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Summary 

The suspension systems in a tractor-semitrailer combination are to a large extent res

ponsible for the accupants comfort, the handling properties of the vehicle, the required 

suspension working space, the load on the road, the load on the cargo and the load on 

the chassis components. The performance of these suspension systems can be improved 

by using controlled, fast adjustable dampers. 

Common controller design methods assume quadratic criteria, expressing the con

trol objective, and assume linear models, characterizing the system behavior. The 

development of controllers for adjustable dampers is complicated because a suitable 

mathematica! representation of notions like comfort and handling is not available. Fur

thermore, the switching dynamics and the nonlinear charaderistics of the adjustable 

damper make the use of the common controller design methods even more difficult. 

This thesis presents model-based control methods, resembling Model Predictive Con

trol methods, for fast adjustable dampers. These methods can handle a broad class of 

criteria and can take into account the nonlinearities in the suspension. They use the 

damper either as continuously variabie damper or as multi-level damper. All methods 

are based on knowledge of the road surface between the front and the rear wheels of 

the tractor at each time point. This so-called preview information may be obtained 

by reconstruction from measurements at the vehicle. The controllers divide the time 

interval for which the road surface is known, the preview interval, in equal subintervals 

and determine an optima! constant damper setting, i.e. a fixed force-relative velocity 

curve of the damper, for each of these subintervals. 

For further development of the control methods and to enable a mutual comparison 

of the different suspension systems, a specific control objective and a controller internal 

model with two degrees of freedom (two-DOF model) are chosen. The chosen control 

objective contains the minimization of the maximum absolute acceleration of the sprung 

mass, without tire lift-off and without reaching the bounds on the suspension deflection. 

If tire lift-off is inevitable then the lift-off time must be as smal! as possible. If it 

is impossible to prevent the suspension deflection from reaching its bounds then the 

resulting impact force has to be as smallas possible. 

A two-DOF simulation model and a specific control metbod are used to determine 

i x 



x Summary 

suitable lengths for the subintervals and the update interval for the preview information. 

From this investigation it appears that a better performance of the semi-active system 

than that of a good passive system is only obtained for subintervallengths smaller than 

or at least close to the smallest natura! asciilation time of the linearized model. There

fore, the lengthof a subinterval is chosen somewhat smaller than this natura! oscillation 

time. Furthermore, the performance of the semi-active system strongly decreases if the 

update interval for the preview information is larger than the mentioned smallest na

tura! asciilation time. The length of this update interval is therefore taken equal to the 

length of a subintervaL 

The two-DOF simulation model is also used to campare the controlled semi-active 

systems. From this investigation it appears that the system with the controlled two-level 

damper is preferabie to the system with the controlled continuously variabie damper, 

as the performance is nearly equal and the computational burden for the controller of 

the two-level damper is much lower. 

Finally, the performance of an elaborated three-dimensional model (3D model) of 

a tractor-semitrailer with conventional passive dampers is compared to that of a 3D 

model with a two-level damper at both the left and the right side in the tractor rear 

axle suspension. Each damper is controlled by its own controller. Each controller uses 

a two-DOF internal vehicle model, representing half the rear side of the tractor, and 

is provided with the preview information on the road surface between the front ancl 

the rear wheels of the tractor at the side of the controlled damper. Comparison of 

the results for the conventional passive vehicle and the vehicle with the semi-active 

tractor rear axle suspension shows that the semi-active system can reduce the tire lift

off time and a number of high peaks in the chassis acceleration at the rear side of 

the tractor, both for symmetrie and for asymmetrie incidental road excitations, The 

reduction of the peaks in the chassis acceleration at both the left and the right rear 

side of the tractor leads to a reduction of the peak load on the cargo for symmetrie 

road excitations and to a reduction of the fatigue load on the chassis components at 

the rear side of the tractor, but not automatically to improved comfort in the cabin 

and not automatically to a reduction of the peak load on the cargo for asymmetrie 

road excitations. More elaborated internal models for the controller wil! be required to 

imprave the performance of the developed semi-active suspension with respect to these 

two aspects. 
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à first time derivative of a 

ä second time derivative of a 

'ä third time derivative of a 

g column of scalars 

[a, b] collection of the elements in the range a to b 

{a, b} collection of the elements a and b 

A b breviations 

three-Dimensional 
Applicable DCC 

Branch-and-Bound Controller 

Notation 

3D 

ADCC 

BBC 

CASCO V 

CPU 

Controlled Axle Suspensions for COmmercial Vehicles 

Central Processing Unit 
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Chapter 1 

Introduetion 

The long-distance cargo road transport has been growing considerably in recent years 

and a further growth is expected for the next years. Two reasons for this are the 

opening up of Eastern Europe and the unification of Western Europe, resulting in an 

enlargement of the market for many industries. Long-distance cargo transport is clone 

partly by aircraft, train and ship. However, a large amount of this cargo is transported 

by commercial vehicles. The increased use of commercial vehicles has a negative impact 

on the environment and on the traffic safety. This is unacceptable according to the 

latest European standards. Furthermore, nowadays more attention is paid to the well

being and the health of the accupants of commercial vehicles. Therefore, the road 

cargo transport must become more efficient, safer and less harmful for the occupants 

and the environment. More cargo must be transported with the same vehicle, the 

handling capabilities of the vehicle and, if possible, the comfort of the occupants must 

be improved whereas the fuel consumption, the exhaust emissions and the road damage 

for equal freight must be reduced. 

Increasing the cargo volume of a commercial vehicle within the !ega! constraints is 

possible only if the ftoor of the cargo deck is lowered. This requires a reduction of the 

necessary working space of the suspension systems beneath the cargo deck. Besides, the 

effective cargo volume increases ifless packaging materials are needed. This is possible if 

the accelerations of the cargo are lowered. Nowadays, however, often the cargo weight 

instead of the cargo volume limits the cargo capacity of a commercial vehicle. The 

use of less packaging materials of course also reduces the weight of the total cargo 

and enables an increase of the effective cargo. However, a considerable increase of the 

effective cargo weight is possible only if the vehicle itself is lighter. A low weight design 

of the vehicle without a reduction of the operationallife is possible if the accelerations 

of the vehicle chassis are reduced. Lower accelerations of the vehicle chassis may also 

reduce the acceler:ations in the cabin, i.e. improve the comfort for the occupants. A low 

weight design of the vehicle also results in less fuel consumption, less exhaust emissions 

and less road damage for the same cargo. Road damage depends on the static and the 

1 



2 I ntrod u ct ion 

dynamic wheel load and is reduced if the dynamic wheel load is reduced. Moreover, a 

reduction of the dynamic wheel load impraves the handling capability of a vehicle and 

consequently the safety of the vehicle. 

The mentioned improvements require reduced suspension working spaces, lower 

chassis and cabin accelerations and lower dynamic tire farces. These quantities are 

strongly affected by the suspension systems of the vehicle. 

The Eindhoven University of Technology (The Netherlands) and three companies, 

i.e. DAF Trucks N.V. (The Netherlands), ContiTech Formteile GmbH (Germany) and 

Monroe (Belgium), co-operate in a Brite/Euram 11 project, called CASCOV (Con

trolled Axle Suspensions for COmmercial Vehicles) , to acquire technology for improving 

the dynamic behavior of tractor-semitrailer combinations with respect to five aspects: 

comfort of the occupants, load on chassis components and cargo, dynamic suspension 

travel, handling capabilities and road damage. A tractor-semitrailer is used in this 

project because this kind of commercial vehicle is commonly used for long-distance 

cargo transport. Although the acquired technology may also be of importance for the 

semitrailer suspensions, the investigations for the CASCOV project focus on the trac

tor suspensions, because these suspensions are of primary importance for the truck 

manufacturer. The attention is focussed on the tractor rear axle suspension because 

this suspension most strongly affects all five aforementioned aspects (Vael [39]). Three 

research areas are distinguished in the CASCOV project: passive suspensions, adap

tive suspensions and (semi-)active suspensions. The investigation described in this 

thesis concerns (semi-)active suspensions. It is chosen to focus the investigations in 

passive and adaptive suspensions at a better average performance of the vehicle and 

the investigations in (semi-)active suspensions at a better performance for incidental 

road excitations. The impression of the accupants about the suspension performance is 

largely determined by the performance on the incidental road excitations because the 

performance on these excitations is much worse than the average performance of the 

suspension. The cast-benefit ratio and the reliability of a commercial vehicle are rather 

important. Sirree active suspensions are much more expensive and less reliable than 

semi-active suspensions, attention is focussed on semi-active suspensions, i.e. suspen

sions with controlled adjustable dampers. As the controlled dampers are mounted in 

the rear axle suspension of the tractor, it is possible to use wheelbase preview. Wheel

base preview implies that the road surface between the front and the rear wheels of 

the tractor is reconstructed before it enters the rear wheels. This reconstruction is 

based on measurements of accelerations and relative displacements at the tractor. One 

problem using wheelbase preview is that the tracks of the rear wheels are not always 

equal to the tracks of the front wheels, especially in cornering or when the rear axle is 

'twin mounted' whereas the front axle is not. However, according to many investiga-
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tions (Bender [4], Haé et al. [13], Huisman [19]), controlled suspensions with wheelbase 

preview show considerable advantages in comparison to controlled suspensions without 

preview. Therefore, it was decided to use wheelbase preview for the controllers of the 

adjustable dampers at the rear axle of the tractor. 

Literature on semi-active suspensions 

Semi-active suspension systems consisting of adjustable dampers and passive spring 

elements have been proposed for many years as a cheap and reliable al ternative to 

active suspensions for cars, trains, busses and motorcycles. 

In the early seventies (semi-)active suspension systems which approximate the be

havior of a passive system with a so-called 'skyhook damper' are proposed (Karnopp et 

al. [22]). The idea is to design a damper controller which makes the damper behave like 

a passive damper with one end connected to the sprung mass and the other end to an 

inertial reference in the sky. Then the damper force is proportional to the sprung mass 

velocity. Linear optima! control theory, applied toa one degrees of freedom (one-DOF) 

vehicle model with a quadratic performance index, defined as the weighted sum of the 

vertical sprung mass velocity and the suspension defiection, has shown the optimality 

of a one-mass-spring-damper system with the spring connected to the road surface and 

the damper connected to the sky. Of course, a skyhook damper is not possible in real 

vehicle suspension systems, but an active device, parallel to the spring in this one-DOF 

system, might imitate the skyhook damper. 

Semi-active systems use an adjustable damper instead of the active device. Many 

investigations (Karnopp et al. [22], Margolis [26]) propose adjustable dampers which 

produce the same force as the active device if the damper has to dissipate energy and 

a force as small as possible otherwise. Nowadays, controllers for semi-active systems 

which determine the desired damping force by passing 'the optima! active force' through 

a limiter are known as 'clipped optima!' controllers (Butsuen et al. [6], Tomizuka et al. 

[36], Tseng et al. [37]). 

Semi-active systems, based on the principle of the 'skyhook damper', show an im

proved isolation of the sprung mass for road excitations compared to passive systems 

at the expense of a significant increase in dynamic tire force. Therefore, in the eighties 

control strategies for semi-active suspensions which take into account comfort, suspen

sion defiection and dynamic tire force are developed. Butsuen and Hedrick [6] determine 

the 'optima!' control strategy for the damping coefficient of a semi-active two-DOF ve

hicle model with continuously variabie damper, using a quadratic performance index 

which accounts for passenger acceleration, suspension working space, tire defiection and 

sprung and unsprung mass velocities. The performance of the semi-active system with 



4 Introduetion 

this controller is shown to be superior to that of the 'clipped optima!' controlled system 

with the same performance index, but the difference is small in the case of large ranges 

for the damping coefficient. 

The advantage of the use of preview information to control active suspension systems 

is already shown by Bender [4) in the late sixties. Haé and Youn [13) determine the 

effect of preview control on the performance of a semi-active two-DOF vehicle model 

with continuously variabie damping coefficient, using a quadratic performance index 

which accounts for passenger acceleration, suspension working space and tire deflection. 

