspensions 

An overview has been given in Section 3.2 of control strategies for active suspensions 
with preview. In this section the active suspension presented by Haé [24], Huisman [30] 
and Louam et al. [47] will be compared to the suspension described inSection 3.3. First, 
the step response is used for this purpose. The suspension proposed in this investigation 
is denoted as 'system 1', the suspension from [24], [30) and [49'] as 'system 2'. The chassis 
displacement is shown in Fig. 4.9 for preview times of 0.13, 0.234 and 1.17 s. These 
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Figure 4.9: Chassis displacement of suspension system 2 (upper figure) and 1 for different 
preview times: -- 1.17 s, --- 0.234 s, ...... 0.13 s. ·-·-· road input. 

preview times correspond with a vehicle velocity of 90, 50 and 10 km/h respectively. 
The tire force, suspension defiection and chassis acceleration are shown in Fig. 4.11. 

In Section 3.3 it was shown that the performance of both suspension systems is equal 
if the preview time is infinite. We can see in Figs. 4.9 and 4.11 that there is hardly 
any difference in performancefora preview time of 1.17 s. In general, the performance 
of both suspension systems is better when the preview time is increased. Nevertheless, 
there are some significant differences between the two systems. The chassis movement 
is better damped by system 2 fora 0.13 s preview time. The difference is remarkably 
smaller for a 0.234 s preview time. The chassis movement of system 2 shows that the 
relatively bad damping of the chassis movement, as noticed in Section 4.2, is not due to 
preview but it is the result of the control strategy in combination with a small preview 
time. . 

With system 2 a steady state error occurs in the chassis movement for small preview 
times. We can see in Fig. 4.11 that this is caused by the suspension defiection. The 
reason for this is the assumption made that the road surface is zero outside the preview 
intervaL This steady state error vanishes if the road velocity is used as preview infor
mation instead of the road displacement [24] or if the road surface outside the preview 
interval is taken equal to the road surface under the front wheels. For the later case it 
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Figure 4.10: Chassis displacement of the modified suspension system 2 for different preview 
times: - 1.17 s,--- 0.234 s, ...... 0.13 s. ·-·-· road input. 

Table 4.7: Weighting factors of the modified suspension system 2. 

I suspension type J ~o I Qu I a22 I 
I active with preview (system 2) I 1 I 0.536 I 0.605 I 

can easily he shown that, just as in {3.10), the optimal control input is 

u(t) == -R-1BT(Px(t) + r(t)], 

but that, contrary to (3.13), the vectorris determined by 

t+tp 

(4.3) 

r(t) j iPJ(r-t)Hmw(r)dr+A;;-TiPJ(tp)H".w(t+tp), (4.4) 
t 

where Hm PE + CTQF. With these modifications, the steady state error vanishes 
fora step function as raad input (see Fig. 4.10), but is still there fora ramp function. 
Now, the weighting factors of the modified suspension system 2 are tuned in the same 
way as done with system 1 in Section 4.1 to campare the possible performance with 
bath systems. With the original suspension system 2 it is not possible to determine 
useful weighting factors such that the suspension defiection stays between the limits 
for long pulses. The weighting factors obtained for the modified system 2 are given in 
Table 4.7, and the suspension performance on all rounded pulses is shown in Fig. 4.12 
for a 0.13 s preview time and in Fig. 4.13 fora 0.234 s preview time. 

The most remarkable fact we can see in Fig. 4.12 is that the modified system 2 
reduces the maximum absolute chassis acceleration especially for long pulses, whereas 
system 1 obtains the performance impravement at short pulses. The performance of 
system 2 with respect to the maximum absolute chassis acceleration is worse than 
that of the passive suspension forshort pulses. Moreover, the maximum power to be 
supplied is significantly higher than with system 1 (57 insteadof 22 kW). However, the 
tire farces and suspension defiection are superior for all pulses. The reason for the lower 
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Figure 4.11: Performance 'of suspension system 1 and 2 in case of a step function as road 
input and for different preview times: -- 1.17 s, --- 0.234 s, ...... 0.13 s. 



4.4. Comparison with other preview suspensions 

~ 
~ 
0 
LL 

3 x 10
5 Min/max Tire force 

2.5 

2 

1.5 

r 

~
', /'', 
. \ / ·. ...... - ' 

··.. ···· .. '-
·.. ,··· ···· ... ~.:-:.-: 

0.5 

0 

-0.5 -2 
10 10° 101 

ldlv [s] 

Max absChassis acceleration 
15r---------------------~ 

1\ 
I \ 

\ 

I \ 

I 
I '..., 

~ 
ldlv [s] 

0.1 
! 
~ 0.05 
E 
CD 

:;! 0 
'ë. 

5 
-0.05 

Min/max Suspension deflection 

.... 

~. 
~ 
ldlv [s] 

Min/max Actuator/damper power 

43 

100r-------~------~----~ 

50 

0 

~ -50 

j -100 

-150 

-200 

~-~-~--·-··-··-·~~~~·~~~~ 

~ \ I 
I I 
I I 
I I 
I/ 

-250'-:-----~---~---...J 

10'2 101 

ldlv [s] 

Figure 4.12: Performance on all rounded pulses. v = 90 km/h, tp = 0.13 s. --- passive 
suspension; -- active, system 1; ...... active, modified system 2. 

performance of system 2 at short pulses with respect to the chassis acceleration is the 
fact that both the tire force and the suspension defiection have to he weighted more 
than with system 1 to keep the suspension defiection within the limits for ld/v = 5.4 s 
(see Tables 4.2 and 4.7). 

If we compare Fig. 4.12 with 4.13 we can see that the performance of both system 1 
and system 2 is hardly changed for short pulses when the preview time is increased. 
However, the performance is improved significantly for long pulses. At these pulses, 
the (30-40%) rednetion of the maximum absolute chassis acceleration by system 1 is 
more or less equal to that realized by system 2. On the contrary, system 2 shows an 
increased maximum absolute chassis acceleration for ld/v values around 0.25 s, which is 
a result of the further reduced dynamic tire force in the same ld region. The maximum 
power to he supplied is increased (81 kW), which also holds for system 1 (53 kW). The 
latter suspension causes a short tire lift-off for ld/v = 0.26 s. A slight modification of 
the weighting factors will solve this problem. 

After examining the vehicle responses of suspension system 1 and system 2 for 
different preview times and different pulses, it turned out that the same conclusions 
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Figure 4.13: Performance on all rounded pulses. v 50 km/h. tp = 0.234 s. --- passive 
sus pension; -- actîve, system 1; · · · · · · active, modified system 2. 

can be drawn with respect to the damping of the chassis movement as drawn for the 
step function as road input, i.e. system 2 gives the best damping for small preview 
times. 

The following conclusions can be drawn from the comparison of the performance 
possible with suspension system 1 and with the modified system 2: if the suspensions 
are tuned so that both the tire force and suspension defl.ection are kept within the 
limits for all rounded pulses, then system 1 achieves the best rednetion of the maximum 
absolute chassis acceleration (remind that the active suspensions have been optimized 
with respect to this performance quantity). Moreover, the maximum power to be 
supplied is significantly less than that of system 2. However, if a reduction of the 
maximum absolute chassis acceleration is demanded especially for long pulses (!ow
frequent road disturbances) or if the damping of the chassis movement at small preview 
times is important, then modified system 2 shows the best performance. 

A disadvantage of system 1 is that, as stated in Section 3.3, the actuator force 
becomes zero when the preview time approaches zero. Fortunately, the preview time is 
sufficiently large because the maximum vehicle speed is relatively low for commercial 
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vehicles and the wheel base is long compared to passenger cars. However, when less 
than 0.13 s preview is available, then the modified suspension system 2 is preferable. 
As a result, the idea proposed in Section 3.3 to use no assumption with respect to 
the road surface outside the preview interval has to be dropped for very small preview 
times. A useful modification of system 1 is to use, for very small preview times, the 
same assumption with respect to the road surface outside the preview interval as for 
the modified system 2, but only up to, for instance, 0.13 seconds. This is an interesting 
idea for future investigations. 

4.5 Conclusions 

The following conclusions can be drawn from the comparison of the performance of the 
active suspension with preview with that of a passive suspension, an active suspension 
without preview and another optimal controlled suspension with preview: 

• For small preview times (about 0.13 s) the active suspension with preview reduces, 
using the control strategy presented in Section 3.3, the performance quantities 
(i.e. dynamic tire force, suspension deflection and chassis acceleration) mainly in 
the 10Hz regiou. Increase of the preview time improves the performance especially 
at 1 Hz. Without preview the performance impravement is gained only at 1 Hz. 

• With at least 0.13 s preview it is possible to rednee th.e maximum absolute chassis 
acceleration significantly for deterministic road irregnlarities compared to that 
realized by a representative passive suspension. This is not possible without 
preview, unless the limits for the dynamic tire force and the suspension deflection 
are allowed to be exceeded. For stochastic road surfaces the RMS value of the 
chassis acceleration can also be reduced by the active suspension without preview, 
but th.e rednetion is marginal compared to that obtained with. preview. 

• The significant rednetion of th.e maximum absolute chassis acceleration for de
terministic road irregularities is accompanied by two acceleration peaks before 
the road disturbance contacts the tires of the rear wheels. It is yet not clear 
whether these peaks annihilate th.e impravement in comfort obtained by reducing 
the maximum absolute chassis acceleration. 

• The power peaks to be supplied by the actuator for both. deterministic and sto
chastic road surfaces are significantly higher with preview than without preview. 
If the actuators of the active suspension with preview would be ideal, then the 
average power dissipated by th.e actuators is much less than that dissipated by 
the actuators of an active suspension without preview or that dissipated by the 
dampers of a passive suspension. Th.erefore, the general thought that active sus
pensions automatically require too much power is not correct. 

• The performance of the active suspension with preview (system 1) has been com
pared with that presented in (24], [30] and [47] (system 2). Fora fair comparison, 
the control strategy of system 2 has been slightly modified to limit the suspension 
deflection at long pulses. 
The result of the comparison for all rounded pulses and for different vehicle speeds 
is that the maximum absolute chassis acceleration is· best reduced by system 1. 
Because of this remind that the active suspensions have been optimized for this 
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performance quantity system 1 will also be used in the succeeding chapters. 
Nevertheless, system 2 is an interesting alternative if emphasis is put on the 
performance at long pulses (or equivalently, !ow-frequent road disturbances) or 
when the damping of the chassis movement is of primary interest. Moreover, 
system 1 fails when the preview time becomes less than 0.13 s. For very small 
preview times it is recommendable to use an assumption with respect to the road 
surface outside the preview intervaL 

• It is not possible to tune the weighting factors of the active suspensions in such 
a way that the chassis acceleration is minimized for all possible road surfaces. 
However, with one fixed setting of the weighting factors, the rednetion of the 
chassis acceleration is significant for all road surfaces in case of preview. 



Chapter 5 

An observer for vehicle suspensions 
with preview 

In this chapter an observer is designed to reconstruct the preview information and the 
state required for vehicle suspension control with preview. Application of the observer is 
not restricted to active suspensions only. The reconstruction concerns the observation of 
a system with unknown inputs (the preview information) and known initial conditions. 

In Section 5.1 the question is considered whether the preview information and the 
state can be reconstructed from a given set of measurements. An overview of the liter
ature on observers for vehicle suspensions is given in Section 5.2. Section 5.3 describes 
the observer designed in this investigation. Though the performance of the observer is 
evaluated in Chapter 6 in combination with the controller, some performance aspects 
are already discussed inSection 5.4. Finally, conclusions are drawn inSection 5.5. 

5.1 Observing systems with unknown inputs 

Before the procedure to reconstruct the preview and state information is described, we 
first investigate whether these quantities can be reconstructed given a set of measure
ments. In more general terms, we must determine whether the system with unknown 
inputs is observable. 

In literature there are several definitions on observability. For the majority of them, 
all system inputs are assumed to be known. However, in this investigation the situation 
with unknown inputs is of partienlar interest. For this situation Basile et al. [8] give two 
definitions: one applies when the initial state is unknown, the other when the initial 
state is known. Because the initial condition of a vehicle can be determined easily when 
the vehicle speed is zero, it is justified to assume that the initial state is known. 