A substantial performance impravement is reported for the semi-active system with 

preview compared to the semi-active system without preview, especially on a randomly 

profiled road. 

Research objective 

As mentioned before, the investigation described in this thesis focuses on the rear axle 

suspension of the tractor of a tractor-semitrailer combination. A difficulty in the de

velopment of a semi-active tractor rear axle suspension is the choice of the control 

objective. There is still a lot of discussion about how to translate subjective require

ments with respect to comfort on incidental road excitations, handling, load on chassis 

components and on cargo and road damage into specifications that can be used within 

a mathematica! context. For example, in literature comfort of the accupants on ioci

dental road excitations is related to both accelerations and 'jerk' (third time derivative 

of the displacement). Besides, often only an approximation of the chosen criterion into 

the control objective is possible due to restrictions imposed by the controller design me

thods. For example, control objectives which aim to minimize the maximum absolute 

acceleration of the accupants under hard constraints on the suspension defl.ection and 

on the tire force are not suitable for controllers based on (bi)linear optima! control 

theory. 

A main objective of the research described in this thesis is to develop and evaluate 

controllers which use wheelbase preview and can handle a broad class of control ob

jectives. These controllers must be able to handle constraints on vehicle performance 

criteria. Furthermore, the nonlinear charaderistics of the dampers and the air springs 

must be taken into account and the practicability of the controller is important. The 

latter implies that also the computational burden for the hardware is of importance. 

Within the framework ofthe CASCOV project, it has to be decided whether dampers 

with an infinite number of force-relative velocity characteristics, so-called continuously 

variabie dampers, are necessary or whether dampers with a finite number of possi

bie force-relative velocity characteristics, so-called multi-level dampers, are sufficient. 
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The performance of the tractor-semitrailer with optimized semi-active tractor rear axle 

suspension has to be determined and must be compared to the performance of a tractor

semitrailer with a passive suspension for vertical, incidental road input to the vehicle 

by driving straight ahead. In this thesis, it is assumed that the preview information, 

i.e. the road surface between the front and the rear wheels of the tractor, is exactly 

known by the controller of the semi-active suspension. 

Outline of the thesis 

The investigation described in this thesis uses a 3D (three-Dimensional) model as a 

substitute for the real tractor-semi trailer. An outline of the real tractor-semitrailer to

gether with an overview of the degrees of freedom of the 3D model is given in Chapter 2. 

In this 3D model the original passive tractor rear axle suspension can be replaced by 

a semi-active suspension, which is also described in Chapter 2. Besides, this chapter 

specifies roodels of those 'realistic' incidental road excitations for which the responses of 

the passive and the semi-active vehicle model wil! be determined. These responses are 

analyzed and evaluated, not only with respect to criteria closely related to the control 

objective but also toa large number of other criteria, which are mentioned in Chapter 2. 

Chapter 3 describes several model-based controllers with wheelbase preview for semi

active suspensions. These controllers can handle a broad class of control objectives. 

Their performances and an important hardware requirement are compared and the 

most proruising concept is optimized. A nonlinear two-DOF model is used as internal 

vehicle model for the controllers. Although many control objectives can be used by the 

controllers, only one is used for the comparison and the optimization, being the mini

mization of the maximum absolute sprung mass acceleration under hard constraints on 

the suspension deflection and on the tire lift-off time. The 'simple' nonlinear two-DOF 

vehicle model is also used as the vehicle simulation model instead of the more extensive 

3D model to restriet simulation times in this comparison and optimization stage. 

The selected and optimized controller with the two-DOF model as internal vehicle 

model, is applied in Chapter 4 to the semi-active tractor rear axle suspension of the ex

tensive 3D model. The behavier of this semi-active system is compared to the behavior 

of the 3D model with passive suspensions for the incidental road excitations mentioned 

in Chapter 2. 

What's new? 

Model-based control strategies for multi-level and for continuously variabie dampers 

with nonlinear force-relative velocity characteristics are developed, using wheelbase pre

view of the road. A broad class of control objectives can be handled. Nonlinear vehicle 
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models may be used for controller design, although the order of these models is limi

ted to obtain practicabie controllers. The control strategies for the multi-level damper 

result in the optimum damper setting sequence over the preview interval whereas the 

control strategies for the continuously variabie damper yield a suboptimal damper set

ting sequence over the preview interval. An estimate of the required switching frequency 

and of the optimum sampling interval for the preview information are determined. 

The performance of an elaborated 3D tractor-semitrailer model with controlled two

level dampers at the rear axle of the tractor is evaluated for both the laden and the 

un-laden situation for incidental road excitations. 



Chapter 2 

System and problem description 

The objective of the research described in this thesis is to develop a practicabie con

trol strategy for a semi-active suspension at the rear axle of the tractor of a tractor

semitrailer combination to imprave the performance, compared to the vehicle with a 

conventional passive suspension, on incidental road excitations. The notions 'passive 

suspension', 'semi-active system', 'road excitations' and 'improved vehicle performance' 

are elucidated in this chapter. Until now it is not possible to experiment with a real 

vehicle on real road surfaces. Therefore, a model of the vehicle with passive suspen

sion, a model of the semi-active suspension and roodels of the road excitations are 

presented. Furthermore, quantitative measures for the assessment of the vehicle be

havior are established to make a quantitative comparison between the vehicle with a 

passive suspension and the vehicle with a semi-active suspension possible. 

2.1 Conventional vehicle with driver 

Figure 2.1: DAF95 tractor- semitrailer 

The investigated tractor- semitrailer combination is given in Figure 2.1. An elaborated 

3D multi-body model of this vehicle, build with the software package DADS (CADSi 

(7]), is used to describe the vehicle behavior in the frequency range of 0 to 15 Hz 

(Bekkers (3]). This model is used to analyze the vehicle performance. In this section 

the connections between the main components of the vehicle, the interactions between 

7 
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the vehicle and the road surface, the interactions between the vehicle and the driver 

and their models are discussed. 

Tractor chassis 

Figure 2.2 shows the tractor chassis. It consistsof two side members, connected by cross 

members. Some of the lowest eigenfrequencies of the chassis lie within the range of 0 to 

15 Hz. This makes it desirabie to incorporate a flexible body model of the chassis with 

at least the corresponding eigenmodes in the 3D model. However, a validated flexible 

body model of the chassis was not available. Therefore, in first instance, the chassis is 

treated as a rigid body in the 3D model. 

cross member side member 

Figure 2.2: Tractor chassis 

Cabin suspension 

The suspension of the cabin is shown in Figure 2.3. The cabin front suspension contains 

a roll stabilizer of which the ends are connected to the chassis by means of rubber 

elements, called 'silent blocks'. The edges of the roll stabilizer are connected to both 

the chassis and the cabin. The conneetion to the chassis is realized with spring/damper 

elements whereas the conneetion to the cabin is realized with revolute joints. The left 

and right cabin rear suspension consist of a spring/damper element between the left, 

respectively the right side of the cabin and the chassis. These spring/damper elements 

are connected to the cabin with rubber elements which provide lateral stiffness to the 

cabin with respect to the chassis. The cabin can bounce, pitch and roll with respect 

to the chassis. However, also small lateral, longitudinal and yaw movements of the 

cabin with respect to the chassis are possible due to the rubber elements. The cabin is 

modeled as a rigid body. The six degrees of freedom of the cabin with respect to the 

chassis are incorporated in the 3D vehicle model using spring/damper models, models 

for the rubber elements and a model for the roll stabilizer. 
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spring/damper revolute joint conneet i ons to cabin cabin rear suspension 
element spring/damper elements 

chassis roll stabilizer edge roll stabilizer silent block end roll stabilizer 

Figure 2.3: Cabin suspension 

Engine/transmission suspension 

Figure 2.4 shows the suspension of the engine/transmission combination. This combi

nation is connected to the chassis with four rubber elements, two at the front and two 

at the rear. This results in six degrees of freedom with respect to the chassis. The 

engine/transmission combination is modeled as one rigid body and the six degrees of 

freedom are incorporated in the 30 model by using appropriate models for the rubber 

elements. 

rubber engine mount 

chassis 

Figure 2.4: Engine/transmission suspension 

Tractor front rode suspension 

The tractor front axle suspension is shown in Figure 2.5. Two parabalie leaf springs, 

each with two leafs, are used. The front and the rear side of each leaf spring are con

nected to the chassis with a revolute joint, respectively by a shackle with two revolute 
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joints. The middle of each leaf spring is connected rigidly to the front axle. Further

more, a damper is placed between the chassis and the front axle at both the left and 

the right side of the vehicle. The front axle and the chassis are also connected by the 

rol! stabilizer whose ends are connected to the chassis with revolute joints. The edges 

of the rolt stabilizer are connected to the front axle with cylindrical joints. The rol! sta

bilizer provides extra rolt stiffness between the front axle and the chassis. Furthermore, 

rubber bump stops are placed on top of each leaf spring to prevent iron to iron contact. 

Rebound elements in the dampers restriet the maximum suspension deftection at the 

front axle. Due to the construction of the front axle suspension, the axle can bourree, 

rol! and pitch with respect to the chassis. The pitch degree of freedom is caused by 

wrap-up of the leaf springs. The front axle is modeled in the 3D model as a rigid body 

and the three degrees of freedom of this axle are taken into account by appropriate 

modelsof the leaf springs, the damper elements, the bump stops, the rebound elements 

in the dampers and the roll stabilizer. 

shackle connections to chassis 

connections to chassis parabolic leaf spring fTont axle 

chassis bump stop damper 

rol I stabilizer parabolic leaf spring shackle 

Figure 2.5: Tractor front axle suspension 

Tractor rear axle suspension 

Figure 2.6 gives an impression of the tractor rear axle suspension. Th is axle is connected 

to the chassis with a triangle, two links, a rol! stabilizer, four air springs and two 

dampers. The triangle is connected with spherical joints to the top middle of the rear 

axle and to the chassis. The two links are connected with tow bar eyes to the chassis 
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air spring damper rear axle chassis 

chassis link with tow bareyes roll stabilizer 

IJiangle chassis 

air spring rear axle roll stabilizer 

Figure 2.6: Tractor rear axle suspension 

and to, respectively, the left and the right bottorn of the rear axle. Two air springs 

and a damper are placed between the rear axle and the chassis at the left and at the 

right side. The rol! stabilizer is used to add extra roll stiffness between the rear axle 

and the chassis. Each edge of the roll stabilizer is connected to the rear axle by means 

of a cylindrical joint and each end of the roll stabilizer is connected to the chassis with 

a revolute joint. Bump stops at the bottorn of the chassis prevent iron to iron contact. 

The maximum suspension deflection is restricted by rebound elements in the dampers. 

The rear axle can bourree and roll with respect to the chassis movements. It is modeled 

as a rigid body in the 3D model and the mentioned degrees of freedom are taken into 

account with appropriate models of the air springs, the dampers, the bump stops, the 

rebound elements in the dampers, the roU stabilizer and the links. The air spring 

model accounts for the leve\ing system of the spring. This system is used to obtain the 

same distance between the axle and the chassis for different static loads. The relation 

for the air spring force Fs as a function of the static air spring force Fs,stat and the 

air spring deflection b..q with respect to the static air spring deflection is determined 

experimentally and can be written as 

Fs = -Fs,stat + fs(b..q) · (1.0428)(F,,s<a<l. (2.1) 
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The function ]5 , given in Figure 2.7a, and the values of Fs,stat and Fs are in kN. For 

each damper the relation between the force and the relative velocity is modeled by the 

characteristic given in Figure 2.7b. A damper with this characteristic shows, according 

to experienced test drivers, a good average performance on the road surfaces used by 

the tractor-semitrailer. 
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Figure 2.7: Characteristics of the tractor rear axle air spring and damper 

Semitrailer frame 

Figure 2.8 shows the semitrailer. The conneetion of this semitrailer with the chassis 

of the tractor at the kingpin allows for pitch and yaw with respect to the tractor. 

The flexible semitrailer frame is modeled as an assembly of two rigid bodies in series, 

connected by a revolute joint with a torsional spring, to account for the finite torsion 

stiffness of the semitrailer frame. The conneetion of the frame to the chassis is modeled 

as a universa! joint between the first rigid body and the tractor chassis. 

Figur~ 2.8: Semitrailer 
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Semitrailer axle suspension 

Three axles are connected to the semitrailer. Figure 2.9 shows the layout of the sus

pension for one axle. Two leaf spring elements are used to conneet each axle to the 

semitrailer frame. The middle of each leaf spring is connected rigidly to the axle. One 

side of each leaf spring is connected to the frame by a revolute joint whereas air springs 

with leveling system are placed between the other si de of each leaf spring and the frame. 

Two dampers are placed between each axle and the frame, one at the left side and one 

at the right side of the vehicle. The minimum suspension deflection is restricted by a 

bump stop whereas the maximum suspension deflection is restricted by a chain. The 

conneetion to chassis air spring 

chassis leaf spring chain semitrailer axle 

chassis leaf spring semitrailer axle 

damper air spring 

Figure 2. 9: Semitrailer axle suspension 

axles can bounce and rol! with respect to the semitrailer frame. They are modeled as a 

rigid body in the 3D model. The two degrees of freedom of each axle are incorporated 

in this model by means of models for the air springs, the dampers, the leaf springs, the 

bump stops and the chains. 

Tires 

The tires play a crucial röle in vehicle dynamics. They have to support the vehicle, filter 

road irregularities and transmit forces between the vehicle and the road surface. The 

3D model uses the most detailed tire model available in DADS (CADSi [7]). Anyway, 

this model describes the tire behavior (the enveloping effect of road irregularities and 
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the development of longitudinal, lateral and vertical forces) only roughly. However , 

Bekkers [3] shows that the responses of the 3D model with this tire model are much 

alike the measured responses of a real tractor-semitrailer. 

Steering system 

The steering system is shown in Figure 2.10. Each of the two front wheels of the tractor 

can rotateabout an axis of aso-called swivel body. One swivel body is connected to the 

left side of the front axle and one to the right side. Each swivel body is connected to 

the front axle with a revolute joint. The orientation of these revolute joints introduces 

eertaio camber, caster and inchnation angles. Both swivel bodies contain a tie-rod 

arm. These arms are connected by a tie-rod with two spherical joints. A steering arm, 

steering gearbox steering column steering wheel 

Pitman arm steering shaft U-joint 

steering arm movements possible revolute joint 
• due to conneetion to l Pitman arm 

wheel swivel body tie-rod tie-rod arm wheel 

Figure 2.10: Steering system 

rigidly attached to the left swivel body, is connected to the lower end of the so-called 

Pitman arm by a drag link with two spherical joints. The upper end of this Pitman 

arm is rigidly connected to the output shaft of the steering gearbox. This box is rigidly 

connected to the chassis and transfarms the rotation of the steering shaft into a rotation 

of the Pitman arm about the axis of the output shaft. The steering shaft is connected 

to the steering wheel via the steering column and the U-joint. Rotations of the steering 

wheel result in fore-aft movements of the lower end of the Pitman arm. These fore-aft 

movements are transmitted to the drag link and result in rotations of the swivel boclies 

and of the wheels about the axis of 'their' revolute joint. The 3D model incorporates 
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only a part of the steering system, namely a model of the link mechanism shown in 

Figure 2.10b and a model of the Pitman arm. 

Driver 

Each driver has his or her own driving behavior and this behavior is vehicle dependent. 

This makes the rnadeling of the driver behavior rather complicated. 

In the simulations the vehicle model has to drive straight ahead only. However, in 

the 3D model this can not be achieved by just fixing the rotation of the Pitman arm such 

that the front wheels are in straight ahead position. A model of the driver is required 

to compensate for roll steering caused by asymmetrical distribution of the (un-laden) 

vehicle mass and asymmetrical road disturbances. Driver roodels based on assumptions 

about the physical behavior of a driver have been developed for lateral dynamics (Segel 

et al.[32], Venhavens [40]). These models incorporate the perceptual time delay and 

the neuromuscular time constant of a driver and the capability of a driver to observe 

the future desired path. Furthermore, these models have the possibility to adopt their 

behavior in response to changes in the vehicle dynamics. The latter is observed in 

experiments with real man-vehicle systems. 

In this thesis a simple proportional controller is used as the driver model, because 

sUitable values for the parameters of the more sophisticated roodels are not available. 

The current lateral position of the center of gravity of the front axle with respect to the 

desired driving line is the input for the controller. The difference of the current angle 

between the left swivel body and the front axle and this angle for straight on steering 

is used as the output of the controller. Simple simulat ions show that the controller 

can correct small deviations that are caused by the asymmetrical distribution of the 

vehicle mass and by asymmetrical road disturbances. Furthermore, the behavior of this 

controller is acceptable if the front wheels of the tractor show tire lift-off. 

2.2 Alternative semi-active tractor rear axle suspension 

The only difference between the semi-active and the passive tractor rear axle suspension 

concerns the damper. The damper of the semi-active system is a continuously variabie 

damper with force versus relative velocity characteristics in the marked range in Figure 

2.11. The characteristic with the highest absolute damper force at each relative velocity 

is called the highest damper setting and is denoted by Sa = 1. The characteristic 

denoted by Sa = 0 is called the lowest damper setting. All other characteristics are 

denoted by a value of Sa between 0 and 1. The characteristic with Sa = 0.5 is equal to 

the characteristic of the passive damper in Section 2.1. The functions !d,h = !d,h(!::J..q) 
and /d,1 = /d,1(!::J..q) give the damper force Fd for the highest damper setting, respectively 
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-2 -1.5 -1 ~.5 0.5 1.5 
Relative velocity [mis] 

Figure 2.11: Characteristics of the semi-active tractor rear axle damper 

the lowest damper setting as a function of the relative velocity ~q over the damper. 

The switching from one desired settingS toanother is modeled by a first order lag with 

time constant rd . From measurements it is known that rd = 6.5 ms is reasanabie for a 

change ~S = 1 in the desired setting. The value for rd will depend on ~S. However, 

until now no information about this dependency is available. Therefore, rd = 6.5 ms 

is used in the semi-active damper model for all ~S. The relation between the desired 

damper settingS and the actual damper setting Sa is given by 

. 1 
Sa=-· (-Sa+ S). 

rd 
(2.2) 

The semi-active damper force, corresponding to an actual damper setting Sa, is deter

mined from 

(2.3) 

Although the semi-active damper is continuously variable, it can also be used as a multi

level damper by restricting the possible settings S. In Chapter 3 it will be investigated 

whether or not it is advantageous to use the damper as a two-level damper, taking into 

account both the system performance and the controller CPU times. In Chapter 4 the 

performance of the 3D vehicle model with a controlled semi-active damper at the rear 

axle of the tractor is compared to the performance of the passive 3D vehicle model. 

2.3 Road excitations 

The actual road inputtoa vehicle is rather diverse and a representative selection ofroad 

inputs for simulations, used to get insight into the dynamic behavior of the vehicle, is 

far from trivia!. The majority of the kilometers driven by a tractor-semitrailer are made 

on motor-ways. The average performance on these motor-ways is judged at a proper 

level. As a result, the impression of the accupants about the suspension performance 
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is largely determined by the performance on incidental road excitations, like a brick on 

the road or the transition from normal asphalt to scraped asphalt. 

Models for five different incidental road irregularities are selected for the simulations, 

namely a standard brick lying on the road surface, a traffic hump, the transition from 

normal asphalt to scraped asphalt, a road surface with a well of which the lid is missing 

and a wave. Illustrations tagether with abbreviated narnes for these road irregularities 

are shown in Figure 2.12. The models assume that all tires at one side of the vehicle 

'fee!' the same road track, even if there is more than one tire per axle side. However, 

the left and right road tracks can be different. In genera!, a traffic hump, a scraped 

road and a wave will excite both the left and the right side of the vehicle, whereas a 

standard brick and a well only excite one side. The traffic hump, the scraped road and 

the wave are therefore modeled as symmetrie road surfaces, so the road height of the 

leftand the right road track is the same at each cross-section of the road. The standard 

brick and the wel! are modeled as asymmetrie surfaces, such that the left track contains 

the irregularity and the right track is flat. A prescribed 'realistic' forward velocity of 

the vehicle is chosen for each of the irregularities, assuming that the driver does notice 

the traffic hump, the scraped road and the wave but not the standard brick and the 

wel!. 

A B c V 
[m] [m] [m] [kmlh] 

... A~ 
I. Standard brick ~ 0.105 0.065 80 

A B A 

2. Traffic hump ~ 0.600 1.400 0.100 20 

3. Scraped road I • yA 0.070 60 

.... . A .. ~ 

4. Weil ~ 0.600 0.100 40 

,.. .. ... A .... ~ 
5. Wave ~ 25.00 0.500 80 

Figure 2.12: 5 deterministic road irregularities 

Motorways and brick paved roads are called 'stochastic road surfaces' because they 

are often characterized by a stochastic description. They are not used in the simulations 

but are sametimes mentioned in the following text. 
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2.4 Assessment of vehicle performance 

For a quantitative comparison of the performance of the vehicles with the passive and 

semi-active suspension, performance measures have to be specified. The comfort of the 

occupants, the load on the chassis components and the cargo, the required suspension 

working space, the handling properties and the road damage are chosen as the aspects 

to be evaluated. For incidental road excitations, a generally applicable, commonly 

accepted translation of these aspects in mathematica! criteria, is not available at the 

moment. In this thesis, some criteria are chosen for each performance aspect, where 

it is assumed that the vehicle is driving straight on and that only the influence of the 

road irregularities has to be considered. 

2.4.1 Comfort of the occupants 

Comfort is a subjective notion. It is often associated with vibrations transmitted to a 

human body. However, several other factors, like interior noise, interior space, sight, 

ergonomy, accupants size and weight and the position and orientation of the seats 

influence the experienced comfort level. Due to its subjective character, comfort is 

often judged in practical tests with drivers and co-drivers. Besides, many quantitative 

investigations are carried out. Most quantitative comfort measures are determined as 

a function of the place, the direction, the frequency, the duration and the acceleration 

values of the human body excitation. The feet, the seat, the backrest and the hands 

are, according to Griffin [12], the most important places at which the human body is 

excited. Important excitation directions are the vertical excitation at the feet support, 

the excitation in three directions at the seat and the vertical and fore-and-aft vibration 

at the backrest. Seated human beings are especially sensitive to vertical excitations in 

the frequency range between 4 and 8 Hz and to horizontal excitations in the frequency 

range up to 2 Hz. The high sensitivity for vertical excitations between 4 and 8 Hz is 

caused by the vertical resonance of the abdominal cavity whereas the high sensitivity 

for horizontal excitations is caused by the fore-and-aft resonance of the upper torso 

(Venhovens [40]) . For vertical excitations in the frequency range below 1 Hz 'motion 

sickness' may occur. The excitation duration also has its inftuence on comfort. Many 

investigations ( Griffin et al. [11], Kjellberg et al. [24], Miwa [28]) indicate that certainly 

at the beginning of an excitation the comfort level decreases if the duration of the 

excitation increases. Although some comfort measures are related to the jerk of the 

excitation, most of them are related to the acceleration of the excitation. 

An aften used approach on stochastic road surfaces is to use a location, direction and 

frequency dependent weighting of the accelerations in the main directions of the main 

excitation places and to use the RMS (Root Mean Square) values of these weighted 
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accelerations as comfort measures. There is however not much known about the judg

ment of comfort on incidental road excitations. Huisman [19] used maximum absolute 

values of non-weighted accelerations and time response plots of displacements. Griffin 

[12] and Howarth and Griffin [17] recommend to use so-called VD (Vibration Dose) 

values. The VD value of an, eventually weighted, acceleration signa! a over the time 

interval [0, T] is defined as 
fT I 

VD = (;0 a4(t')dt')< . (2.4) 

The fourth power warrants astrong contri bution of peak values to the degree of discom

fort and the integration over the total driving time provides the possibility to campare 

vehicle responses of different duration. Some authors (Hoberock [16], Hrovat [18]) use 

the jerk as an additional comfort measure to amplify the contri bution of high frequency 

components to the amount of discomfort. 