Definition 1 Given any time interval [t0 , t], t > t0 , a linear time-invariant system is 
said to be final state observable with unknown input I unknown initial state if and only 
if the final state x(t) is a function of the observed output z(r), TE [to, t]. 

Definition 2 Given any time interval [t0 , t], t > t0 , a linear time-invariant system is 
said to be final state observable with unknown input I known initial state if and only 
if the fin al state x( t) is a function of initial state x( t0) and the observed output z( T), 
TE [to, t]. 

47 
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In other words, final state observability (from now on simply called observability) implies 
that the state x(t) can he reconstrncted from the observed output in the interval [t0 , t] 
and, in case of definition 2, from the known initial state. 

Observability of a system does not necessarily mean that the unknown input can 
he reconstructed as well. However, it can often easily he verified whether the unknown 
input of an observable system can he reconstructed. Consider, for instance, the system 
described by the state equation: 

x(r) = A(r)x(r) + B(r)u(r) + E(r)w(r), 

and suppose that the state x(r) can be determined for all rE [t0 , t] from the observed 
output in the interval [t0 , t]. Then, w(r) can only be determined if the matrix E(r) 
bas full column rank. For vehicles there are situations in which this is not true, for 
example when a tire lifts off. In that case, the road surface can not be determined, but 
the road input that is 'felt' by the axle can (see Section 5.4). 

In this investigation it is supposed that the observer model of the vehicle is linear 
and time-invariant. The conditions under which such a system is observable according 
to definitions 1 and 2 are given in [8] and [9]. With the measurements used here, i.e. the 
vertical chassis acceleration and the suspension deflection at the front and at the rear 
side of the tractor, the system is observable according to definition 2 and the unknown 
input can he determined as well1• 

Remark that a known input does not influence observability. Therefore, the presence 
of a known input is not included in definitions 1 and 2. 

5.2 Literature on observers for vehicle suspensions 

As mentioned in Chapter 1, there is not much literature about the reconstruction 
in practice of the preview information and the state for vehicle suspension systems. 
The majority of reconstruction techniques concerning vehicle suspensions is based on 
Kalman filter theory (Kalman [36], Kalman and Bucy [37]). 

Abclel Hady [I] uses a Kalman filter to reconstruct the state of the vehicle model. 
The unknown road input is regarcled as system noise. However, to have optimal benefit 
from Kalman filter theory, the system noise should he white, which in general is not 
true for road inputs. Therefore, the road surface is modelled as filtered white noise (see 
Section 2.2.2). This model is added to the vehicle model. An attractive consequence of 

10ften, the question whether the preview and state information can be reconstructed can be an
swered without using the conditions on observability. Consider, for instance, the two-DOF model of 
Fig. 2.2b. Suppose that the observed output contains the suspension defiection qcr- qar and the chassis 
acceleration iicr. and that the state x= (qar !Îar qcr !Îcr]T and the unknown input w = [qrr] have to 
be reconstructed. This can be done as follows. The output iicr can be integrated to !Îcr and qcr using 
the known initia! conditions. With the output qcr - q._r the a.xle displacement q4 r is calculated, the 
a.xle velocity IÎar is calculated by differentiation of qcr qar· The state has been determined now. The 
unknown input is reconstructed using the equa.tion of motion of the a.xle: 

where iia.r is determined by differentiation of ciar· It should be emphasized that this is not the only 
and proba.bly not the best way to determine the state and the unknown input. 
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this procedure is that the road input at the front wheels of the vehicle, which is used 
as preview information, is included in the state and, therefore, is directly reconstructed 
by the observer. 

In [23] Haé presents an observer especially for bilinear systems as, for instance, a 
semi-active suspension with a continuously adjustable shock absorber. The observer 
is similar to that presented by Yang and Wilde in [79]. Pole-placement is required in 
the determination of the filter matrices. The road input is not reconstructed and the 
infl.uence of measurement noise and model errors is not investigated. 

A Kalman like observer is used by Haé in [24] to reconstruct the state. For that 
purpose some information on the road input, which is modelled as white noise, is 
assumed to be available. However, it is not clear how to determine this information. 
Moreover, the performance of the observer is not investigated. 

Jeong et al. [34] use a Kalman filter to reconstruct both the state and the road input. 
The road surface is modelled as the output of a linear shaping filter with white noise as 
input. Todetermine the parameters of the shaping filter, first a least squares estimate 
of the power speetral density of the road input is calculated from the measurements and 
the vehicle model. Then, the parameters are determined in such a way that the power 
speetral density of the shaping filter's output fits the estimated power speetral density 
in a least squares sense. Because Kalman filter theory requires the system noise to be 
uncorrelated, a Padé filter is used to model the correlation between the road surface 
at the front and at the rear wheels. Simulations show that the estimation error of the 
state and the road input at low frequencies decreases if the Padé filter is used. This 
is, however, accompanied by an increased estimation error at high frequencies due to 
the model error introduced by the Padé filter. Increasing the order of the Padé filter 
reduces this effect. 

In [42] Konik presents an observer for systems with unknown inputs and illustrates 
its working principle in the reconstruction of the state and the road input of a quarter 
car model with a passive suspension. The suspension deflection and the absolute chassis 
acceleration are measured, just as in this investigation. Knowledge of the initia! state 
is used explicitly. Redundant measurements can not be taken into account and to 
reconstruct the unknown input, it is necessary to differentiate the measurements. This 
can deteriorate the signal to noise ratio significantly. 

Venhavens [77] uses a discrete Kalman filter to reconstruct the absolute chassis 
velocity, the relative suspension velocity and the dynamic tire force from measurements 
of vertical axle and chassis accelerations. Again, the road input is modelled as filtered 
white noise. To eliminate drift of the reconstructed absolute chassis velocity due to 
the integration of noisy accelerations, the measurement noise is modelled as integrated 
white noise. 

5.3 Design of the observer 

The observer to be designed has to reconstruct the required preview information and 
the state for the controller. More specifically, the disturbance input2 wc(t) and the 

2The subscript c at a vector or matrix indicates that the quantity is related to the controller model. 



50 An observer for vehicle suspensions with preview 

state xc(t) have to be reconstructed from the control input, the ohserved output over 
the interval [t0 , t] and the known initial conditions. Because only the information at 
time t is of interest, the observer is called a filter 3• 

In this investigation an observer is chosen with the same structure as the Kalman 
filter used in [1] and [34), because such a fil~er bas proved to give satisfactory results 
for stochastic road surfaces. The road surface is modelled as filtered white noise to 
imprave the performance of the observer and to reconstruct the preview information 
directly with the state, without differentiation of the measurements. To obtain a satis
factory reconstruction also on deterministic road surfaces, some extra 'measurements' 
are calculated first by integration of the real measurements using the known initial 
conditions. 

The observer, a Luenberger observer [49], is described by the equations 

Ax(t) + Bu(t) + K[m'(t) 
Cx(t) + Du(t), 

(5.1) 
(5.2) 

where x is the reconstructed value of x, z' is the reconstructed value of the observed 
output z', m' the measured value. The matrices A, B, C and D, and the filter gain 
matrix K are to be determined. Moreover, the quantities in z' must be descri bed. 

Determination of A, B, C and D 

The constant matrices A, B, C and D are determined by the observer model of the 
vehicle. This model contains a model of the vehicle, described by 

x"(t) 
z'(t) 

= A"x"(t) + B"u(t) + E"w"(t), 
C"x"{t) + D"u(t) + F"w"(t), 

x"(to) = x"o, (5.3) 
(5.4) 

and is augmented by a model of the road input w". The vehide model can be equal 
to that used in the controller model but, as stated inSection 2.1, this is not necessary. 
Anyway, it is required that Xe can be determined from x". The road input w" is 
modelled as the output of a linear system with white noise 11r as input: 

X,.(t) 

w"(t) 

= Arx..(t) + Brnr(t), 

Cr:xr(t). 
(5.5) 
(5.6) 

Here, Ar, Brand Cr are chosen such that the power speetral density ofw" approximates 
that of a representative stochastic road surfacé. This model is suitable for stochastic 

observer is called a smoother if also quantities inside [t0 , t] are determined. A predietor recon
structs quantities at a certain time outside the interval. 

4For a single road input Wv, matrices An Br a.nd Cr become 

Ar = [-O!rVJ, Br = LBr], Cr [1], 

where ar and flr are determined by the road type and vis the vehide speed. Suppose tha.t the Gaussian, 
white noise process nr has intensity one. Then, O!r = 27r'f/o a.nd fJ; = 21r2vRc if the power speetral 
density of the road surface is given by (2.2) with ~> = 2. In thîs învestiga.tion, Re a.nd 'lio represent the 
minor road and v in Ar is taken to a fixed value of 25 m/s. 
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road surfaces. However, from simulations with representative, incidental road irregu
larities (i.e. the rounded pulses) it appears to improve thè performance of the observer 
also for deterministic road inputs. The observer model can now he written as 

x(t) = Ax(t) + Bu(t) + Enr(t), x(to) = xo, 
z'(t) = Cx(t) + Du(t) 

with x [ x'[ x'[ JT and 

A = [ ~v EA~r ] , B = [ ~v ] , E = [ ~r ] , 

C = [Cv FvCr), D = [ Dv). 

Determination of K 

(5.7) 

(5.8) 

There are many ways to determine a suitable, constant filter gain matrix K, for instance, 
by using pole placement techniques. One essential demand is that A KC is Hurwitz, 
i.e. that all its eigenvalnes have a strictly negative real part. Here, Kalman filter theory 
is used as a practical tooi in the determination of K. For that purpose, system noise 
v", and measurement noise Vz areadded to (5.7) and (5.8) respectively: 

x(t) 
z'(t) 

Ax(t) + Bu(t) + Gv.,(t), 
= Cx(t) + Du(t) + Vz(t). 

x(to) = Xo, (5.9) 
(5.10) 

The unknown input Dr of the road model is incorporated in the term Gv"'. Both v"' and 
v z are supposed to he uncorrelated, stationary white noise processes with zero mean 
and with covariances 

E{v.,(t)vJ(t + r)} = V.,ó(r), E{vz(t)v;'(t + r)} = Vzó(r). (5.11) 

Because we are looking for a constant filter gain matrix, K is taken equal to the steady 
state solution of the optima! filtering problem (37]: 

K=PCTV;1
, 

with P determined by the algebraic Riccati equation 

PAT+ AP- PCTV;1CP + GV"GT = 0. 

(5.12) 

(5.13) 

With the choice of the intensity matrices V., and V'" confidence can he expressed in the 
observer modeland in the measurements. Therefore, to allow for maximum freedom 
when expressing confidence in the observer model, bere G is taken equal to I. This 
turns out to provide a practical tool in the determination of K. 

The intensity matrices V., and V z are determined in a similar way as the weighting 
matrices Q and R in Section 4.1. First, the intensities are scaled and made non
dîmensional by dividing them by the order of magnitude of the quantities to be repre
sented. Second, the non-dimensional intensities are tuned for a number of representa
tive, deterministic road inputs such that a satisfactory performance of the combination 
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of the controller and the observer is obtained. The tuning is a matter of trial and error, 
but proves to be fairly simple. 

Note that by using Kalman filter theory to determine K, matrixA-KC is certainly 
Hurwitz [43]. 

Description of z' 

As stated inSection 5.1, the system is observable according to definition 2 if suspension 
deflections and chassis accelerations are measured. However, with these measurements 
the performance of the observer (5.1) (5.2) is unacceptable for deterministic road 
surfaces, because in fact the observer is not suitable for systems with unknown inputs 
that can not be represented by white noise processes. 

Often, in observers for systems with unknown inputs, the system (5.3) - (5.4) is 
transformed via a linear transformation into three equations. In two equations, i.e. a 
state equation, with state x.., and an output equation, with measured output Zn, the 
unknown input does not appear. The dimension of Xn is less than or equal to that of x". 
The output Zn is a function of zv. For these two equations, for instance, a Luenberger 
observer can he used to reconstruct x... With the third equation, an algebraic equation, 
the original state Xv and the unknown input Wv are determined which, unfortunately, 
generally requires differentiation of inputs and measurements (Hou and Müller [27]). 
Nevertheless, such observers deserve further investigation. 