In this thesis, the maximum absolute values, the RMS values and the VD values of 

the weighted and the non-weighted accelerations, the maximum absolute values of the 

jerk in longitudinal, lateral and vertical direction at the seat of the driver and the time 

response plots of the displacements in these directions are used to judge the accupants 

comfort on the incidental road excitations. Both the weighted and the non-weighted 

accelerations are taken into account because .the real accelerations of the accupants 

are unknown, due to the fact that no chair suspension and human body dynamics are 

taken into account by the vehicle model. Weighting of the accelerations is performed 

according to ISO 2631 [20]. 

2.4.2 Load on chassis components and cargo 

Chassiscomponentscan be damaged by fatigue and both chassis components and cargo 

can be damaged by incidental loads. 

Fatigue is the phenomenon of crack initiatien and crack growth in constructions due 

to variabie loads for a langer period of time, where the magnitude of the variabie loads is 

much lower than the static yield load. The acceleration history of a chassis component 

as a function of time is often used to judge the fatigue damage of this component. Th is 

acceleration signa! is translated into an equivalent acceleration signa! with a constant 

amplitude, using a so-called rainfiow counting method (Suresh [35]) and the Palmgren

Minor-rule for equivalent damage. The number of cycles in this transformed acceleration 

signa!, the PM (Palmgren-Minor) number, is used as a measure for the fatigue damage. 

The PM numbers for the vertical accelerations at the four corner points of the tractor 

chassis are chosen to judge the fatigue damage of the chassis components. 

High incidental loads also cause damage to the chassis components and may lead 

to instantaneous failure of the vehicle. Furthermore, these loads are the main cause of 
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cargo damage. A reduction of these loads on the cargo gives the possibility to use less 

packaging materials and to increase the valuable cargo. According to Snowdon [33], 

the maximum absolute acceleration of the mass of a damage-prone element due to an 

incidental load is a suitable measure for the darnaging potential of this incidental load 

on this element. Here, the maximum absolute acceleration at the kingpin is used as 

a measure for the damage on the cargo and the maximum absolute accelerations at 

the left and right rear side of the chassis are used as a measure for the damage on the 

chassis components caused by an incidental load. 

2.4.3 Suspension working space 

The minimum suspension deflections, both at the tractor and at the semitrailer, are 

restricted by bump stops whereas the maximum suspension deflections are bounded by 

rebound elements in the dampers (tractor) or by chains (semitrailer). The difference 

between these extremes is called the suspension working space. A reduced suspension 

working space allows the designer to lower the floor of the semi trailer. Since the maxima 

of the height, the width and the length of a semitrailer are restricted by law, a lower 

fl.oor is the only possibility to increase the payload volume. High chassis and axle 

accelerations may result if the bounds of the suspension working space are reached. 

On a stochastic road surface the RMS value of the relative suspension defl.ection, 

i.e. the suspension defl.ection with respect to the static suspension defl.ection, is often 

used to judge the behavior of the suspension defl.ection. For linear systems with Gaus

sian distributed road input, the suspension defl.ection will remain between predefined 

symmetrie bounds around the static suspension defl.ection for a certain percentage of 

the driving time if the corresponding RMS value of the relative suspension defl.ection 

does not exceed a predefined value. In this thesis, the behavior of a nonlinear vehicle 

model with asymmetrie suspension defl.ection bounds around the static suspension de

fl.ection is stuclied for incidental road excitations. The meaning of the RMS value of the 

relative suspension defl.ection is not so straightforward in this case due to the nonlinear 

model and the short duration of the incidental road excitations. Therefore, next to the 

RMS value of the relative suspension defl.ection, the number of times that a predefined 

suspension defl.ection bound is reached and a measure for the severity of the impact are 

used to judge the behavier of the suspension defl.ection at the left and the right rear 

side of the tractor. The measure for the severity of the impact is the relative velocity 

between the chassis and the axle just before the impact. 
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2.4.4 Handling 

Like comfort, handling is a subjective notion. It indicates the ease of keeping a vehicle 

on the desired course during driving straight on, cornering, accelerating, braking and 

all other manoeuvres. A vehicle with good handling properties has sufficient possi

hilities to perform the desired actions, gives clear and correct information about the 

vehicle status and does not ask too much effort of the driver. Many aspects influence 

handling, for example, the road-holding of a vehicle, the roll, pitch and yaw behavior 

of the vehicle body, the steering effort and the tire properties. Handling is usually 

evaluated in tests, using a real vehicle with test drivers or a real vehicle with a steer

ing/braking machine. The latter gives a good reproducibility of the test and eliminates 

the influence of the driver on the vehicle response. Typical tests are straight line keep

ing, straight line braking, lane change driving, sinus steering and steady state turning. 

Usually subjective opinions are used to evaluate the test results. However, sametimes 

quantitative signals like steering wheel angle, rol!, pitch and yaw angle/rate of the vehi

cle body, maximum lane change velocity, deviation from the desired course and lateral 

and longitudinal acceleration are used as additional information to judge the handling. 

Recently, the mentioned tests are partially replaced by simulations with models that 

contain an extensive model of the vehicle and the driver. Moreover, so-called inverse 

dynamics is applied to vehicle models to calculate the required steering behavior of a 

driver, given a prescribed path of the vehicle. This thesis investigates the response of a 

vehicle (with a constant forward velocity) to the road surfaces mentioned inSection 2.3 

and only the road-holding capability is used as a handling measure. The influences of 

the other quantities on the handling are beyond the scope of this investigation. The 

representative quantity to judge road-holding is the tire force, i.e. the normal force 

exerted by the road on the tire. Together with the friction between the tire and the 

road this force strongly influences the maximum lateral and longitudinal force in the 

contact plane between road and tire. If the tire force is too low over a Jonger period of 

time risky situations may occur in braking/accelerating and in steering corrections. An 

acceptable lower bound on the ti re force and an acceptable lengthof the low tire force 

period are unknown at this moment. 

On stochastic road surfaces the RMS value of the dynamic tire force is often used 

to judge the road-holding. For linear systems with Gaussian distributed road input, it 

can be guaranteed that the vertical tire force remains above a predefined value for a 

certain percentage of the driving time if the RMS value of the dynamic tire force does 

not exceed a predefined value. Like the RMS value of the relative suspension deflection, 

the meaning of the RMS value of the dynamic tire force is not obvious for the nonlinear 

vehicle model at incidental road excitations. Therefore, next to the RMS values of 
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the dynamic tire force, the tire lift-off time and the time for which less than 75 % of 

the static tire force is available for the rear tires of the tractor are used to judge the 

raad-holding of the vehicle (see Figure 2.13) . The no-tire-lift-off requirement may be 

too weak whereas requiring no excess of the 75 % (Iower) bound on the static tire force 

may be too strang to guarantee sufficient raad-holding in abrupt handling manoeuvres. 

However, better measures for raad-holding are not available at this moment. 

Tire force 
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Figure 2.13: T wo road-holding criteria 

2.4.5 Road damage 

Road damage is mainly caused by heavy commercial vehicles. The maintenance and 

rebuilding casts of road surfaces will considerably reduce if the farces on the road by 

these vehicles are reduced. The road damage caused by a vehicle depends on several 

aspects, such as the vehicle velocity, the tire-road contact areas, the distance between 

the axles and the magnitude of the tire forces . Here, only the influence of the dynamic 

and static tire force on the road damage is considered. Göktan and Mitschke [10] use 

the so-called 'raad stress factor' to combine the influence of several aspects on the road 

damage. According to this factor, the road damage is proportional to 7JFt~re stat where 

Ftire,stat is the static tire force and 7J is related to the dynamic tire force. Usually one 

of two values is used for 7]. The first is called 'fJmax and is defined as 

'fJmax = ( max(Ftire)) 4
, 

Ftire,stat 
(2.5) 
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where Ftire is the total tire force and max(Ftire) is the maximum value of Ftire over the 

total driving time. The second value is called 'f/average and is defined as 

_ 6 (RMS(Ftire,dyn)) 2 

'f/average - 1 + F, . , 
ttre,stat 

(2.6) 

with Ftire,dyn the dynamic tire force and RMS(Ftire,dyn) the Root Mean Square value of 

Ftire,dyn over the total driving time. 'f/average is used for homogeneously damaged roads 

whereas TJmax is used for the other roads. The real value of TJ is in between TJmax and 

'f/average· In this thesis, the sum over the tractor rear tires of TJmax(Ftire,stat)4 is used to 

judge the road damage caused by the rear side of the tractor whereas the sum over all 

tractor-semitrailer tires of TJmax(Ftire ,stat)4 is used to judge the total road damage caused 

by the vehicle. 
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Chapter 3 

Selection of the control metbod for 

the semi-active system 

In this chapter , the control method for the semi-active damper in the tractor rear 

axle suspension is established. The method is selected from a number of model-based 

control methods, which all assume that the road surface between the front and the 

rear wheels of the tractor is exactly known to the controller. All methods split the 

time interval for which the oncoming road surface is known, the preview interval , in 

subintervals of equallength and determine an optima! constant damper setting for each 

of these subintervals. The methods can handle a broad class of control objectives. 

This is important for at least two reasons. First of all , it makes it possible to adapt 

the controller to other mathematica! specifications of performance. This is desirable, 

because there is still a lot of discussion about how to translate subjective performance 

requirements into mathematica] specifications. Secondly, it makes the controller easily 

adaptable to different driving conditions. This is important, because the performance 

aspects to be optimized depend on the driving condition . Comfort, for example, is 

important in straight on driving whereas handling is more important at cornering and 

braking. 

The developed control methods use the damper either as a continuously variabie 

damper or as a multi-level damper. The continuously variabie damper of Chapter 2 

can be used as a multi-level damper by imposing restrictions on the damper setting S. 

The control methods for the multi-level damper are elucidated for a two-level damper 

but the extension to dampers with more levels is straightforward . 

A chosen control objective, a two-DOF internal vehicle model for the controller and 

an identical simulation model are used to explain the control methods, to determine the 

control parameters and to compare the performances and the computational burdens of 

the developed control methods. The most proruising method is chosen and the behavior 

of the semi-active 3D vehicle model, controlled with a practicabie version of this optima! 

concept, is compared to the behavior of the passive 3D vehicle model in Chapter 4. 

25 
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3.1 Modeling 

3.1.1 Vehicle model for controller and control methad selection 

The controller uses a model with two degrees of freedom (two-DOF model) which des

cribes the behavior of the vehicle for the wheel-hop frequency (about 10 Hz) and for 

the chassis resonant frequency (in the 1 to 2 Hz range) . Theoretically, the control 

methods may use any internal vehicle model. However, large vehicle models like the 

3D model are nat practicabie because they require too much computation time for 

reai-time application. A two-DOF model is the simplest model that shows the conflict 

between comfort, suspension werking space and tire force. Furthermore, according to 

Huisman [19], the performance of an active suspension impraves only marginally when 

the controller uses an internal model with more than two degrees of freedom . Because 

the behavior of the semi-active damper is strongly nonlinear, the nonlinear two-DOF 

model of Figure 3.1 is used by the controller. It describes the dynamic behavier of 

half the rear side of the tractor. The quantities mcr and mar represent the sprung 

V 

2 air springs 

'Foag' raadsurface filter 

L 

Figure 3.1: Nonlinear two-DOF model 

position front 
wheels 

and unsprung mass, while qcr and qar are the vertical displacements of the sprung and 

unsprung mass such that the springs are unstrained if qcr = qar = q1r. Here, q1r is the 

displacement of the lower end of the tire spring. Two air springs and one semi-active 

damper are positioned between the sprung and the unsprung mass. 

The air spring force F. is calculated using Equation (2.1). lt is a function of the 

static load Fs,stat on the air spring and the deflection D.q of the air spring with respect 
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to the static air spring deflection. However, the leveling system of the air spring keeps 

the static air spring deflection (qcr,stat - Qar,stat) equal to zero and therefore 

f:.q = (qcr - Qar)- (qcr ,stat- Qar,stat) = (qcr- Qar). 