To avoid differentiation of inputs and measurements, another way is chosen here to 
improve the performance of the Luenberger observer for deterministic road surfaces. If 
at least one. measured chassis acceleration is integrated twice to a displacement, using 
the known initial conditions, and if this displacement is added to the measured output, 
resulting in the 'augmented measurements' m', then it appears that the observer also 
works for incidental road irregularities. So, z' contains not only suspension deflections 
and chassis accelerations, but also chassis displacements. 

The 'augmented measurements' m' are seen as the output of a linear, time-invariant 
system with the 'real measurements' m, containing measured suspension deflections 
and chassis accelerations, as input: 

A;x;(t) + B;m(t), 

= C;X;(t) + D;m(t). 

X;(to) = X;o, (5.14) 

(5.15) 

Basically, a pure, double integrator is required to integrate the chassis accelerations 
to displacements. However, as will he shown in Section 5.4, such an integrator causes 
drift if the measurements are corrupted with measurement noise. Therefore a 'high
pass integrator' is used instead. The 'high-pass integrator' used in this investigation is 
described in Section 5.4. 

Fig. 5.1 shows the block diagram of the observer (5.1) (5.2), combined with the 
'high-pass integrator' (5.14) - (5.15). This combination can also be represented as one 
linear system with the control input u and the measurements m as input, and the 
preview information and the state as output: 

*"(t) = A"xa(t) + Bouu(t) + Bomm(t), (5.16) 
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'High-pass integrator' 
: ................................. . 

m 

m' 

+ 

u 

Luenberger observer 

Figure 5.1: Combination of the Luenberger observer and the 'high-pass integrator'. The 
state x contains the reconstructed preview information and the state. 

Wc(t) = Cw:ko(t), 
Xc(t) = C"x0 (t). 

with Xo = [ xT Xf ]T, Xo(to) Xo0 and 

A = [ A KC KC; ] B = [ B - KD ] 
0 0 A; , OU 0 ' 

(5.17) 

(5.18) 

We see in (5.18) that Xe is calculated hy a linear transformation of X0 • Therefore, as 
stated, it is required that Xe can he determined from :xv, which bas the consequence 
that the vehicle model for the observer can not he simpler than that for the controller. 
The hlock diagram of the combined ohserver (5.16) - (5.18) is shown in Fig. 5.2. 

Two remarks have to he made with respect to the observer. One concerns the as
sumption that the measurement noise Vz in (5.10) is white, which must be true to have 
optimal benefit of Kalman filter theory. Unfortunately, this is not so because m' con
tains integrated accelerations. The measurement noise on these 'extra measurements' 
is better modelled by integrated white noise. This model can he incorporated in the 
observer model. But then the system and measurement noise are nat uncorrelated any
more. The correlation, however, can properly betaken into account in the calculation 
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~<?ro~;t:1!9.Q ~~~-'Y~~ ....................... . 

" x. 

m 

u 

Figure 5.2: Reconstruction of the preview information and the state. The 'combined ob
server' is the combination of the Luenberger observer and the 'high-pass integrator'. 

of K (43]. Unfortunately, it degrades the performance of the observer in such a way 
that the observer becomes less suitable for the combination with the controller, as will 
be shown inSection 5.4. 

The second remark is that the effect of the known initia! condition vanishes after 
some time due to the filtering effect of the 'high-pass integrator'. The speed of this 
process depends on the poles of the 'high-pass integrator'. 

5.4 Some performance aspects of the observer 

In fact the performance of the observer is judged by the performance of the combination 
of the controller and the observer (see Chapter 6). This means that di:fferences between 
reconstructed and actual preview information and state are of minor interest as long as 
the performance of the combination is not influenced too much. 

The aim of this section is to show some qualitative performance aspects of the 
observer, i.e. the performance in case of maasurement noise (Section 5.4.1), parameter 
errors and tire lift-off (Section 5.4.2). The two-DOF vehicle model of Fig. 2.2b with a 
passive suspension is used for this task. 

5.4.1 Influence of measurement noise 

To evaluate the performance of the observer under influence of maasurement errors, 
noise is added to the measurements. Here, Gaussian white noise is added as a worst 
case situation. To reflect the use of low budget mass production sensors, the assumed 
RMS value of the maasurement noise on a measured quantity is 10% of the maasurement 
range for that quantity on a representative bad road. 

As described in Beetion 5.3, measured chassis accelerations are integrated twice to 
obtain a satisfactory performance on deterministic road surfaces. Without this inte
gration the observer also works, but the estimation of absolute displacements is unac
ceptable (see dashed line in Fig. 5.3). If the intensity of the system noise on the road 
model is increased, which is a logica! step since the road model is incorrect, then almost 
all components of the filter gain matrix K increase or, in other words, the norm of 
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Figure 5.3: lnfluence of the filter ga in matrixKon the observer without 'high-pass integra
tor'. -- actual road input;--- reconstructed, default K; · · ···· 'large' K. 

K increases. As a result, the estimation becomes better (see dotted line in Fig. 5.3) 
because more emphasis is put on the measurements. However, due to the 'larger' K 
the amplification of the measurement noise is drastically increased. 

One of the problems that arises when noisy measurements are integrated is drift (see 
dasbed line in Fig. 5.4). This can be circumvented if the maasurement noise on the 'mea
sured' chassis displacement is correctly modelled, i.e. as twice integrated white noise 
[43]. Also if the maasurement noise is modelled accurately by white noise, drift is elim
inated by modeHing the maasurement noise as integrated white noise (Venhovens [77}). 
As already mentioned in Section 5.3, the resulting correlation of the system and the 
measurement noise can properly be incorporated in the calculation of K. 

Chassis displacement 
0.1 ,---~----~------, 

0.2 0.4 0.6 0.8 
Time [s] 

Figure 5.4: Effect of the model for the maasurement noise. -- actual chassis displace
ment, --- reconstructed, measurement noise modelled as white noise, ······ reconstructed, 
measurement noise modelled as integrated white noise. 
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Figure 5.5: Bode plot of the 'high-pass integrator' for different values of (3: - 0.1, 
--- 0.5, ...... 1, ·-·-· 2. 

The effect of modelling the measurement noise as integrated white noise is shown 
by the dotted line in Fig. 5.4. The drift is vanished. However, another estimation error 
shows up. This error seems to be more serious than that caused by the drift, since the 
reconstructed chassis displacement is opposite to the actual displacement at the time 
the rounded pulse reaches the vehicle. Because state feedback is used, the controller 
receives misteading information. 

In this investigation a secoud order 'high-pass integrator' is used instead of a pure, 
double integrator to rednee the drift. The transfer function ofthis 'high-pass integrator' 
is given by 

1 
H(s) 

s2 + 2f3wos + w6 ' 
(5.19) 

with non-dimensional damping f3 and eigenfrequency w0 . The Bode plot of H(s) is 
shown in Fig. 5.5 for different valnes of (3. As required, the 'high-pass integrator' 
behaves like a pure, double integrator for high frequencies. 

The effect of the 'high-pass integrator' on the performance of the observer5 is shown 
in Fig. 5.6. Drift is eliminated. However, there is still a significant estimation error. In 
Chapter 6 it is determined whether this causes problems with the controller. Another 
problem is that a phase lag is introduced. We see this in Fig. 5. 7 where the chassis 
displacement is reconstructed for two settings of the 'high-pass integrator'. Phase lags 
can cause instahilities in a feedback controlled system. Therefore, and because not 
too much information of the measured chassis acceleration may be filtered, w0 must be 
smaller than the smallest relevant eigenfrequency of the vehicle (wo < 21r rad/s). For 
the same reason a small, but not too small value of f3 is recommendable (fJ:::::: 0.5). 

5Here, m (qcr - q"., qcr]T and m 1 = (qcr qar, qcn qcr]T. With the 'high-pass integrator' (5.19) 
the matrices A;, B;, C; and D; in (5.14) - (5.15) become 
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Figure 5.6: Effect of the 'high-pass integrator'. -- actual chassis displacement, --- re
constructed, pure integrator, ...... reconstructed, 'high-pass integrator'. 

The fine-tuning of w0 and /3 is a matter of trial and error: w0 and /3 have been 
determined such that the performance of the combination of the controller and the ob
server is satisfactory and such that no instability occurs for a number of representative 
road surfaces. A more elegant way to determine w0 and /3 is to evaluate the stability 
properties (e.g. gain and phase margins) of the combination of the controller and the 
observer. For this purpose, the transfer function of the total system has to be deter
mined. Then, the infiuence of the phase lag introduced by the 'high-pass integrator' on 
the stability of the system can be made clearly visible. This strategy to determine w0 

and /3 is worthwhile further investigation. 
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Figure 5.7: Phase lag caused by the 'high-pass integrator'. -- actual chassis displacement; 
--- reconstructed, wol> f3t; ...... Wo2 2.24wot. P2 = 2.24/3t. 
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lt must be remarked that with the observer, the initiaJ conditions are less relevant: 
because of the filtering effect of the 'high-pass integrator', the initiaJ conditions only 
infl.uence the first seconds of the reconstruction. 

To get an idea of the total performance of the observer, the reconstruction of the 
preview information and the state under infl.uence of measurement noise is shown in 
Fig. 5.8 fora rounded pulse and in Fig. 5.9 fora stochastic road surface. The responses 
are shown from t = 6 s since at that time the initiaJ conditions have no visible influence 
anymore. Because the performance of the observer has to be judged in the combination 
with the controller, it is difficult to evaJuate the performance of the observer as shown 
in Figs. 5.8 and 5.9. Nevertheless, it is noted that noise is clearly visible on the recon
structed road input and axle velocity. Moreover, due to the 'high-pass integrator', the 
reconstructed values of the displacements, i.e. the road input, axle displacement and 
chassis displacement, float around the actuaJ value but are not drifting. 

5.4.2 Influence of parameter errors and tire lift-off 

In this section some examples of parameter errors are presented to obtain an impression 
of the infl.uence of a parameter on the reconstructed quantities. Moreover, the recon
struction in case of tire lift-offis examined. The influence of unmodelled dynamics is 
investigated in Chapter' 6. 

Figs. 5.10- 5.12 show the influence of parameter errorsfora stochastic road input. 
Only the reconstruction of the road input and axle velocity is shown because they are 
representative for all other quantities to be reconstructed. The values of the parame-
ters in the observer model are changed one after the other to 150% of their value in 
the simulation model. A stochastic road input is chosen here since the effect of para
meter errors on the reconstruction is best visible for continuously varying road inputs. 
Contrary, deterministic road surfaces are used in Chapter 6 to investigate the infl.uence 
of parameter errors on the suspension performance because these road inputs are of 
primary interest. 

We see that errors in mar influence the reconstructed road input significantly. This 
is because qrr is reconstructed via the equation of motion of the axle, i.e. 

(5.20) 

and can not be compared with a measured quantity. The situation is different for mcr· 
Here, the equation of motion of the sprung mass, i.e. 

(5.21) 

which contains men is used in the reconstruction of the state quantities. In contrast with 
qrr, the reconstructed state quantities can be compared with the measured quantities 
(e.g. fiar and ii.cr with the measured qcr qar)· The influence of ktr is the same as that 
of mar· The effect of errors in k.r and bsr is the same as that of errors in mcr· 

The effect of tire lift-off on the reconstruction is shown in Fig. 5.13. For that purpose, 
tire lift-offis incorporated in the simulation modeL Moreover, the 'high-pass integrator' 
is not used and there is no measurement noise, to obtain a clear insight in the infl.uence 
of tire lift-off. 
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Figure 5.8: Reconstruction of the preview information and the state for a rounded pulse 
using the observer with 'high-pass integrator'. -- actual values; --- reconstructed, no 
measurement noise; · · · · · · reconstructed, with measurement noise. 
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Figure 5.9: Reconstruction of the preview information and the statefora stochastic road 
surface using the observer with 'high-pass integrator'. --actual values;--- reconstructed, 
no measurement noise; ...... reconstructed, with measurement noise. 
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Figure 5.10: lnfluence of an parameter error in: --- mar• .. · .. · mcr· -- actual. 
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Figure 5.13: lnfluence of tire lift-off. -- actual quantities, --- reconstructed. 