The semi-active damper model is discussed earlier in Chapter 2. The desired damper 

settingS is filtered by a first order filter with time constant Td = 6.5 ms and the damper 

force Fd is determined as a function of the relative velocity !::.q and the filtered value of 

the damper setting S, according to Equation (2.3). The bump stops and the rebound 

elements in the dampers are not incorporated in the model. 

The tire is modeled as a linear spring with stiffness ktire· However, tire lift-offis 

incorporated in the model. To incorporate the effect of the finite tire/ road contact 

length in the controller model, the real road elevation Qrr is filtered by a low pass filter, 

resulting in a displacement Qtr of the lower end of the tire spring. Here, a first order 

filter as proposed by Foag [9] is used, because a simple, more accurate description of the 

influence of the finite contact length is not available. Foag [9] proposes a time constant 

Tr = 3~, where V is the forward velocity of the vehicle and l is the length of the ti re 

footprint: 
. 1 

Qtr = (-) · (-Qtr +Qrr) · 
Tr 

(3.1) 

The relation between the tire force Ft and the spring deflection Qar - Qtr is given by 

Ft = { 0 ~f Qar - Qtr > 0 
ktire · ( Qar - Qtr) 1f Qar - Qtr < 0. 

The road elevation Qrr(t) at time t at the rear wheels is assumed to be the same as 

at the front wheels except for a time delay tp , the preview time, that is equal to the 

quotient of the wheelbase L of the tractor and the forward vehicle velocity V . 

With the state vector x_, 

X.= ( Qcr Qcr- Qar iJcr iJcr- iJar S a Qtr )T, 
the system equations are given by: 

X1 X3 

:i:2 X4 

1 
:i:3 - · (-2Fs - Fd) - g 

m cr 

1 1 
:i:4 = - · (-2Fs- Fd)-- · (+2Fs + F d - Ft) 

fficr mar 

1 
i s - ·(- xs+ S); SEA c [0, 1] 

Td 

1 
X6 - · (-X6 + Qrr). 

Tr 

(3.2) 

(3.3) 

(3.4) 

(3.5) 

(3.6) 

(3.7) 
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The possible values of S depend on whether the semi-active damper is used as a contin

uously variabie damper (SE [0, 1]) or as a multi-level damper (SE {0, 1} ). The sprung 

mass mcr and the static spring force Fs,stat = m cr9 depend on the payload. The mass 

mcr for a fully laden and for an un-laden vehicle is determined from simulations with 

many different values for mcr such that the behavior of the two-DOF model resembles 

the behavior of half the rear side of the tractor of the 3D vehicle model. The values of 

mcr and the other quantities, used in the two-DOF vehicle model, are given in Table 

3.1. The forward velocity V of the vehicle depends on the road surface. 

Table 3.1: Parameter values of the two-DOF vehicle model. 

I quantity I symbol I value I unit I 

unsprung mass mar 700 [kg] 

sprung mass (un-laden) m cr 955 [kg] 

sprung mass (laden) m cr 4272.5 [kg] 

tire stiffness ktire 2.4 *106 [N/m] 
damper time constant Td 0.0065 [s] 

tire footprint length l 0.3 [m] 

tractor wheelbase L 3.5 [m] 

In this chapter, the same nonlinear two-DOF vehicle model is used to evaluate the 

performance of the controlled semi-active systems and the same model with S = 0.5 is 

used to evaluate the performance of the vehicle with a conventional passive suspension, 

unless mentioned otherwise. 

3.1.2 Road models for control method selection 

For the evaluation of the system performance, the nonlinear two-DOF vehicle si mulation 

model uses the left tracks of the road mode is in Section 2.3 as road inputs. The forward 

velocity of the vehicle model on each of these road surfaces is specified in Section 2.3. 

3.2 Control objective 

The control objective reflects the performance aspects for which the suspension has to 

be optimized. The chosen objective is to imprave accupants comfort and to reduce the 

incidental load on the chassis components and on the cargo, without a bump stop or 

a rebound element coming into effect and without tire lift-off. If it is impossible to 

prevent the suspension deflection from reaching its bounds then t he resulting impact 

force has to be as small as possible. Furthermore, if tire lift-offis inevitable then the 

lift-off time must be as short as possible. 
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According to Chapter 2, the comfort of the accupants and the incidental load on 

the chassis components and cargo is related to (maximum) absolute accelerations of 

the accupants and of the vehicle body. Therefore, the maximum absolute acceleration 

lt7crl = 1±3 1 of the sprung mass in the internal controller model is used as a measure for 

both comfort and incidental load on the chassis components and cargo. 

In practice, either a bump stop or a rebound element comes into effect if a bound 

on the suspension working space [il , lu] is reached. The impact force depends on the 

relative velocity of the axle and the chassis at the moment of the impact . In the internal 

model, however, bump stops and rebound elements are not taken into account, so it 

is not possible to determine impact forces in this model and to use these forces in the 

performance index. Furthermore, the suspension deflection x 2 = Qcr- Qar , as calculated 

in this model, can be ou tside the allowed range [l1, lu ]. Let J1 and Ju be defined by 

(3.8) 

where é is the unit step function, i.e. E(y) = 0 if y < 0 and é(y) = 1 if y ~ 0. Then 
J1 =I 0 (Ju =I 0) represents an excess of the negative (positive) suspension deflection 

bound. Without thorough analysis it is assumed that these virtual excesses are a 

suitable measure for the impact force. The values for the bounds on the suspension 

deflection, i.e. l1 and lu, are given in Table 3.2. 

Table 3.2: Values for the bounds on the suspension working space. 

quantity I parameter I value I unit I 
lower bound suspension deflection ll -0.09 [m] 

upper bound suspension deflection lu +0.14 [m] 

The road height between the front and the rear wheels of the tractor is estimated by 

a 'reconstructor' from measurements of, e.g., accelerations and suspension deflections 

at the front side of the tractor. This reconstructor delivers the road surface over the 

preview interval (t , t + tp] only. It was decided not to make assumptions about the 

oncoming road surface outside this interval. Therefore, the controller does not find the 

optimum over the total driving time but only over the preview interval (t , t + tp]· 
The control objective is translated now in finding the function S : (t , t + tp] -t A 

which minimizes the performance index J, defined by 

l t+tp 
J = max Ct(t') + ~(t')dt' + Jex1(t + tp), 

t'E(t,t+tp] t 

where c1(t') and c2 (t') are given by 

lx3(t')l + V1 · J1(t') + v2 . JU(t') 

W · é(F1(t')). 

(3.9) 

(3.10) 

(3.11) 



30 Selection of the control method for the semi-active system 

The quantity c1 (t') is the sum of the maximum absolute acceleration of the sprung mass 

at time t' and two terms to penalize an eventual excess of the suspension deflection 

bounds at timet'. The quantity c2(t') penalizes eventual tire lift-offat timet'. The 

penalty factors V1 , V2 and W are large, positive numbers. Furthermore, the term 

lext(t + tp) accounts for the expected performance fort' > t + tp. lt may be a function 

of the state quantities at t + tp and possibly of the road surface in the preview interval. 

However, in this thesis the term is taken equal to zero. 

A numerical elaboration of the stated problem is hampered by the fact that the 

design variabie to be found is the function S : (t, t + tp] --? A and not a parameter 

or a vector of parameters. To deal with this problem discretization is used. The 

preview interval (t, t+tp] is divided in I subintervals offixed length D.h; (plus a possibly 

remairring subinterval smaller than D.h;) by generating equidistant time points 

tk = t + kb.h;, k E {1 , 2, · · ·, 1}, 

such that tp- D.h; < I D.h; :=:; tp (see Figure 3.2) . In each subintervalk E {1, 2, ···,I} 
the function S(t') is approximated by a constant Sk E A, whereas the damper setting 

for the interval ( t +I D.h;, t + tp] is left out of consideration, so the controller de termines 

the optimum not for ( t, t + tp], but for ( t, t +I D.h;] . The set S.. = [S1, S2 , • • • , S 1] is called 

a damper setting combination. 

preview interval 

subintervals 

time points used by 
integration algorithm 

evaluated controller 
model response points 

I I-...... __._._ ............ 

Figure 3.2: The preview interval 

tl 

The controller solves the system equations (3.2) to (3.7) with a numerical integration 

algorithm, given the state at timet ( = current state) of the controlled vehicle, the road 



3.2. Control objective 31 

height for the preview interval and a chosen damper setting combination s_. In genera!, 

the reconstructor will give the road height only at a number of discrete time points 

which do not coincide with the discrete time points, used by the integration algorithm. 

Then an interpolation algorithm is required to estimate the road height at the discrete 

time points of the integration algorithm. In the remainder of this thesis it is assumed 

that the road height is known at the discrete time points of the integration algorithm. 

The state ofthe model is determined at C discrete time points t+flhc, t+2flhc, · · ·, t+ 

Cflhc, where Cflhc =I l:lh; and, to get usabie results, C >I (see Figure 3.2). At each 

of these time points the functions c1 and c2 are evaluated and used to calculate the 

performance index J. The integral in Equation (3.9) is approximated by 

(3.12) 

The first term in this approximation, i.e. ~flhc~(t), is the same for all possible damper 

settings in the interval (t, t + tp] and is therefore irrelevant. Hence, the performance 

index for the discrete problem is approximated by1 

J = . max c1(t+jflhc)+ 
jE{l,2, .. ·,C} 

C-l 1 
flhcL c2(t + jl:lhc) + 2flhcc2(t + Cflhc) + lext(Cflhc) 

j=l 

and the original control objective is now approximated by 

(3.13) 

using the definitions for c1 and c2, the state J<.(t) and the reconstructed raad 

surface q,, at the discrete time points of the integration algorithm in ( t, t+tp], 

determine the damper settings Sk E A for k E {1, 2, ... , I} which minimize 

this performance index under the constraints of the system equations {3.2} 

to (3. 1}. 

The choice of the penalty factors Vt, v2 and w in the expressions for Ct and C2 is 

rather difficult. It is useful to scale and make the penalty factors non-dimensional by 

the order of magnitude of the quantities to be penalized. This strategy for determin

ing the penalty factors is presented in Appendix A. The values for V1 , V2 and W are 

given in Table 3.3. They are selected from a large number of possible non-dimensional 

(Vt, V2*, W*)-combinations such that the behavior of the controlled system is satisfacto

rily if one of the constraints is violated in a preview intervaL 

1 A conceptually more charming alternative for approxirnating max c1 (t') fort' E (t, t + tp] in Equa

tion (3.9) is to use evaluated nmction values of c1 at the discrete time points of the integration 

algorithrn. A conceptually attractive alternative to determine the integral in Equation (3.9) is solving 

jpart(t') = c2(t') fort' E (t,t + tp] with Jpart(t) = 0 together with the system equations (3.2) to (3.7) 
of the controller internal model. 
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Table 3.3: Values for penalty factors. 

penalized quantity I penalty factor I value I unit 

excess of bound on negative suspension defiection vl 104 [1/m] 
excess of bound on positive suspension defiection v2 104 [1/m] 

excess of bound .on tire lift-off time w 104 [1/s] 

3.3 Control concepts for a multi-level damper 

The semi-active damper of Chapter 2 can be used as a multi-level damper by restricting 

the set of possible damper settings. In this section, two control concepts are presented 

whereas a third developed concept, the dynamic programming controller, is presented 

by Muijderman et al. [29]. The latter is applicable for control objectives that satisfy 

Bellman's principle of optimality (Bellman [2]). It is questionable whether or not this 

is the case for the control objective used in this thesis. However, the dynamic pro

gramming controller is applicable for many other control objectives and is then often 

preferabie to the control concepts presented in this section with respect to the required 

controller computation time if the preview interval contains many subintervals or if a 

damper with many levels is used. The analysis in this section is restricted to two-level 

dampers, but can be extended with some minor modifications to dampers with more 

levels. 

3.3.1 Direct calculation controller 

The direct calculation controller (DCC) is the most straightforward controller for the 

problem stated in Section 3.2. This controller is applicable for a broad class of control 

objectives and always determines the global optimum. 