It appears that the reconstruction of the state quantities is not affected by the tire 
lift-off. However, it affects the reconstructed road input, which has the same value as 
the axle displacement when the tire lifts off. Then, the tire force in the observer model 
is zero, just as in the simulation model, and the reconstructed quantities perfectly 
satisfy both the equations of motion and the measurements. It is expected that the 
reconstruction error in the road input will cause no problems since the shape of the 
actual road surface remains. 

5.5 Conclusions 

In this chapter, an observer has been designed to reconstruct the preview information 
and the state for active and semi-active vehicle suspension systems. Only practically 
feasible measurements (suspension defl.ections and vertical chassis accelerations) are 
necessary. The vertical chassis displacement is an input of the observer, and is calculated 
by integration of the measured chassis accelerations using known initial conditions. The 
real performance of the observer is judged in Chapter 6 in the combination with the 
controller. From this chapter the following conclusions can be drawn: 

• The filter gain matrix of the observer can be determined by choosing appropriate 
intensity matrices for the system and measurement noise. 

• Drift due to integration of noisy measurements is eliminated by using a 'high-pass 
integrator'. This causes a phase lag. Because of the 'high-pass integrator' the 
initial conditions have only an infl.uence in the first seconds of the reconstruction. 

• Rednetion of drift is also possible by modelling the measurement noise on the in
tegrated chassis accelerations correctly, i.e. as twice integrated white noise. This, 
however, deteriorates particularly the estimation of axle and chassis displace
ments. 



Chapter 6 

Combination of the controller and 
the observer 

In this chapter the controller described in Section 3.3 is combined with the observer 
of Section 5.3. The performance of the resulting active suspension system is evaluated 
with the two-dimensional, six-DOF vehicle model of Fig. 2.3 as simulation model. 

Section 6.1 describes the combination of the controller and the observer, and dis
cusses the stability of the closed loop system. The performance of the active suspension 
is evaluated in Section 6.2 for both deterministic and stochastic road surfaces. More
over, the influence of model errors and measurement noise is investigated. Finally, 
conclusions are drawn inSection 6.3. 

6.1 Combining the controller and the observer 

When the controller and the observer are combined, the actuator force is calculated 
with the reconstructed preview information1 Wc and the state Xe (see (3.17)- (3.18)): 

(6.1) 

with 
(6.2) 

Matrices K 1 , K 2 and K 3 are based on the controller model (3.4)- (3.5). The observer 
is described by (5.16)- (5.18): 

:k"(t) Ao:X:o(t) + Bouu(t) + Bomm(t), X"(to) = X 0 (to), 

Wc(t) = Cw:X:o(t) 
Xc(t) = C.,X0 (t). 

(6.3) 
(6.4) 

(6.5) 

The matrices in (6.3) - (6.5) arebasedon the observer model {5.7) - (5.8). The linear 
and nonlinear simulation model are both represented by 

:x:a(t) fx(x., w., t) + B.u(t), x.(t0 ) = x.0 , 

y.(t) = fy(x., w., t) + Dyu(t), 

z(t) fz(x., w., t) + Dzu(t), 

(6.6) 
(6.7) 

(6.8) 

subscript c at a vector or matrix indicates that this quantity is related to the controller model. 
Subscript a refers to the observer described by (5.16)- (5.18) and • refers to the simulation model. 
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Figure 6.1: The combination of the controller and the observer. 
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where x. is the state of the simulation model, f",, fy and f., are (non-)Iinear functions, Ys 
is the controlled output which contains all quantities used to evaluate the suspension 
performance (see Section 3.1), and w. is the road input of the simulation model. The 
block diagram of the combination of the controller, the observer and the simulation 
model is shown in Fig. 6.1. It is a combination of the block diagrams previously shown 
in Figs. 2.1, 3.5 and 5.2. 

To calculate the actuator force, the reconstructed preview information is integrated 
over the preview interval. In case of the four-DOF controller model, Wc contains the 
reconstructed road input at the front wheels and at the rear wheels. Because Wc is 
integrated over [t, t + tp], this means that also the reconstructed road input at the front 
wheels has to he integrated over the preview interval. However, the road input in front 
of the vehicle is unknown. To overcome this problem, this road input is assumed to be 
equal to the last reconstructed value at the front wheels. 

In the controller model, the disturbance input at the rear wheels is supposed to be 
known over the preview interval by assuming that the road input at the rear wheels is 
the same as at the front wheels except for a time delay. This time delay is modelled 
exactly in the control strategy. However, in case of the 2-D controller and observer 
models, the correlation between the road input at font wheels and at the rear wheels is 
not modelled. The correlation can be approximated, for instance, by a Padé filter, which 
can he incorporated in the controller and observer model [I] [34]. lt is an interesting idea 
for future investigation to examine the influence of such a Padé filter on the performance 
of the active suspension presented here, and to compare the results with that obtained 
by using the strategy of [1] (see also the literature overview in Section 3.2). 

Some remarks have to he made with respect of the stability of the closed loop 
system with observer. So far, it has not been possible to find a mathematica! proof of 
the stability of the combination of the controller and the observer. It can he shown 



6.1. the controller and the observer 

that an optima! controlled system without observer and with perfect knowledge of the 
preview information and the state is stabie and has nice robustness properties, i.e. an 
infinite gain margin and at least 60° phase margin2 (Maciejowski [50]). The same holds 
for the optima! filter without controller. However, for the combination of the controller 
and the observer this can not be said anymore. 

lt can be shown that under certain circumstances the so-called separation prin
ciple holds (e.g. Kwakernaak and Sivan (431), which has the consequence that the 
eigenvalnes of the combination of the controller and the observer are equal to those of 
the separate controller and observer. Since both the controller and the observer are 
stable, the combination is stabie as well. 

To illustrate the circumstances under which the separation theorem holds, a sketch 
of the proof of the theorem is given. The actuator force described by (6.1) is substituted 
in the observer model and in the linear simulation model. If the order of the observer 
and simulation model is equal, then the reconstruction error can be defined as the 
difference between the real and the reconstructed state. The state equation for the 
observer model can now be written in termsof the reconstruction error. The following 
holds for the situation without preview and without high-pass integrator: if there are no 
parameter errors and the road surface can be properly modelled by fittered white noise, 
then the eigenvalnes of the combination are equal to those of the separate controller 
and observer. This can directly beseen from the state equations. 

The situation is more complicated with preview. Equation (6.2) is incorporated in 
the observer and sirnulation model, which is possible by writing it down as a differential 
equation with initia! conditions containing the reconstructed state. For this situation it 
has notbeen possible so far to prove the separation theorem, unless the road input can 
be properly modelled as white noise instead of filtered white noise and if an unbiased 
estimate of the preview information is available. Then it can be shown (Haé [24]) that 
the separation theoremalso holds with preview. Unfortunately, almost all assumptions 
necessary to prove the separation theorem are far from the situation analysed in this 
investigation. Therefore, the separation theorem is of no use here and, thus, nothing 
can be said befarehand about the stability of the combination of the controller and the 
observer. 

With respect to the robustness properties of the closed loop system, it must be noted 
that the amplitude and phase margin can be significantly less than that for the separate 
controller and observer [50]. Therefore, not much can besaidapriori about, for instance, 
the influence of different controller, observer and simulation models, measurement noise 
and deterministic road surfaces. It is recommendable to pay attention to stability and 
robustness of the combination of the controller and the observer in future investigations. 

To obtain some feeling a bout the performance, stability and robustness of the combi:
nation ofthe controller and the observer, the performance ofthe suspension is evaluated 
with simulations for a number of representative road inputs, parameter errors, unmod
elled dynamics, nonlinearities and measurement errors. The result is described in the 
following section. 

and phase marginscan also be defined for multi-input multi-output systems [50). 
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Table 6.1: The configurations of the controller, observer and simulation model used to 
determine the performance, stability and robustness of the closed loop system with observer. 

code controller model obseruer model simulation model to investigate 
DO F's DOF's inftuence of 

c6 6 - linear ideal situation 
different speeds 
ladenjunladen vehicle 

c6 6 - (non)linear unmodelled dynamics 
c4 4 -

! c2 2 -
c4o4 4 4 (non )linear observer 
c4o4n 4 4 unmodelled dynamics 
c2o4 2 4 measurement noise (n) 
c2o4n 2 4 I 
c4 4 - linear error in preview time 
c4o4 4 4 parameter errors 

6.2 Performance of the closed loop system with observer 

In this section the performance of the combination of the controller and the observer 
is evaluated for deterministic and stochastic road surfaces in respectively Section 6.2.1 
and Section 6.2.2. As in Section 4.3, rounded pulses are used to represent deterministic 
road surfaces and the minor road from [14] is used as stochastic road surface. 

6.2.1 Deterministic road surface 

Table 6.1 shows which configurations of the controller, observer and simulation model 
are used to determine the performance, stability and robustness of the closed loop 
system with observer. In all simulations the six-DOF model of Fig. 2.3 is used as 
simulation modeL 

!deal situation 

To determine the maximum attainable performance as a reference for more realistic 
controller configurations, the performance of the actively suspended tractor-semitrailer 
is described for the ideal situation, indicated by c6, in which the preview information and 
the state are exactly known and a six-DOF controller model is used. The controlled 
output of the controller contains the dynamic tire force, suspension deflection and 
vertical chassis acceleration at the rear si de of the tractor. As in Chapter 4 the weighting 
matrices Q and R are optimized such that the maximum absolute chassis acceleration 
at the rear side of the tractor3 is minimized for one suitable rounded pulse at the 
maximum speed of 90 km/h, without exceeding the limits for the dynamic tire force 

3 In the ftgures and sometimes in the text, performance quantities related to the rear side of the 
tractor are indicate by '(r)'. Quantities related to the front side of the tractor, the kingpin, and the 
rear side of the semitrailer are indicated by '(f)', '(k)' and '(t)' respectively. 
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and the suspension deflection for all rounded pulses. The result is shown by the solid 
line in Fig. 6.2. 

The maximum absolute chassis acceleration (r) is reduced significantly compared 
to that for the passive suspension for all pulses. This is in contrast with the results 
obtained forthetwo-DOF model (see Fig. 4.6), where for v = 90 km/h only a marginally 
performance impravement is realized for long pulses. The dynamic tire force is reduced 
and the required suspension working space is approximately equal to that of the passive 
suspension. Finally, the maxima of the pitch acceleration of the chassis are reduced for 
ld > 2.5 m. The reason for the remarkable rednetion of the chassis accelerations for long 
pulses is not clear yet, but is probably related to the assumption made with respect to 
the road input in front of the front wheels. 

As expected, the maximum absolute chassis acceleration at the front side of the 
tractor is hardly influenced by the active suspension. The shape of the curve reprasent
ing the maximum absolute chassis acceleration at the kingpin (a measure of the load 
on the cargo) is about the same as that of the chassis accelerations at the rear side of 
the tractor. As a result, it is not necessary anymore to show the maximum absolute 
chassis accelerations (f) and (k). 

The performance improvements are achieved at the expense of a slightly increased 
suspension deflection at the front wheels of the tractor. This is caused by the fact that 
also the pitch movement of the chassis is reduced. 

Because the required suspension working space is approximately equal to that of the 
passively suspended vehicle, it can he expected that the suspension deflection exceeds 
the limits when simpler controller models and the observer are used. Hence, the settings 
of c6 are modified such that both a significant rednetion of the dynamic tire force 
(r), the suspension deflection (r) and the maximum absolute chassis acceleration (r) 
is obtained (dotted line in Fig. 6.2). We see that the latter performance quantity is 
marginally increased compared to that for the optimized settings, while the maxima of 
the pitch acceleration of the chassis are decreased. The modified settings, denoted as 
'best overall', are used in all simulations, unless stated otherwise. 