The procedure of the DCC is schematically depicted in Figure 3.3. The DCC calcu

lates for all possible damper setting combinations S.. = [S1 , S2 , · · ·, S1] the response of 

the controller internal model at the C discrete time points t+flhc, t+2flhc, · · ·, t+Cflhc 

in the interval ( t, t + I b.h;] and determines the performance index J, given the state 

;r.(t) and the road surface at discrete time points in the preview interval. The damper 

setting combination with the best performance is the optima! control sequence s_opt for 

the current preview interval. However, it is not recommended to apply this optima! se

quence during the whole interval (t, t +I b.h;] since the time interval for which the road 

surface is reconstructed steadily increases. Therefore, the obtained optima! damper 

settings are applied only in the irtterval (t, t + sb.h;] with 1 :::; s :::; I. Then a new 

preview interval , which takes the extra road information into account, is considered 

and the whole optimization procedure is repeated for this new interval. 
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Figure 3.3: DCC procedure 
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The branch-and-bound controller (BBC) is based on a methad that was introduced in 

1960 by Land and Doig [25] to solve discrete programming problems. The diversity of 

control objectives that can be handled with the BBC is less than with the DCC. The 

BBC is applicable to discrete control problems with a monotonously non-decreasing 

objective function over the preview interval for each damper setting combination (which 

is the case for the control objective in Section 3.2) . For these problems the BBC 

requires at the utmost the same but in general much less CPU time than the DCC, 

whereas the performance wiJl be the same. If the allowed controller computation time 

for determining the optima! control sequence over the preview interval is too small 

to determine the optimum over the whole interval then it is likely that the obtained 

optimum of the BBC is 'bet ter' , i.e. the optimum over a larger part of the preview 

interval, than the optimum of the DCC because no time is wasted on useless damper 

setting sequences. Therefore, the BBC is preferabie to the DCC for control problems 

to which it can be applied. 

The 'tree diagram' of Figure 3.4 is used to explain the branch-and-bound methad 

for the case of a two-level damper with the objective function of Section 3.2. This 

tigure contains layers with branch points and branches between the layers. Layer k E 
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Figure 3.4: Tree diagram 

k 

{0, 1, 2, ... ,I} corresponds to time point tk = t + kb..h; . From each branch point in layer 

k E {0, 1, 2, ... ,I- 1} two branches to layer k + 1 originate. One of these branches (the 

upper one in Figure 3.4) corresponds to the low damper setting Sk+l = 0 in (tk, tk+t], 

the other branch (the lower one in Figure 3.4) to the high damper setting Sk+t = 1. 

The branch points in layer k are numbered from j = 1 at the top to j = 2k at the 

bottom. The branch point in layer k with number j is denoted by P(k,j). If k < I 

then P(k,j) is connected to P(k + 1,2j -1) and to P(k + 1,2j). The unique set of 

branches, connecting P(O, 1) to P(k, j) is called a trunk and is denoted by T(k,j) . If 

k < I then T(k , j) is a partial trunk whereas T(I, j) is a complete trunk. Each trunk 

T(k, j) corresponds to a unique control sequence S 1 , S2 , . . . , Sk and it can be seen that 

j = 1 + zk- 1S1 + ... + 2Sk- l + Sk· For each trunk T(k,j), a cost performance index 

Jt(k, j) is defined. If the number of time points in (t, t + kb..h;], where the state of the 

controller internal model is determined by the controller, is denoted by nk (so nk :::; C) 

then J1(k, j) is defined by 

max c1 (t + jb..hc) + 
j€{1,2,- ··,nk} 

n k -1 1 
b..hc L c2(t + jb..hc) + -b..hcc2(t + nkb..hc)· 

j=l 2 
(3.14) 

The optima! control sequence s_apt = { S'{P1, Si'1, • • · , Sf'1} corresponds to that complete 

trunk T(I,j) for which Jt(I,j) = min(J1(I, 1) , ... , J1(I , 21)). 

In the procedure to determine the optima! complete trunk the cost performance 

index is calculated for, in genera!, a lot of (partial) trunks. A (partial) trunk for which 

the cost performance index is determined is called a processed (partial) trunk and the 
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set of all tuples (k, j) for which T(k, j) is processed whereas the branches connected to 

this trunk are not processed is denoted by D. The essential steps in the branch-and

bound procedure are now given in the following algorithm: 

step 1 (initialization): process the partial trunks T(1, 1) and T(1, 2) from the origin 

tothebranch points in layer 1, i.e. determine 11(1, 1) and 11(1, 2), and initialize 

D with D = {(1, 1), (1, 2)} 

step 2: select the tuple (k, j) E D such that 

J1(k,j) = min J1(p,q) 
(p,q)ED 

(3.15) 

step 3: if k < I then process the branches from P(k,j) to P(k + 1, 2j- 1) and to 

P(k + 1, 2j), i.e. determine J1(k + 1, 2j- 1) and J1(k + 1, 2j), extend D with 

the tuples (k + 1, 2j- 1) and (k + 1, 2j) andremove (k,j) from D 
step 4: repeat step 2 and step 3 until k =I. Call this tuple (I,Q). 

The trunk T(I, Q) is the optima! trunk. lt corresponds to the optima! control sequence 

s_opt = {S~1 , S'{"1, • · ·, Si1} with 1 + 21- 15~1 + ... + 2Sf__\ + Si1 = Q. In general this 
sequence can be found with the given algorithm without having to consider all possible, 

i.e. 21 , sequences. This optima! control sequence is applied in the interval (t, t + st.hiJ 

with 1 :$ s :$ I. Then a new preview interval is considered and the whole optimization 
procedure is repeated for this new interval. 

3.4 Control concept for a continuously variabie damper 

This sectien presents the so-called sequentia! quadratic programmingcontroller (SQPC) 

for a continuously variabie damper. This control concept is based on the sequentia! 

quadratic programming (SQP) technique to solve constrained optimization problems 

with continuous design variables (see also van der Aa [1]). For each preview interval, 

the SQP technique is used todetermine the control sequence s_ = {ShS2 , .. ·,ST}, 
where the elements Sk E [0, 1] are treated as design variables. 

The SQP algorithm can use a problem description equivalent to that in Section 

3.2. However, the maximum value operator in the performance index (3.13) introduces 

discontinuities in the derivative of this function with respect to the design variables sk 
for k E {1, 2, ···,I}. This can cause serious problems with the usual SQP procedure. 

However, this operator can be easily avoided by means of an additional design variabie 

Sr+l· The original performance index (3.13) is then replaced by 

(3.16) 
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with the additional constraints 

C-1 1 
c1(t + jö.hc) + ö.hc L c2(t + kö.hc) + 2,6.hcc2(t + Cf::..hc)::; Sr+l 

k=l 

Vj E {1, 2, · · · , C}. (3.17) 

The original problem is then replaced by the equivalent problem 

using the definitions (3.10} and (3.11} for c1 and c2 , the state ±(t) and 

the reconstructed raad surface Qrr at the discrete time points of the integra

tion algorithm in (t, t + tp], determine the damper settings Sk E [0, 1] for 

k E {1, 2, ... ,I} and an additional design variable Sr+1 which minimize the 

performance index (3.16} under the constraints ofthe system equations (3.2) 

to (3. 7) and the additional constraints (3.17}. 

The extra design variabie 51+1 does not represent a damper setting but can be 

interpreted as the unknown upper bound of the performance index which is minimized. 

lt can be seen that the performance index (3.16) is differentiable with respect to all 

design variables. This approach to convert a min-max problem into a smooth pröblem 

by using an additional variabie appears to be very useful in many applications (Haftka 

et al. [14], Haug et al. [15]). 

The SQP optimization algorithm may perfarm poorly when the design variables 

and constraints are scaled improperly. To prevent ill-conditioning, the magnitude of all 

design variables should be of the same order. Besides, the magnitude of all constraints 

should be of the same order if they are at similar levels of criticality. The upper limit 

of Sk, k E {1, 2, ···,I} is equal to 1. FUrthermore, the upper limit of SI+ 1 and of the 

constraints are scaled to 1. 

The procedure of the SQP controller (SQPC) is schematically depicted in Figure 

3.5. Starting with an initia! guess z_(O) = {~(O), sl+l (O)} for the design variables, the 

controller determines the response and the performance of the controller internal model 

over (t, t + I ö.h;], using the current state of the controlled vehicle and the preview 

information. 

The SQP algorithm determines the 'optimum' solution z_opt in an iterative process. 

In iteration step i ( E {1, 2, · · ·} ), first the original problem is approximated by a qua

dratic problem in the neighborhood of the last estimation of the optima! solution, i.e. 

z_(i-l). This quadratic problem is solved, yielding a search direction for the optima! 

solution of the original problem. Then, a new estimation of the optima! solution, z_(i) 

is determined by solving a one-dimensional optimization problem in this search direc

tion. The performance of the internal model for z_(i) is determined and compared to 

the performances for previous estimates of the optima! solution. The iterative process 
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is finished and Z..""t = {S.""\ S~\} is established if, according to a chosen criterion, the 

estimate is close enough to the 'optimal' solution. A more detailed description of this 

SQP algorithm is available in Haftka et al. [14]. 

The optima! control sequence S.""t is applied in the interval (t, t + s~h;] with 1 ~ 

s ~ I . Then a new preview interval is considered and the whole optimization procedure 

is repeated for this new interval. 

The initia! values for Sk, k E {1, 2, ···,I+ 1} in the first preview interval and the 

initial values for Sk> k E {I-s+ 1, ···,I} in the second and subsequent preview intervals 

are chosen. However, for the secend and subsequent preview intervals, the initia! value 

for Sk, k E {1, 2, ···,I - s} is taken equal to the calculated optima! value Sk+s in 

the previous preview interval whereas the initia! value for sl+l is taken equal to the 

optima! value Sr+! ofthe previous preview interval. An undesirable property ofthe SQP 

algorithm is that the optimization may converge to a local minimum if the vector with 

initial design variables is not close to the global minimum of the optimization problem. 

Therefore, the performance of the SQPC controller may imprave if the optimum control 

sequence over a preview interval is determined for different values of the initia! design 

variables. However, the computation time of the controller wil! strongly increase and 

therefore repeated application of the SQP algorithm for different values of the initia! 
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design variables is omitted in this thesis. 

Usually and in contrast to the earlier mentioned control objective, an SQP algorithm 

takes constraints like those on the suspension defiection and the tire lift-off time expli

citly into account. In this chapter the performance of the continuously variabie damper 

with SQPC is compared to the performance of the controlled two-level damper. It is 

unknown whether the problem description equivalent to that in Section 3.2 or the ex

plicit formulation is more fair for the comparison. Therefore, next to the SQP controller 

with the above mentioned control objective, called SQPCO, an SQP controller which 

takes the constraints on the suspension defiection and the tire lift-off time explicitly 

into account is used for this comparison. The latter is called SQPCE. 

3.5 Choice of valnes forsome controller parameters 

In this section, suitable values for the parameters !lh;, s!lh; and flhc are determined. 

The laden two-DOF model with the nonlinear air springs and the DCC controlled 

nonlinear two-level damper of Section 3.1.1 is used as controller internal model and 

simulation model. The control objective is the same as in Section 3.2 and the five 

incidental road excitations with one single vehicle velocity are used. The controlled ve

hicle response is calculated very accurately with a variable~order variabie-step Adams 

methad and a sample interval of 0.0001 s. This small sample interval is used to get ac

curate tire lift-off times from the controlled vehicle response at equidistant time points. 

For each of the incidental road excitations, the quantities strongly related to the con

trol objective, i.e. the maximum absolute sprung mass acceleration, the excesses of 

the bounds on the suspension defiection and the tire lift-off time, are determined from 

the controlled vehicle response. They are used to judge the performance. A quantity 

called CR (Computational Requirement) is used as a measure for the computational 

requirement on the controller. The value of this quantity is chosen proportional to the 

CPU time on a PC with a Pentium 100 processor and 16MB RAM memory. The value 

for CR is 1 if 10 s CPU time are required on this machine. 

3.5.1 Subinterval length !lh; 

In this section, a suitable subintervallength !lh; is determined, i.e. a !lh; with 'high' 

performance and 'low' CR. lt wil! be shown that the CR for a controller reduces con

siderably if !lh; is increased and that the performance of the controller decreases if !lh; 

is too large. 

The infiuence of control signals with a frequency far above 10 Hz (!lh; << 0.1 

s) on the model response wil! be negligible, because the highest natura! frequency of 

the linearized two-DOF controller model is about 10 Hz. Therefore, !lh; ;:::: 0.025 s is 
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chosen. Of course, the maximum length of .6.h; is equal to tP. The application interval 

s.ó.h; is equal to .ó.h;, i.e. s = 1. The road surface is supposed to be known as a 

continuous function of time over the preview interval and a variabie-order variabie

step Adams method is used to determine the responses of the controller internal model 

with .6.hc = 0.0001 s. Instead of using the prescribed forward velocity V on each 

incidental road surface, V = 63 km/h for all road surfaces in this section, which means 

tp = 0.20 s. This velocity is close to the average velocity of the vehicle for the different 

incidental road excitations. Furthermore, for this velocity, the investigated subinterval 

Jengths 0.025 s, 0.050 s, 0.100 s and 0.200 s, all fit an integer number of times in the 

preview interval, so the whole preview interval is taken into account for all investigated 

subintervallengths and none of the subintervallengths is more advantageous because a 

larger part of the preview interval is taken into account. For tp = 0.20 s, the controller 

previews in one preview interval the whole obstacle only for the standard brick, the 

scraped road and the well. For each preview interval, the controller determines the res

ponse of the internal vehicle model for all possible damper setting combinations. Only 

for the standard brick, the scraped road and the well, there isonepreview interval (the 

first one) which captures for each possible damper setting combination over the total 

simulation time the response parts which might influence the values of the performance 

quantities used in this section. 

Table 3.4 gives the performance and the CR of the semi-active system with dif

ferent controllers for the standard bi'ick. The table also gives the performance of a 

'passive low', a 'passive medium' and a 'passive high' system. These systems contain 

conventional passive dampers with force- relative velocity characteristics similar to the 

semi-active damper characteristic with Sa = 0, Sa = 0.5 and Sa = 1. The suspension 

deflection remains within the available suspension working space and tire lift-off does 

not occur, so the controllers wiJl focus on reducing the maximum absolute sprung mass 

acceleration. Th is acceleration is for the controllers 2"", 3"" and 4"" equal to, and for 

controller 1 aa 3.5 % lower than that of the 'best' passive system on this raad surface 

(passive low). However, the CR for controller 1"" is more than 8 times the CR for the 

other controllers. 

Table 3.5 gives the performance and the CR for the traffic hump. The suspension 

deflection exceeds the available suspension working space and tire lift-off occurs, so the 

controllers focus on a reduction of these excesses. For all controllers, the semi-active 

system shows the same maximum excess ó1 as the 'best' passive system on this road 

surface (passive high) . Apparently, it is not possible for the semi-active system to 

reduce this excess compared to the 'best' passive system. The tire lift-off time of the 
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Table 3.4: Performance and CR for the standard brick of three passive systems and the 

DCC controlled semi-active system with different IJ..h; and s!J..h; = IJ..h;. 

Standard brick IJ..h; s/J..h; max Jijcri tire lift-off max ó" max 81 CR 

[s] [s] [m/s2] [s] [m] [m] [-] 

controller 1 aa 0.025 0.025 2.70 0.000 0.00 0.00 13.06 

controller 2aa 0.050 0.050 2.79 0.000 0.00 0.00 1.49 

controller 3aa 0.100 0.100 2.79 0.000 0.00 0.00 0.64 

controller 4aa 0.200 0.200 2.79 0.000 0.00 0.00 0.44 

passive low 2.79 0.000 0.00 0.00 

passive medium 3.78 0.000 0.00 0.00 

passive high 4.49 0.000 0.00 0.00 

Table 3.5: Performance and CR for the traffic hump of three passive systems and the DCC 

controlled semi-active system with different IJ..h; and s/J..h; = IJ..hi· 

Traffic hump IJ..h; s!J..h; max liicrl tire lift-off max ó" max 81 CR 

[s] [s) [m/s2] [s) [m] [m) [-) 

controller 1 aa 0.025 0.025 18.58 0.067 0.00 0.02 13.06 

controller 2aa 0.050 0.050 18.58 0.067 0.00 0.02 1.49 

controller 3aa 0.100 0.100 18.58 0.067 0.00 0.02 0.60 

controller 4aa 0.200 0.200 18.58 0.094 0.00 0.02 0.41 

passive low 20.32 0.094 0.00 0.04 

passive medium 19.03 0.086 0.00 0.03 

passive high 18.58 0.094 0.00 0.02 

semi-active system with controller 4aa is the same as for the 'best' passive system 

whereas the ti re lift-off time of the semi-active system with controller 1 aa , 2aa or 3aa is 

29 % lower than that of the 'best' passive system. 

Tables 3.6 and 3.7 give the performance and the CR for the scraped road and the 

wel!. The suspension defiection remains within the available suspension working space 

but the tire looses contact with the road, so the controllers focus on a reduction of the 

tire lift-off time. For the scraped road, the tire lift-off time of the semi-active system 

with controller 1aa, 2aa or 3aa is 9% lower than that ofthe 'best' passive system on this 

road surface (passive medium), whereas the tire lift-off time of the semi-active system 

with controller 4aa is equal to the tire lift-off time of the passive low system, which is 

the best passive system that can be realized with a constant setting of the two-level 

damper. For the well, the tire lift-off time of the semi-active system is for all controllers 

equal to that of the 'best' passive system on this road surface (passive high). 
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Table 3.6: Performance and CR for the scraped road of three passive systems and the DCC 

controlled semi-active system with different 6.h; and s6.h; = 6.h;. 

Scraped raad b..h; sb..h; max liicrl tire lift-off max óu max <51 CR 

[s] [s] [m/s2] [s] [m] [m] [-] 

controller 1 aa 0.025 0.025 8.51 0.043 0.00 0.00 13.74 

controller 2aa 0.050 0.050 8.51 0.043 0.00 0.00 1.57 

controller 3aa 0.100 0.100 8.51 0.043 0.00 0.00 0.61 

controller 4aa 0.200 0.200 8.51 0.050 0.00 0.00 0.41 

passive low 8.51 0.050 0.00 0.00 

passive medium 9.48 0.047 0.00 0.00 

passive high 9.97 0.052 0.00 0.00 

Table 3.7: Performance and CR for the wellof three passive systems and the DCC controlled 

semi-active system with different 6.h; and sb..h; = 6.h;. 

Well b..h; sb..h; max liicrl tire lift-off max óu max 61 CR 

[s] [s] [m/s2] [s] [m] [m] [-] 

controller 1 aa 0.025 0.025 9.12 0.044 0.00 0.00 13.47 

controller 2aa 0.050 0.050 9.12 0.044 0.00 0.00 1.55 
controller 3aa 0.100 0.100 9.12 0.044 0.00 0.00 0.62 

controller 4aa 0.200 0.200 9.12 0.044 0.00 0.00 0.42 

passive low 7.55 0.081 0.00 0.00 

passive medium 8.46 0.065 0.00 0.00 

passive high 9.12 0.044 0.00 0.00 

Table 3.8 gives the performance and the CR for the wave. The suspension deflection 

exceeds the available suspension werking space, but tire lift-off does not occur, so the 

controllers focus on a reduction of the excesses of the bounds on the suspension defl.ec

tion. The results are conspicuous. The performance of the best passive system that 

can be realized with a constant setting of the two-level damper (passive high) is better 

than the performance of the 'best' semi-active system for the wave. Furthermore, the 

controllers 1 aa and 2aa not only have the same switching time points as controller 3aa 

but they even have more switching opportunities in the preview interval than controller 

3aa. However, contrary to the expectation, the performance decreases by increasing the 

number of switching time points in the preview interval i.e. by using controller 1 aa or 

2aa instead of controller 3aa. The cause of this unexpected behavior is further investi

gated. If controllers with different b..h; and s6.h; = 6.h; start to control the semi-active 

vehicle model with velocity V and initia! state J<(O) at the same raad position, then 
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Table 3.8: Performance and CR for the wave of three passive systems and the DCC controlled 

semi-active system with different ó.h; and só.h; = ó.h; . 

Wave ó.h; só.h; max liicrl tire lift-off max Ju max J1 CR 
[s] [s] [m/s2] [s] [m] [m] [-] 

controller 1 aa 0.025 0.025 14.56 0.000 0.00 0.02 13.21 

controller 2aa 0.050 0.050 14.43 0.000 0.00 0.02 1.47 

controller 3aa 0.100 0.100 14.19 0.000 0.00 0.02 0.57 

controller 4aa 0.200 0.200 15.61 0.000 0.02 0.02 0.37 

passive low 23.97 0.000 0.08 0.04 

passive medium 17.14 0.000 0.02 0.03 

passive high 13.65 0.000 0.00 0.02 

these controllers have the same initia! state and the same preview information for the 

first preview interval only. Table 3.9 gives the performance for the wave of the semi~ 

active vehicle model with V = 63 km/h over [0 s, 0.2 s] for controllers with só.h; = 

0.2 s and different ó.h;, where the vehicle is initially (t' = 0 s) in static equilibrium. 

This table shows that the performance over the first preview interval does not decrease 

if ó.h; decreases, i.e. if more switching time points are chosen in the preview interval. 

However, if partsof the vehicle model response which determine the performance of the 

Table 3.9: Performance over [0 s, 0 .2 s] for the wave of the DCC controlled semi-active 

system with different ó.h; and só.h; = 0.2 s. 

Wave ó.h; só.h; max liicrl tire lift-off max Ju max J1 

[s] [s] [m/s2] [s] [m] [m] 

controller 1 da 0.025 0.200 4.85 0.000 0.00 0.00 

controller 2da 0.050 0.200 4.98 0.000 0.00 0.02 

controller 3da 0.100 0.200 4.98 0.000 0.00 0.02 

controller 4da 0.200 0.200 5.24 0.000 0.02 0.02 

controlled vehicle over the total simulation time are not captured in this first preview 

interval whereas the applied damper setting of this interval influences the performance 

in front of the first preview interval then this applied setting may be undesirable with 

respect to the response in front of the first preview interval. In other words, the optima! 

settings for the first 0.2 s may not be favorable for the vehicle performance over a larger 

time interval. This implies that t he performance decrease for controllers with more 

switching time points in the preview interval may be caused by a too short time inter

val for which the controller internal model response can be determined. Implicitly, this 

performance decrease is then caused by a too short preview interval , as the controller 
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internal model response can only be determined over the preview interval. The fact 

that the performance of the 'best' semi-active system is worse than the performance of 

the best passive system that can be realized with a constant setting of the two-level 

damper may also be due to a too short preview interval. If the controllers would have 

the performance determining part of the vehicle response over the total sim u lation time 

to their disposal in each preview interval, then each of the controllers would have recog

nized that permanent application of the high damper setting gives a better performance 

than the currently applied damper setting sequence. Whether a too short preview in

terval is indeed the cause of the disappointing performance of the semi-active systems 

can be investigated by camparing the performances of the controllers with different 

.ó.h; and s.ó.h; = .ó.h; for an increased wheelbase length, i.e. a larger value of tp. The 

computational burden of the controllers increases tremendously for large values of tv· 

Therefore, this investigation is postponed to Section 3. 7 where a more efficient version 

of the controller is established. 

Summarizing, for the traffic hump, the scraped road and the wave, the performance 

of the semi-active system increases distinctly if .ó.h; is reduced from 0.200 s to 0.100 s. 

For the well, the performance of the semi-active system is the same for all controllers 

and for the standard brick the performance increases slightly if .ó.h; is reduced from 

0.050 s to 0.025 s at the expense of a much higher value for CR. 