Fig. 6.3 shows the response of the tractor-semitrailer on one rounded pulse for the 
optimized and the 'best overall' active suspension. Because the motion of the front 
and the rear side of the tractor are not completely decoupled, also the rear side of the 
passively suspended vehicle moves before the rounded pulse actually contacts the rear 
tires. Therefore, the effect of preview is less clearly visible than in Chapter 4, but of 
course the mechanism is still the same. 

The first, negative peak in the pitch acceleration of the chassis is caused by the 
excitation of the front wheels. As a result, this peak is hardly influenced by the active 
suspension. The second, positive peak is caused by the excitation of the rear wheels of 
the tractor and, hence, can be reduced. 

Fig. 6.3 also shows the chassis displacement at the rear side of the tractor. The 
damping of the chassis motion is best for the optimized active suspension. Also the 
damping realized by the 'best overall' suspension is better than that of the passive 
suspension. Again this contrasts with the results obtained in Chapter 4, where the 
damping of the chassis motion at v = 90 km/h is not improved by the active suspension 
with the control strategy from Chapter 3. Though the reason for this is not clear yet, 
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Figure 6.2: Performance of c6 on all rounded pulses. Linear simulation model, v = 
90 km/h. --- passive suspension, -- c6 optimized with respect to the maximum ab
solute chassis acceleration (r), · · .. · · c6 with 'best overall' performance. 
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Figure 6.3: Performance of c6 on one rounded pulse. Linear simulation model, v = 
90 km/h. ld = 5.18 m. --- passive suspension, -- c6 optimized with respect to the 
maximum absolute chassis acceleration (r), ...... c6 with 'best overall' performance. 
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Figure 6.4: Performance of c6 for the unladen vehicle on one rounded pulse. Linear 
simulation model, v = 90 km/h. ld = 5.18 m. --- passîve suspension, -- c6 optimized 
for the unladen vehicle, ...... c6, 'best overall' performance, optimized for the laden vehicle. 

it bas again probably to do with the assumption made with respect to the road input 
in front of the front wheels. 

Next, it is investigated whether the 'best overall' settings can also he used for an 
unladen tractor-semitrailer. Fig. 6.4 shows the response of the unladen vehicle on a 
rounded pulse. It is clear that the 'best overall' weighting matrices fortheladen vehicle 
are inappropriate: the dynamic tire force (r) is badly damped and the suspension 
deflection (r) is too large. Optimization for several payload ranges should overcome the 
problem (see solid line in Fig. 6.4). 

We see in Fig. 6.4 that the tire force (r) becomes very negative which means that the 
tire should lifts off. Therefore, it is not useful to show the performance of the unladen 
vehicle on all rounded pulses because the results are far from realistic. The influence of 
tire lift-of!' is determined later with the nonlinear simulation model. 

Finally, the influence of the vehicle speed on the performance of c6 is investigated. 
For that purpose the suspension performance is calculated at a vehicle speed of 50 km/h 
(see Fig. 6.5). We see that the performance of the suspension optimized for 90 km/h 
(dotted line) is excellent at 50 km/h. Due to the increased preview time (0.234 s 
instead of 0.13 s) the performance is especially improved at long pulses, which is in 
accordance with the results of Chapter 4. The damping of the chassis movement is 
also improved. Thus, it seems not absolutely necessary to change the settings of the 
controller with the vehicle speed. Nevertheless, it is interesting to examine what can he 
gained if c6 is optimized for 50 km/h. The solid line in Fig. 6.5 shows the result. The 
maximum absolute chassis acceleration (r) is further reduced, however, at the expense of 
an increased dynamic tire fore (r) and suspension deflection (r). Moreover, the damping 
of the chassis movement (r) is decreased. 

Influence of unmodelled dynamics in the controller 

Now, the six-DOF controller model is replaced by the four- and two-DOF model, de
noted as c4 and c2 respectively. Still the preview information and the state are assumed 
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Figure 6.5: Performance of c6 on all rounded pulses and chassis displacement on one rounded 
pulse (ld = 5.18 m). Linear simulation model, v = 50 km/h. --- passive suspension, 
- c6 optimized for 50 km/h ....... c6, 'best overall' performance, optimized for 90 km/h. 
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to be exactly known. Fig. 6.6 shows the performance of c6, c4 and c2 on all rounded 
pulses and the chassis displacement (r) for one rounded pulse. The chassis displacement 
(r) of c4 is not shown because it is more or less equal to that of c2. 

From the performance on all rounded pulses we can see that the performance of 
the active suspension is marginally changed when simpler controller roodels are used. 
The performance of c4 lies between that of c6 and c2. The performance deterioration is 
largest for the maximum absolute chassis acceleration (r). Finally, with c2 the damping 
of the chassis movement is less than that realized by c6, and is approximately the same 
as that obtained by the passive suspension. Nevertheless, the performance impravement 
compared to the passive suspension is still significant. 

The performance of c4 and c2 has also been calculated for a vehicle speed of 50 km/h. 
The main result is that the conclusions drawn fora vehicle speed of 90 km/h also hold 
for 50 km/h. 

Next, the performance of c6, c4 and c2 is examined with the nonlinear simulation 
model. For the laden vehicle, the performance appears to be more or less the same 
as with the linear simulation model. However, tire lift-of! does not occur with the 
pulses. Therefore, to check the robustness of the active suspension for all nonlinearities 
introduced, the simulations have been carried out once again for the pulses with a 50% 
increased height, so that tire lift-of! occurs. Again it appears that the same conclusions 
can be drawn as for the linear simulation model: the performance of c4 and c2 differs 
only a little bit from that of c6. 

Fig. 6. 7 shows the response of c6, c4 and c2 on a rounded pulse with normal height 
for the nonlinear simulation model in case of an unladen vehiclé. The settings of the 
active suspensions are equal to that optimized for the unladen, linear simulation model. 
We see that the tires at the rear side of the tractor lift off, which also happens with the 
tires of the semitrailer. Again the performance of c4 and c2 differs marginally from 
that of c6. The only exception is the response of the suspension deflection. Though 
the maxima are the same as for c4 and c2, the damping of c6 is much less. As seen 
from Fig. 6. 7 this is caused by the fact that c6 also uses the axle displacement of the 
semitrailer as feedback information. 

Apart from the behaviour of the suspension deflection (r), the performance of c6, 
c4 and c2 for the nonlinear, unladen simulation model is more or less equal on all 
rounded pulses. Moreover, it is important to note that the active suspension remains 
stabie under all circumstances considered so far. 

Influence of the observer 

Next, the observer and the four-DOF vehicle model of Fig. 2.5 are used to reconstruct 
the preview information and the state for the four-DOF controller model (denoted by 
c4o4), respectively forthetwo-DOF controller model (c2o4). When also measurement 

4It is not useful to show the performance of the nonlinear vehicle model with a passive suspension 
because it is completely different from that of the active suspensions due to the strongly nonlinear 
damper at the rear rude of the tractor. Fora fair comparison between the passive and active suspensions, 
a more detailed simulation model, containing at least a fiexible chassis, the suspended engine and cabin, 
is required because then the advantages of the nonlinear damper become clear. 
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Figure 6.6: Performance of c6, c4 and c2 on all rounded pulses and chassis displacement (r) 
on one rounded pulse (ld = 5.18 m). Linear simulation model, v = 90 km/h. --- passive 
suspension, -- c6, ·-·-· c4, ...... c2. The chassis displacement (r) of c4 is not shown. 
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noise is present, the configurations are denoted as c4o4n and c2o4n respectively. The 
statistkal properties of the measurement noise are equal to those in Section 5.4.1. 

It appears that the differences between actual and reconstructed quantities are in 
the same order of magnitude as in Section 5.4 with the exception of the axle velocity 
at the rear side of the tractor (see 'default setting' in Fig. 6.8). The difference between 
actual and reconstructed axle velocity is mainly caused by the fact that a four-DOF 
observer model is used whereas the simulation model has six DOF's. 

The reconstruction of the axle velocity (r) can be improved when, in the determina
tion of the filter gain matrix, less emphasis is put on the observer model (V., 'larger'), 
o~, equivalently, more confidence is expressed in the measurements. The result, denoted 
by 'modified setting' in Fig. 6.8, is indeed improved. Unfortunately, measurement noise 
is less attenuated by the observer. As with the confiicting demands in the design of 
a suspension (e.g. handling versus comfort), one bas always to find a compromise be
tween the reconstruction speed and the attenuation of model errors on one hand and 
the attenuation of measurement noise on the other hand. 

Fig. 6.9 shows the performance of c4, c4o4 and c4o4n on a rounded pulse for the 
'default' and 'modified setting' of the observer. With the 'default setting' especially the 
dynamic tire force (r) and the suspension defiection (r) increase significantly compared 
to c4. The maximum absolute chassis acceleration (r) remains more or less the same. 
With the 'modified setting' the dynamic tire force (r) and the suspension defiection 
(r) are approximately equal for c4, c4o4 and c4o4n. However, the infiuence of the 
measurement noise is clearly visible on the chassis acceleration (r). At the moment, it 
is not clear what practical consequences this bas. 

The performance of c4, c4o4 and c4o4n ('default setting') on all rounded pulses5 is 
shown in Fig. 6.10. We see that the effect of the observer as shown in Fig. 6.9 holds for 
all rounded pulses: especially the dynamic tire force (r) and the suspension defiection 
(r) increa.'le significantly, whereas the maximum absolute chassis acceleration (r) and 
the maxima of the pitch acceleration of the chassis are hardly infiuenced. These results 
are still satisfactory since the rednetion of the maximum absolute chassis acceleration 
(r) has the highest priority. The performance of c4o4 is always only a little bit better 
than that of c4o4n. From these results we conclude that measurement noise bas a 
marginal infiuence on the suspension performance for deterministic road inputs. 

When the impravement of the dynamic tire force or of the suspension defl.ection is 
the main objective, several measures can be taken. For instance, the reconstruction of 
the axle velocity (r) improves when also the axle acceleration (r) is measured. Another 
possibility is to modify the settings of the controller such that, at the expense of an 
increased chassis acceleration, a significant rednetion of either the dynamic tire force 
or the suspension defiection is obtained. A less practical solution is to replace the 
observer model by the six-DOF model also used as simulation model. Then there are 
no unmodelled dynamics, but this situation is not realistic. 

Finally, the performance of the observer is investigated with the nonlinear simulation 
model. Fig. 6.11 shows the performance of c4 and c4o4 on all rounded pulses with a 50% 
increased height. The main difference with the results for the linear simulation model 

5The performance of c4o4n for each rounded pulse is calculated by the average performance over 
five simulations. 
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Figure 6.9: Performance of c4, c4o4 and c4o4n on a rounded pulse. Linear simuiatien 
model, v =90 km/h.ld=5.18 m. -c4,---c4o4, ...... c4o4n. 
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Figure 6.10: Performance of c4, c4o4 and c4o4n on all rounded pulses. Linear simulation 
model, v = 90 km/h. - c4,--- c4o4, ·-·-· c4o4n, ...... 95% confidence interval of the 
performance of c4o4n. 

is the deteriorated performance of c4o4 for rounded pulses with 3 < ld < 10 · m. The 
cause of this is the air spring since an increase of the suspension deflection results in a 
more than proportional increase of the spring force and, thus, a more than proportional 
increase of the maximum absolute chassis acceleration (r). 

It is noted that also in combination with the observer, the active suspension remains 
stabie under all circumstances considered. Moreover, the conclusions drawn with re
spect to the performance of c4o4 and c4o4n also hold for c2o4 and c2o4n. 

Inftuence of parameter errors 

First, the influence of an estimation error in the preview time tp is investigated. This 
error occurs, for instance, when the vehicle speed is measured inaccurately. Fig. 6.12 
shows the performance of c4o4 for the situations that the preview time in the controller 
and the observer model is 0.12 s and 0.14 s, whereas that in the simulation model is 
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0.13 s (which corresponds to the vehicle speed of 90 km/h). 
From the axle response we see what the influence of an incorrect preview time is: 

the rear axle starts moving too early or too late. Compared to the situation with 
correct preview times, tire lift-off (r) occurs more often for t11 (controller) 0.14 s and 
the maximum absolute chassis acceleration (r) is increased for ld < 9 mand decreased 
for ld > 9 m. In contrast to this, tirelift-lift off (r) lessoften occurs for t11 (controller) = 
0.12 s and the maximum absolute chassis acceleration (r) is decreased for ld < 9 mand 
increased for ld > 9 m. The required suspension working space is marginally increased. 

It is clear that an incorrect preview time has astrong influence on the performance 
of the suspension. This can not be reduced by other control strategies or control 
configurations, such as c2o4, since the problem that the rear axle starts moving too 
early or too late an obstacle is expected at a wrong time - will remain. Thus, 
the performance deterioration will occur in practice since an error of ten milliseconds 
is not much. Nevertheless, for a ten milliseconds error the performance of the active 
suspension is still promising. However, a further increase of the preview time error can 
negate the advantages of preview. 

Next, the influence is investigated of parameter errors in M, Me, ma.1, ma.r, J, kt!• 
ktn k.1, ksn b.1, a and c (see Fig. 6.13). Me is the mass of the semitrailer and cargo 
which has to be taken into account on the tractor, and J is the joint moment of inertia 
ofthe chassis, engine and cabin. To get an idea of the influence of a certain parameter 
on the performance of the suspension, each parameter value is changed in both the 
controller and observer model to 50% and 150% of the cortesponding value in the 
simulation model. Then, the response of c4 and c4o4 is calculated for a representative 
rounded pulse and is compared to the situation without parameter errors. The results 
are summarized in a table. Together with the uncertainty of a parameter in practice, 
the most critica! parameters are determined. The vehicle response cortesponding to the 
parameter variations for Me, kt! and ktr for c4o4 are shown in Fig. 6.14. Variation of 
these parameters appears to have the greatest influence on the suspension performance. 
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...... 0.14 s. 



80 Combination of the controller and the observer 

Figure 6.13: Parameters of the four-DOF vehicle model. 

Table 6.2: Robustness of c4 and c4o4 for parameter errors (± 50% of the value in the 
simulation model). ++ very robust, + robust, o fairly robust, - less robust, - - hardly 
rob u st. 

I M I Me I maf I mar I J I ktt I ktr I kst I ksr I bsj I c I 

I ~ I ~~I ==I : I ~ I 

Table 6.3: Accuracy by which a parameter can be determined in practice. ++ very accurate, 
+ accurate, o fairly accurate, - less accurate, - - hardly accurate. 

I I M I Me I maf I maT I J I ktj I ktr I kst I ksr I bsf I a I C I 
1 accuracy I o I o I + I + I o I o I o I o I o I - I o 1 ++ I 

The influence of Me can be explained as follows. When the value of Me is 50% of that 
in the simulation model, a lower actuator force is calculated than actually necessary. 
This results in a less damped tire deflection and a lower chassis acceleration (r). The 
same holds for a variation in mar· A parameter error in ktf has only influence on the 
reconstruction of the preview information. As we can see from the equation of motion 
of the front axle, see (5.20) with subscript r replaced by f, a lower tire stiffness results 
in a reconstructed road input which is larger than the actual one. Therefore, a larger 
actuator force is calculated which results in a larger chassis acceleration (r). 

Such reasoning can he given for all parameters. A summary of the robustness of 
c4 and c4o4 for each parameter is given in Table 6.2. Table 6.3 gives an indication of 
the accuracy by which a parameter can be determined in practice. 

A few remarks have to be made with respect to Table 6.3. The stiffnesses of the 
tires are rather uncertain because they can vary from truck to truck. Moreover, it is 
not clear whether a linear tire model is sufficiently accurate for large, deterministic 
road surfaces. The linear damping coefficient bsf of the damper is determined for one 
stochastic road surface and one vehicle speed such that the average dissipatèd power 
is equal to that dissipated by the real, nonlinear damper. For other road surfaces the 
linearized damping coefficient can be inappropriate. 
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Figure 6.15: Performance of c6, c4 and c2 on the minor road. Linear simulation model. 

When we combine the results of Tables 6.2 and 6.3, then the tire stiffnesses ktt 
and ktr seem to have the most significant infiuence on the performance of the active 
suspension in practice. The infiuence of these parameter errors, however, is much less 
than of incorrect preview times. 

6.2.2 Stochastic road surface 

In this section the performance of the combination of the controller and the observer 
is evaluated for a stochastic road surface, i.e. the minor road, traversed at a speed of 
90 km/h. It is not necessary to repeat all calculations of Section 6.2.1 because a lot 
of conclusions drawn for the rounded pulses hold for any road surface. In addition, 
the nonlinearities introduced by tire lift-off, air spring and shock absorber have only 
a significant infl.uence at incidental road disturbances since the dynamic tire force, 
suspension defl.ection and suspension velocity are in general much larger (at least a 
factor two) than for stochastic road surfaces. Therefore, for stochastic road surfaces the 
tire and suspension elements are well approximated by linear models. The aim of this 
section is to show the performance capabilities of the active suspension configurations 
described inSection 6.2.1 and to camparethem with those of the passive suspension. 

The performance of c6, c4 and c2 on the minor road is shown in Fig. 6.15. The RMS 
values of the performance quantities are represented relative to that of the passive 
suspension6 • With c6, the dynamic tire force (r) is reduced by 22%, the suspension 
deflection (r) by 42%, the chassis acceleration (r) by 32%, the pitch acceleration of the 

6The number of simulations is chosen in such a way that the 95% confidence interval 'Of each 
performance quantity lies between ± 2.5% of the estimated average RMS value. 
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Figure 6.16: Performance of c4, c4o4 and c4o4n on the minor road. Linear simulation 
model. 

chassis by 33%, and the average propulsion power, to be delivered by the engine due 
to the active suspension (see Section 4.3.1), by 54%. These remarkable performance 
improvements are at the expense of an 11% increase of the suspension def!.ection at the 
front wheels. Moreover, again it is clear that an active suspension at the rear wheels 
can nat imprave the vertical chassis accelerations at the front wheels. When simpler 
controller models are used, especially the chassis accelerations at the rear wheels and 
at the kingpin increase: for c2 with 12% and 11% respectively. And just as for the 
rounded pulses, the performance of c4 is a little bit better than that of c2. 

The influence of the observer is shown in Fig. 6.16. Again, the same conclusions 
can be drawn as for the rounded pulses: the dynamic tire force (r) and the suspension 
deflection (r) increase a lot, whereas the chassis accelerations and the pitch acceleration 
are hardly affected. As a result, the dynamic tire force (r) is not reduced by the active 
suspension at all. Finally, the inf!.uence of measurement noise is negligible. lt must he 
noted that these conclusions can also be drawn for c2o4 and c2o4n. 

6.3 Conclusions 

So far, a mathematica! investigation into the stability and the performance robustness 
of the combination of the controller and the observer is not made. Therefore, the perfor
mance of the combination is evaluated with simulations for a number of representative 
raad inputs, parameter errors, unmodelled dynamics, nonlinearities and measurement 
errors. In addition, the performance is compared to that of a representative passive 
suspension. From the results the following conclusions can be drawn: 
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• With a six-DOF controller modeland exàct knowledge of the preview information 
and the state, the active suspension can rednee the dynamic tire force, suspension 
defiection and vertical chassis acceleration at the rear side of the tractor signif
icantly. Moreover, the vertical chassis acceleration at the kingpin and the pitch 
acceleration of the chassis are decreased and the damping of the chassis movement 
at the rear wheels of the tractor is improved. For the deterministic road inputs, 
the improvements mean that the maxima of these quantities are reduced. For the 
stochastic road inputs the RMS valnes are reduced. 
The performance is improved at the expense of a slightly increased suspension 
defiection at the front wheels, due to the reduced pitch motion of the chassis. As 
expected, the vertical chassis acceleration at the front wheels can not be improved 
by the active suspension at the rear wheels of the tractor. 

• The weighting factors in the controller have to be adapted with the load of the 
vehicle. Adaptation with the vehicle speed seems not necessary. 

• When a four- or two-DOF controller model is used, the performance decreases 
marginally. The simpler controller roodels mainly infiuence the damping of the 
chassis movement and the vertical chassis acceleration at the rèar wheels of the 
tractor. The performance with a four-DOF controller model lies between that 
with a six- and two-DOF controller model. 

• The use of the observer deteriorates particularly the dynamic tire force and the 
suspension deB.eetion at the rear wheels of the tractor, due to an only moderate 
reconstruction of the axle velocity at the rear axle of the tractor. The infiuence of 
measurement noise is marginally. The observer performance can be improved if 
also the axle acceleration is measured. Another possibility is to change the settings 
of the controller. However, then the measurement noise is less attenuated. 

• The nonlinearities introduced by tire lift-off, air springs and nonlinear shock ab
sorbers have a negligible effect on the performance of the active suspension. 

• The preview time must be measured accurately since a ten milliseconds estimation 
error deteriorates the performance significantly. This is due to the fact that 
preview is used and not to the control or reconstruction technique. A further 
increase of the preview time error can negate the advantages of preview. 

• In the class of considered parameter errors, errors in the tire stiffnesses of the front 
and of the rear wheels have the most significant infiuence on the performance of 
the suspension. 

• The conclusions that have been drawn in Chapter 4 with respect to the power 
consumption of the active suspension also hold here. 

• Perhaps the most important condusion is that the active suspension remained 
stable in all simulations with the representative road surfaces and with the real
istic measurement, modeland parameter errors. Moreover, except in case of the 
preview time error, the performance of the suspension (particularly the vertical 
chassis acceleration at the rear side of the tractor and at the kingpin, and the 
pitch acceleration of the chassis) was significantly better than that of the passive 
suspension for both deterministic and stochastic road surfaces. Therefore, the 
stability and performance robustness of the preview controlled active suspension 
are promising, but require further investigation. 



Chapter 7 

Conclusions and recommendations 

In this chapter, conclusions are drawn with respect to the research objectives as de
scribed in Chapter 1. Moreover, some recommendations for further and future investi
gations are given. 

A reconstruction technique has been designed in Chapter 5 to determine the preview 
information and the required state quantities from simple and realistic measurements, 
i.e. that of suspension deflections and vertical chassis accelerations. The performance of 
the observer has been evaluated in the combination with the controller. The following 
conclusions can be drawn with respect to the reconstruction technique: 

• Drift due to the integration of noisy measurements is eliminated by using a 'high
pass integrator'. This causes a phase lag. Because of the filtering effect of the 
'high-pass integrator', the initia! conditions have only an influence in the first 
secouds of the reconstruction. 

• Reduction of drift is also possible by modelling the measurement noise as twice 
integrated white noise. This, however, deteriorates particularly the reconstruction 
of axle and chassis displacements. 

A control strategy has been derived in Chapter 3 to calculate the actuator force from 
the quantities reconstructed by the observer. The performance of the controller has 
been evaluated first with a one-dimensional, two-DOF vehicle model and with exact 
knowledge of the preview information and the state. The performance has been com
pared with that of a representative passive suspension, an active suspension without 
preview and another optima! controlled suspension with preview. From the comparison 
the following conclusions can be drawn: 

• With at least 0.13 s preview it is possible to reduce the maximum absolute chassis 
acceleration significantly for deterministic road irregularities (i.e. rounded pulses) 
compared to that realized by the passive suspension. This is not possible without 
preview, unless the limits for the dynamic tire force and suspension deflection 
are exceeded. For stochastic road surfaces (i.e. a minor road and a German 
motorway) the RMS value of the chassis acceleration can also be reduced by the 
active suspension without preview, but the rednetion is marginal compared to 
that obtained with preview. 

• The power peaks to be supplied by the actuator for deterministic and stochastic 
road surfaces are significantly larger with preview than without preview. If the 
actuators of the active suspension would be ideal, the average power dissipated 
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by the actuators is much less than that dissipated by the actuators of an active 
suspension without preview or than that dissipated by the dampers of a passive 
suspension. The general thought that active suspensions automatically require 
too much power is, therefore, not correct. 

• The performance of the active suspension with preview (system 1) has been com
pared with that presented in [24], [30] and [47] (system 2). Fora fair comparison, 
the control strategy of system 2 has been slightly modified to limit the suspension 
defl:ection at long pulses (or equivalently, !ow-frequent road disturbances). 
The result of the comparison for all rounded pulses and for different vehicle speeds 
is that the maximum absolute chassis acceleration (for which the active suspen
sions have been optimized) is best reduced by system 1. System 2 is an inter
esting alternative if emphasis is put on the performance at long pulses or when 
the damping of the chassis movement is of primary interest. Moreover, system 1 
fails when the preview time beoomes less than 0.13 s (this is not the case for 
tractor-semitrailers). Therefore, the idea to use no assumption with respect to 
the road surface outside the preview interval has to be abandoned for very small 
preview times. 

In Chapter 6 the combination of the controller and the observer has been evaluated. So 
far, a mathematical investigation into the stability and the performance robustness of 
the combination has not been made. Therefore, the performance of the combination has 
been evaluated with simulations for a number of representative road inputs, parame
ter errors, unmodelled dynamics, nonlinearities and measurement errors. In addition, 
the performance has been compared to that of a representative passive suspension. 
A (non)linear, two-dimensional, six-DOF vehicle model has been used as simulation 
model. A linear, four-DOF vehicle model has been used as observer model. From the 
results the following conclusions can be drawn: 

• With a six-DOF controller model and exact knowledge of the preview information 
and the state, the active suspension can reduce, just as for the one-dimensional 
vehicle model, the dynamic tire force, suspension defiection and vertical chassis 
acceleration at the rear side of the tractor sîgnificantly compared to that realized 
by the passive suspensîon. Moreover, the vertical chassis acceleration at the king
pin and the pitch acceleration of the chassis are decreased and the damping of the 
chassis movement at the rear wheels of the tractor is improved. For determinis
tic road inputs, the improvements mean that the maxima of these quantities are 
reduced. For stochastic road inputs the RMS valnes are reduced. 
The performance is improved at the expense of a slightly increased suspension 
defiection at the front wheels, due to the reduced pitch motion of the chassis. As 
expected, the vertical chassis acceleration at the front wheels can not be improved 
by the active suspension at the rear wheels of the tractor. 

• The weighting factors in the controller have to be adapted with the load of the 
vehicle. Adaptation with the vehicle speed seems not necessary. 

• When a four- ortwo-DOF controller model is used, the performance decreases 
marginally. The simpler controller models mainly influence the damping of the 
chassis movement and the vertical chassis acceleration at the rear wheels of the 
tractor. The performance with a four-DOF controller model lies between that 
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with a six- and two-DOF controller model. 
• The use of the observer deteriorates particularly the dynamic tire force and the 

suspension defiection at the rear wheels of the tractor, due to an only moderate 
reconstruction of the axle velocity at the rear axle of the tractor. The infiuence 
of maasurement noise is marginally. The observer performance can be improved 
if also the axle acceleration is measured. Another possibility is to change the 
settings of the observer. However, then the measurement noise is less attenuated. 

• The nonlinearities introduced by tire Uft-off, air springs and nonlinear shock ab
sorbers have a negligible effect on the performance of the active suspension. 

• The preview time must be measured accurately since a ten milliseconds estimation 
error deteriorates the performance significantly. This is due to the fact that 
preview is used and not to the control or reconstruction technique. A further 
increase of the preview time error can negate the advantages of preview. 

• In the class of considered parameter errors, errors in the tire stiffnesses of the front 
and of the rear wheels have the most significant infl.uence on the performance of 
the suspension. 

• The active suspension remained stabie in all simulations with the representative 
road surfaces and with the realistic measurement, model and parameter errors. 
Moreover, except in case of the preview time error, the performance of the suspen
sion (particularly the vertical chassis acceleration at the rear side of the tractor 
and at the kingpin, and the pitch acceleration of the chassis) was significantly 
better than that of the passive suspension for both deterministic and stochastic 
road surfaces. 
Therefore, the stability and performance robustness of the preview controlled 
active suspension are promising, but require further investigation. It is recom
mendable to investigate the suspension performance when the engine and the 
cabin (plus their suspension), and a (3-D) fl.exible chassis are modelled. 

On deterministic road surfaces, comfort has been judged by the maximum absolute 
chassis accelerations and the damping of the chassis movement. The significant re
duction of the maximum absolute chassis acceleration by the active suspension with 
preview is accompanied by extra acceleration peaks before the road disturbance con
tacts the tires of the rear wheels. It is yet not clear whether these peaks annihilate the 
improverneut in comfort obtained by reducing the maximum absolute chassis acceler
ation. This investigation shows again that there is a strong need for criteria to judge 
the suspension performance for incidental road irregularities. 

It is an interesting idea for future investigation to derive an observer in the same 
way as done for the control strategy. Instead of the controlled output and the control 
input, the reconstruction error ( difference between reconstructed and actual state) and 
the output error ( difference between reconstructed and actual measurements) are in
corporated in the quadratic performance index, which is to be minimized over a finite 
time interval. The resulting observer directly incorporates the known initial conditions 
and is directly suitable for systems with unknown inputs (van de Molengraft [54]). 

Another idea is to use a smoother to rednee drift of the reconstructed road input 
between the front and rear wheels. This causes no phase lag. The reconstructed preview 
information can then be used to eliminate drift of the reconstructed state quantities. 
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In literature sometimes a Padé filter is used to approximate the time delay between 
the excitation of the front and the real wheels of a vehicle. In this investigation,, the 
time delay has not been modelled i:n the controller and observer modeL Instead of that, 
the disturbance input (i.e. the.r.oad input) at the rear wheels.is supposed to he known 
over the preview interval by assuming that the road input at the rear wheels is the same 
as at the front wheels except for a time delay. This time delay is modelled exactly in the 
control strategy. It is worthwhile investigating the diffèrences between the performance 
obtained with these two strategies. Perhaps it is useful to combine both strategies. 

Finally, in the observer model.the road input is assumed to he represented by filtered 
white noise, which is an appropriate road model for stochastic road surfaces. This ap
pears to improve the performance of the observer also for deterministic road surfaces. A 
road model has not been incorporated in the controller modeL It is useful to investigate 
whether the performance of the controller is also improved when a road model incor
porated in the controller modeL With filtered white noise as road model, it is expected 
that the performance of the suspension is especially improved at low frequencies. This 
is interesting when an actuator with limited bandwidth ( « 10Hz) is used. 



Appendix A 

General solution of the optima! 
control problem 

The quadratic performance index to be minimized at every time t is 

t+tp 

J(t) = ~ j [yT(r)Qy(r) + uT(r)Ru(r)Jdr, 
t 

under the conditions 

x(r) = Ax(r) + Bu(r) + Ew(r), T?::. to, 
y(r) = Cx(r) + Du(r) + Fw(r), T?::. t0 , 

(A.l) 

(A.2) 
(A.3) 

and initial condition x(t0) = x0• The disturbance wis supposed to be known over the 
interval [t, t + tp]· The optimal input u which miniruizes J is [32]: 

u(t) = -R;ï1 ([aTp + DTQC]x(t) + BTr(t) + DTQFw(t)], (A.4) 

with Rd = R + DTQD and P determined by the algebraic Riccati equation 

PAd+AJP PBR;ï1BTP+CTQdC=O, (A.5) 

where 

Ad A- BR;ï1DTQC, 
Qd Q- QDR;ïlDTQ. 

The weighting matrices Q and Rare symmetrie. Moreover, Q is semi-positive definite 
and R is positive definite. The column r is determined from 

x(r) = Acx(r) BR;ï1BTr(r) + Ecw(r), 
r(1) -A:;r(r)- Hcw(1), 

(A.6) 
(A.7) 

with boundary conditions x(t) = x(t) and r(t + tp) = -Px(t + tp)· The matrices Ac, 
Ec and He are defined by 

Ac = Ad- BR;ï1BTP, 
Ec = E- BR;t1DTQF, 

He PEe+ CTQdF. 
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If the pair (Ad, B) is stabilizabie and (B, C) is detectabie, then a unique semi-positive 
definite soiution of the Riccati equation exists and the closed-Ioop system matrix Ac is 
asymptoticaliy stabie (e.g. Skeiton [67]). To find r(t), 7J is defined by 

7J(r) = x(r) + Zr(r), (A.8) 

where Z is the soiution of the Lyapunov equation 

(A.9) 

A unique soiution of the Lyapunov equation exists if Ac is asymptoticaliy stabie (e.g. 
Müller and Schiehien [57]). Equatión (A.6) can be rewritten using (A.7)- (A.9): 

(A.lO) 

with boundary value 71(t) = x(t) + Zr(t) and Ecz = Ec- ZHc. The soiution of (A.lO) 
is 

7J(7) = <I>c(T- t)71(t) + [r <I>c(T- Ç)EczW(Ç)dÇ, 

where <I>c is the state transition matrix of Ac. The soiution of (A.7) is' 

(A.ll) 

(A.l2) 

A reiation for x(t+tp) can be derived from (A.l2) and the boundary condition of (A.7): 

Besides, from (A.8) and (A.ll) we see that 

Equating these two reiations for x(t + tp) resuits in the soiution for r(t): 

where 

S(tp) 

((t) 

H(t, tp, Ç) 

Now, the optimai input u can be rewritten using (A.4) and (A.l3): 

(A.l3) 

(A.l4) 

(A.l5) 

(A.16) 

(A.l7) 



where 

K1(tp) -Ri1[BTP + DTQC BT~~(tp)S-1 (tp)~c(tp)], 
K2(tp) = R;ï1BT~~(tp)S-1 (tp), 

K3 = -R;ï1DTQF. 

If the simulation model and the controller model are the same, then the state equation 
of the controlled system can be determined by substituting (A.17) in (A.2): 

x(t) =[A+ BK1(tp)]x(t) + BK2(tp)((t) + [E + BK3]w(t). (A.l8) 

This result shows that the eigenvalnes of the controlled system which are determined 
by A+ BK1(tp)- depend on the preview time. 

When the preview time is zero we see from (A.14) - (A.l5) that S p-l and 
((t) = 0. Then, r(t) -P-1x(t) and the optimal control input becomes 

u(t) = -Ri1DTQ [Cx(t) + Fw(t)]. (A.l9) 

In the situation that D = 0, as in [75], the control input becomes u(t) = 0. 
When the preview time is infinite, then S---+ p-1-Z, using the fact that ~(tp ---+ oo) 

---+ 0 because Ac is supposed to be asymptotically stable. Then, 

-~~(tp)S-1 (tp)~e(tp)x(t) ---+ 0 and 
t+tp 

-~;(tp)S-1 (tp)((t) ---+ j ~;(r- t)Hew(r)dr. 
t 

So, in the infinite preview case u(t) is given by (A.4) with 

t+tp 

r(t) j ~;(r t)Hew(r)dr, (A.20) 
t 

which is the same solution as found in [24] and [47]. 
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Appendix B 

Frequency response of the active 
suspension with preview 

In this appendix a sketch of the derivation of the frequency response is given because 
it is not as trivialas for most feedback controlled systems. 

To determine the frequency response of the vehicle model with an active suspension 
with preview the road input is supposed to be equal to 

w(t) = sinwt. (B.l) 

Then, aftersome elementary calculations, the following solution of (A.l5) can be found: 

where 

c1(w, tp) 

c2(w, tp) 

s1(w, tp) 

s2(w, tp) 

'(t) = 'l(t) + '2(t), 
' 1 (t) = c1 coswt + s 1 sinwt, 

' 2(t) = c2coswt+s2 sinwt, 

= [w21+A~J-1 [w~c(tp) wicoswtp Acsinwt11]Ecz' 
= -[P-1 - Z)[w2I + A~Tt1 [w~;T(tp)- wlcoswtp +AI sinwtp]Hc, 

(w21 + A~]-1 [Ac~c(tp) + wlsinwtp- Accoswtp]Ecz, 

(B.2) 
(B.3) 

(BA) 

-[P-1 ZJ[w2I + A~T]-1 [-AJ~;T(tp) + wlsinwtp + AJ coswtp]Hc. 

With this result (A.18) becomes 

x(t) =[A+ BK1jx(t) + Bkcos coswt + Bksinsinwt + [E + BK3] sinwt, (B.5) 

where kcos(w, tv) = K2(c1 + Cz) and ksin(w, tv) = K2(s1 + s2). Only the steady state 
solution is of interest and this solution is gîven by 

x(t) = Xcos COSWt + Xsin SÎnwt, (B.6) 

where 

[ 2 2]-l w I+ [A+ BK1] [-[A+ BKI)Bkcos- w[Bksin + E + BKalJ, 

[w21 + [A+ BK1JZ] -l [-[A+ BK1J[Bks;n + E + BK3] + wBkcos]· 
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The controlled output y now becomes, using (B.l), (B.6), (A.3) and (A.17) 

y(t) = [C + DK1]x(t) +Dkcos coswt +Dk8;nsinwt + [F + DKa] sinwt 

y cos cos wt + y sin sin wt, 

where 

Ycos(w, tp) 
' Ysin(W, tp) 

[C + DKl]Xcos(w, tp) + Dk.,08 (w, tp) 

[C + DKdxsin(w, tp) + Dksin(w, tp) + [F + DK3]. 

(B.7) 

From (B. 7) we see that the amplitude of the frequency response is determined by y cos 
and Ysin· There are two harmonietermsin the expressions for Ycos and Ysin, i.e. coswtp 
and sinwtP (see the definitions of c1 - s2). This means that if 'oscillations' occur in the 
graph of the magnitude of the transfer function they must stem from these terms. After 
replacing w by 21r f we see that the 'freqnency' of the 'waves' in the transfer function is 
equal to the preview time tp. 
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Samenvatting 

De prestatie van een veersysteem voor voertuigen wordt voornamelijk beoordeeld op 
gr-ond van het comfort van de inzittenden, de benodigde veerweg, de wegligging, de 
dynamische wiellast en, bij vrachtwagens, de belasting van de lading en van componen
ten aan het chassis. Het onderzoek dat hier beschreven wordt betreft de ontwikkeling 
van een aktief veersysteem voor de achterwielen van de trekker van een trekker-oplegger 
combinatie. In het veersysteem wordt kennis over het wegdek tussen de voor- en achter
wielen gebruikt (de zogenaamde preview informatie.) 

Een van de doelstellingen van het onderzoek is het bepalen van de maximaal haalbare 
prestatieverbetering vergeleken met een representatief passief veersysteem en dan met 
name voor deterministische wegdekken, zoals een verkeersdrempel en een spoorwegover
gang. De invloed van het actieve veersysteem op de wegligging is niet onderzocht. 

Het belangrijkste doel is om meer inzicht te verschaffen in de haalbaarheid van 
aktieve veersystemen met preview. Hiervoor wordt een reconstructor beschreven die de 
previewinformatie en de benodigde toestandsgrootheden reconstrueert uit eenvoudige 
en realistische metingen (hier: vertikale chassisversnellingen en veerwegen). Tevens 
wordt een regelstrategie afgeleid die de aktuatorkracht berekent uit de gereconstrueerde 
grootheden. Tenslotte wordt het dynamisch gedrag voorspeld van het aktief geveerde 
voertuig. Alle resultaten zijn verkregen door middel van computersimulaties. 

De reconstructor is gebaseerd op een Luenberger observer en is ook geschikt voor 
semi-aktieve veersystemen. Kal man filter theorie wordt gebruikt om een geschikte in
stelling van de reconstructor te bepalen. De regelstrategie is gebaseerd op linear optimal 
control theorie. 

De regelstrategie wordt eerst geëvalueerd m.b.v. een lineair, een-dimensionaal voer
tuigmodel met twee graden van vrijheid en met perfecte kennis van de previewinformatie 
en de toestandsgrootheden. De prestatie van de reconstructor, die een lineair, twee
dimensionaal model met vier graden van vrijheid gebruikt, wordt geëvalueerd in de 
combinatie met de regelaar voor zowel een lineair als een niet-lineair, twee-dimensionaal 
voertuigmodel met zes graden van vrijheid. De niet-lineariteiten omvatten het loslaten 
van de banden, niet-lineaire schokdempers en progressieve luchtveren. 

Een nieuw aspect in het onderzoek is dat de gemeten chassisversnellingen tweemaal 
geïntegreerd worden m.b.v. een 'hoogdoorlaat integrator' om zodoende 'extra meting
en' voor de Luenberger observer te verkrijgen. Door deze actie is de observer ook 
geschikt om de previewinformatie en de toestandsgrootheden te reconstrueren voor 
deterministische wegdekken. Eveneens nieuw is dat in de regelstrategie geen veronder
stellingen worden gedaan m.b.t. het wegdek buiten het previewintervaL De prestatie 
en stabiliteit van het aktieve veersysteem met preview wordt geanalyseerd met repre
sentatieve wegdekken en voor realistische meet-, model- en parameterfouten. Tenslotte 
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wordt de maximaal haalbare prestatieverbetering ten opzichte van een representatief 
passief veersysteem bepaald. 

De belangrijkste resultaten zijn de volgende. Wanneer de previewinformatie en alle 
toestandsgrootheden exact bekend zijn en er geen model- en parameterfouten zijn, dan 
kan het aktieve veersysteem met preview tegelijkertijd de dynamische wiellast, veerweg 
en vertikale chassisversnelling aan de achterzijde van de trekker aanzienlijk reduceren. 
Bovendien wordt de demping van de chassisbeweging aan de achterzijde van de trekker 
beter en wordt, bij het model met zes graden van vrijheid, de vertikale chassisversnelling 
bij de koppelschotel en de dompversnelling van het chassis gereduceerd. Voor deter
ministische wegdekken betekenen de verbeteringen dat de maxima van de grootheden 
gereduceerd worden, bij stochastische wegdekken worden de RMS waarden gereduceerd. 
De prestatieverbetering gaat slechts ten koste van een kleine toename van de veerweg 
aan de voorzijde van de trekker. Een aktief veersysteem zonder preview kan alleen de 
prestatie verbeteren voor stochastische wegdekken. 

De regelstrategie voldoet voor previewtijden groter dan 0.13 s. Dit is de minimaal 
beschikbare previewtijd bij trekker-opleggers. De regelstrategie is minder geschikt bij 
kleinere previewtijden. In dat geval is het aan te raden om toch een veronderstelling te 
doen m.b.t. het wegdek buiten het previewintervaL 

De piekvermogens die door de aktuator geleverd moeten worden bij zowel deter
ministische als stochastische wegdekken zijn aanzienlijk groter met preview dan zonder 
preview. Met ideale aktuatoren is het gemiddelde door de aktuator gedissipeerde ver
mogen veel lager dan dat van een aktief veersysteem zonder preview of het door de 
demper van een passief veersysteem gedissipeerde vermogen. 

De prestatie van het aktieve veersysteem neemt nauwelijks af wanneer het voertuig
model van de regelaar vier of twee graden van vrijheid heeft in plaats van zes. De een
voudigere regelmodellen beïnvloeden voornamelijk de demping van de chassisbeweging 
en de vertikale chassisversnelling aan de achterzijde van de trekker. De niet-lineariteiten 
hebben een verwaarloosbaar effect op de prestatie. Van de beschouwde parameterfouten 
hebben fouten in de bandstijfheden van de voor- en achterwielen de grootste invloed op 
de prestatie. Een schattingsfout van tien milliseconden in de previewtijd vermindert de 
prestatie aanzienlijk. Dit komt door het feit dat preview gebruikt wordt en niet door de 
gebruikte regelstrategie of reconstructor. Een verdere toename van deze schattingsfout 
kan de specifieke voordelen van preview teniet doen. 

Het gebruik van de reconstructor zorgt met name voor een toename van de dy
namische wiellast en de veerweg aan de achterzijde van de trekker. De invloed van 
meetruis is marginaal. Drift ten gevolge van het integreren van metingen met meetruis 
is geëlimineerd door toepassing van de 'hoogdoorlaat integrator'. 

Het aktieve veersysteem met preview bleef stabiel in alle simulaties met de represen
tatieve wegdekken en voor de realistische meet-, model- en parameterfouten. Bovendien 
was de prestatie (met name de vertikale chassisversnelling aan de achterzijde van de 
trekker en bij de koppelschotel, en de dompversnelling van het chassis), behalve in het 
geval van een schattingsfout in de previewtijd, significant beter dan die van het passieve 
veersysteem voor zowel deterministische als stochastische wegdekken. De robuustheid 
van de prestatie en de stabiliteit van een aktief veersysteem met preview zijn dus veel
belovend. Verder onderzoek is desalniettemin noodzakelijk. 
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Stellingen 

behorende bij het proefschrift 

A Controller and Observer for Active Suspensions with Preview 

1. Het gemiddeld vermogen dat door de motor van een voertuig geleverd moet 
worden bij een aktief veersysteem is niet vanzelfsprekend hoger dan het te 
leveren vermogen bij een passief veersysteem. 

• dit proefschrift 

2. Een aktief veersysteem zonder 'preview' is niet geschikt om het maximum 
van de chassisversnelling, de veerweg of de dynamische wiellast significant te 
verlagen t.o.v. het maximum van die grootheid bij een passief veersysteem, 
zonder dat het maximum van de andere grootheden toeneemt. 

• dit proefschrift 

3. 'Preview' is meer dan een fraai theoretisch concept. Het gebruik ervan kan 
in de praktijk, op een relatief eenvoudige en goedkope manier, de prestatie 
van een aktiefveersysteem aanzienlijk verbeteren. 

• dit proefschrift 

4. De wegligging van een aktief geveerd voertuig {zonder 'preview') is supe
rieur vergeleken met een semi-aktief geveerd voertuig. Met betrekking tot 
het comfort is er echter nauwelijks een verschil. Desalniettemin wordt het 
aktieve veersysteem ook qua comfort als het beste gezien, omdat de aan
wezigheid van dit veersysteem vooral goed demonstreerbaar is. 

• dit proefschrift 

• R.S. Sharp and S.A. Hassan. The relative performance capabilities 
of passive, active and semi-active car suspension systems. Proc. In
stn. Mech. Engrs., 200(D3):219-228, 1986. 

5. De mate waarin anno 1994 veel mensen de 'waan van de dag' napraten 
wordt sterk vergroot door de onzorgvuldige, oppervlakkige en tendentieuze 
manier waarop de media vaak met informatie omgaan. 



6. Op congressen en symposia worden veel nieuwe regelconcepten voor (semi-) 
aktieve veersystemen gepresenteerd. De waarde van een nieuw concept zal 
sterk toenemen wanneer de mogelijkheden van het bijbehorende veersys
teem niet alleen met dat van een passief veersysteem vergeleken worden, 
maar ook met dat van 'concurrerendè' (semi-) aktieve veersystemen. 

7. Voor meer dan dertig procent van de Nederlandse jeugd is het diploma van 
het V{ oorbereidend)B( eroeps )0( nderwijs) de basis en voor een niet gering 
aantal van hen tegelijk het sluitstuk van hun beroepsopleiding. Aangezien 
de arbeidsvreugde en produktiviteit van deze mensen stijgt wanneer op 
een positieve wijze, in en buiten het bedrijf of de instelling, met deze 
mensen gecommuniceerd wordt, verdient het aanbeveling dat ingenieurs 
en economen gedurende de opleidingstijd ook hierop getraind worden. 

8. Zij die van mening zijn dat het opsplitsen van een bevolking door middel van 
de bouw van woonwijken met meer of minder status onvermijdelijk is zouden 
zich moeten bezinnen op het handhaven van het woord 'samenleving'. 

9. Na de toekenning van de Nobelprijs voor de Vrede in 1994 moet weer 
de vraag gesteld worden of de door de jury gehanteerde criteria niet eens 
herzien moeten worden. · 

10. Het resultaat van een promotie-onderzoek kan worden vergroot door de 
promovendus te verplichten om al na drie jaar serieus te beginnen met het 
schrijven van het proefschrift. 

11. Collega's in het werk leer je pas echt kennen wanneer er ontslagen dreigen 
te vallen. 

12. Je neemt meer van je ouders over dan je denkt. 

Eindhoven, november 1994 Rudolf Huisman 