A subinterval length of 0.100 s implies a 10 Hz switching frequency is = 1/ .ó.h; 

of the controller. This frequency is close to the highest undamped natura! frequency 

in = 9.7 Hz of the linearized two-DOF vehicle model (linearized with respect to the 

static equilibrium position). Some extra simulations are carried out to investigate 

whether or not the highest undamped natura! frequency in of the linearized model 

indeed determines the required value for .ó.h;. For this purpose, in is increased to 

29.6 Hz by multiplying the original tire stiffness by a factor 10 and the responses are 

determined for all incidental road excitations for V = 63 km/h. 

For the scraped road and the well, only an excess of the eenstraint on the tire 

force occurs for the 'best' passive vehicle model and the semi-active vehicle models, 

both for in = 9.7· Hz and for in = 29.6 Hz. Figure 3.6 shows for each of these road 

surfaces the percentage ti re lift-off time of the semi-active system with respect to the ti re 

lift-off time of the 'best' passive system for in = 9.7 Hz for controllers with different 

subinterval lengths .ó.h; and s.ó.h; = .ó.h;. The same is shown for the systems with 

in = 29.6 Hz. Figure 3.6 shows that the allowable switching frequency is of the semi

active system controller is close to or higher than in if a shorter tire lift-off time than 

for the 'best' passive system is required. Semi-active systems with is < < fn have the 

same performance as the 'best' passive system or worse. Also for the other incidental 

road excitations, an improved performance of the semi-active system with respect to 
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Figure 3.6: Percentage tire lift-off time of the semi-active system with respect to the tire 

lift-off time of the 'best' passive system for the scraped road and for the well. ( *: semi-active 

system for the well; 0: semi-active system for the scraped road) 

the 'best' passive system is observed only for systems with fs close to or higher than 

fn· This is the case for the controllers laa, 2aa and 3aa. However, CR is much higher 

for controller 1 aa than for the controllers 2aa and 3aa whereas fs of controller 3aa is only 

marginally higher than fn· Therefore, controller 2aa with f...h; = 0.050 s, i.e. fs ~ 2fn, 

seems the most suitable one. 

A smaller f...h; might be desirabie if the absolute Jocations of the switching time 

points with respect to the road excitation are important for a high performance of the 

system. A controller with a smaller f...h; provides more switching time points and is 

in advantage then. It might be true that the absolute Jocations of the switching time 

points of controller 2aa are fortunately chosen for the investigated road surfaces and 

that the performance of controller 2aa decreases much if the position of the obstacles 

is slightly shifted. This means, for example, that the performance of the semi-active 

system with controller 2aa at a forward velocity of 63 km/h might decrease much if at 
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t' = 0 s the obstacles are 0.025 s further away than in the previous simulations. This 

possible problem does not occur for the semi-active system with controller 1 aa because 

the state of this system after the application of one damper setting coincides with the 

original state (assuming static equilibrium for the system at t' = 0 s and a fiat road 

surface for the first 0.025 s) . . The latter is shown in Figure 3.7. The performance of the 

semi·-active system with controller 2aa at a velocity of 63 km/h is therefore determined 

for all incidental road excitations, where the obstacles are at t' = 0 s, 0.025 s further 

away from the semi-active system than in the previous simulations. With respect to the 

original situation, the performance quantities remain unchanged for the scraped road, 

the wel! and the wave, whereas the performance increases with 2 % and decreases with 

10 % for, respectively the standard brick and the traflic hump. So, using controller 1 aa 

instead of controller 2aa to have more switching opportunities seems useful for some 

of the road excitations. However, the CR strongly increases while the performance for 

most of the road excitations remains unchanged by using D.h; = 0.025 s instead of 

D.h; = 0.050 s. Therefore, it is decided to use 6.h; = 0.050 s. 

road surface height 

first preview interval for original situation 

frrst preview interval for new situation 

second preview interval for new situation 

frrst preview interval for original situation 

first preview interval for new situation 

second preview interval for new situation 

Figure 3. 7: The original and the new situation for the semi-active system with controller 
1 <>a respectively controller 2a<> 
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3.5.2 Application interval length s6.h; 

In this section the infiuence of the application intervallength s6.h; on the performance 

is investigated for V= 63 km/h (tp = 0.2 s) and 6.h; = 0.050 s. The investigated values 

for s6.h; are 0.050 s, 0.100 s, 0.150 s and 0.200 s. The road surface is supposed to be 

known as a continuous function of time over the preview interval and the responses of 

the controller internal model are determined with a variabie-order variabie-step Adams 

method and a sample period 6.hc = 0.0001 s. 

The semi-active system performance for the wave is given in Table 3.10 for con

trollers with different application times. The performance decreases considerably if 

s6.h; > 0.100 s. For the standard brick, the scraped road, the wel! and the traflic 

Table 3.10: Performance for the wave of the DCC controlled semi-active system with 6.h; = 
0.050 s and different s6.h;. 

Wave 6.h; s6.h; max liicrl tire lift-off max 8u max 81 

[s] [s] [m/s2] [s] [m] [m] 

controller 2"" 0.050 0.050 14.43 0.000 0.00 0.02 

controller 2b" 0.050 0.100 14.48 0.000 0.00 0.02 

controller 2ca 0.050 0.150 15.72 0.000 0.01 0.02 

controller 2d" 0.050 0.200 16.94 0.000 0.02 0.03 

hump, the semi-active system performance remains unchanged if s6.h; increases from 

0.050 s to 0.200 s. For the first three road surfaces, this might be due to the fact that 

the first preview interval is the same for the different application times and that in this 

preview interval the controller perceives all parts of the response which might infiuence 

the performance quantities. 

To investigate the behavior for a less ideal situation, the simulation with a forward 

velocity of 63 km/h is repeated for the well, where at t' = 0 s the wel! is 0.095 s further 

away from the semi-active system than in the previous simulation. Now, the controller 

does not perceive the whole performance determining part of the response in the first 

preview interval. This is shown in Figure 3.8, which gives the simulation results of 

the semi-active system with controller 2ca for two situations. The figures at the left 

and at the right side show the results for the original simulation, respectively for the 

situation where the well is 0.095 s shifted in time. The results of the semi-active system 

with different controllers for this shifted road surface are summarized in Table 3.11. 

This table shows that for the well the performance of the DCC controlled semi-active 

system may decrease considerably if s6.h; > 0.100 s. The critica! length for s6.h; in 

the range (0.100 s, 0.150 s] is unknown. Although, according to the previous results, 
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Filtered road input Filtered road input 

t~+~[ 
- 0 

t-'"1 tr I 0 -0.1 0 -0.1 
0 0.1 0.2 0.3 0.4 0 0 .1 0.2 0.3 0.4 

Time[s] Time [s] 

Filtered damper set1ing Filtered damper setting 

11 · · .. ~ .. n 1 

0 0.1 0.2 0.3 0.4 

~o:r .. t ( • ~ ·· [I 
0 0.1 0.2 0.3 0.4 

nme[s] nme[s] 

§i Sprung mass acceleration N Sprung mass acceleration 

iJ\/f±J [5/\E 
0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4 

nme [s] nme [s] 

nre force nre force 

,:h·····A··•···F·······•·········!····· ·· ··j 0100 . .. ···. .... . ... ··· ·.·· .. .. 
LL. : : : . . . . . . 0 . . . 

0 0.1 0.2 0.3 0.4 0.2 0.3 0.4 
nme[s] Time[s] 

Figure 3.8: Simuiatien results of the semi-active system with controller 2ca for the original 

situation (left figures) and the situation where at t' = 0 s the well is 0.095 s further away 

than in the original situation (right figures) 
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sb.h; = 0.100 s might be acceptable, it is decided to use sb.h; = 0.050 s in order to 

have a safety margin. 

Table 3 .11: Performance for the well of the DCC controlled semi-active system with 

b.h; = 0.050 s and different sb.h;, if the well is. at t' = 0 s, 0 .095 s further away than in 

the original simulation (V= 63 km/h). 

Weil b.h; sb..h, max liicrl tire lift-of! max 8u max 81 

[s] [s] [m/s2] [s] [m] [m] 

controller 244 0.050 0.050 9.12 0.044 0.00 0.00 

controller 2ba 0.050 0.100 9.12 0.044 0.00 0.00 

controller 2ca 0.050 0.150 10.90 0.065 0.00 0.00 

controller 2da 0.050 0.200 7.74 0.079 0.00 0.00 

3.5.3 Sample interval length b.hc and integration routine 

The value for CR reduces if the sample period D..hc is in,creased and/or if a simpler 

integration routine is used. This section describes the determination of the maximum 

allowable b.hc and the selection of a si!l1ple integration routine for which the perfor

mance of the controller with b..h; = 0.050 s and sb.h; = b.h; is maximum. 

First the maximum allowable b.hc for the evaluation of the performance index is 

determined. The road surface is supposed to be known as a continuous function of time 

over the preview interval and the controller internat model response is calculated with 

a variabie-order variabie-step Adams method at discrete times in the preview interval 

with a sample period 0.0001 s. The investigated values of b.hc are in the range of 0.0001 

s to 0.0500 s. The velocity V of the vehicle again is 63 km/h. 

The semi-active system performance for the standard brick and for the wave is the 

same for all investigated b.hc if b.h; = 0.050 s and sb.h; = b.h; whereas for the trafik 

hump only the performance for b.hc = 0.0500 s differs from the performance for the 

other sample intervals b.hc. For the scraped raad and the well, the performance of the 

semi-active system decreases if b.hc > 0.0050 s. For the well, this is shown in Table 

3.12. According tothese results, the maximum allowed lengthof b.hc for the evaluation 

of the performance index seems to be 0.0050 s. 

Next, the explicit Euler integration routine is used to determine the responses of 

the controller internal model for the controllers 244 to 2ad. For each controller, the 

stepsize of the integration routine is taken equal to b.hc. Again, V = 63 km/h and the 

simulation model responses are determined with a variabie-order variabie-step Adams 

method with a sample interval of 0.0001 s. 
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Table 3.12: Performance for the well of the DCC controlled semi-active system with b.h; = 

0.050 s, sb.hi = b.h; and different b.hc . 

[ Well b.h; sb.h; b.hc max ltÏcrl tire lift-off max c5u max 81 CR 
[s] [s] [s] [m/s2] [s] [m] [m] [-] 

controller 2aa 0.050 0.050 0.0001 9.12 0.044 0.00 0.00 1.58 

controller 2ab 0.050 0.050 0.0005 9.12 0.044 0.00 0.00 0.47 

controller 2ac 0.050 0.050 0.0010 9.12 0.044 0.00 0.00 0.28 

controller 2ad 0.050 0.050 0.0050 9.12 0.044 0.00 0.00 0.11 
controller 2ae 0.050 0.050 0.0100 9.12 0.054 0.00 0.00 0.09 

controller 2af 0.050 0.050 0.0500 10.88 0.067 0.00 0.00 0.10 

The semi-active system performance for the standard brick and for the well is the 

same for b.hc = 0.0001 s through b.hc == 0.0050 s whereas for the traffic hump, the 

scraped road and the wave only the performance for b.hc = 0.0050 s differs from the 

performance for the other sample lengtbs b.h" if b.h; = 0.050 s and sb.h; = b.h;. For the 

scraped road, this is shown in Table 3.13. Previously it is shown that the performance is 

inde:::>endent of the sample intervallength b.hc if b.hc ::; 0.0050 s and a comprehensive 

integration routine is used to determine the controller model response. This means 

that the performance decrease for b.hc = 0.0050 s is caused by the integration routine. 

This is likely, as a stepsize of 0.0050 s is larger than the smallest time constant in the 

linearized two-DOF model (linearized with respect to the static equilibrium position), 

which is about 0.0045 s. 

Table 3.13: Performance for the scraped road of the DCC controlled semi-active system 

with b.h; = 0.050 s, sb.hi == b.h;, and different b.hc. using the explixit Euler routine for 

the controller internal model. 

~ 
craped road 

~ 0 

0 

0 

ntroller 2aae 

ntroller 2abe 

ntroller 2ace 

ntroller 2ade 

b.hi 

[s] 

0.050 

0.050 

0.050 

0.050 

sb.hi Öhc 

[s] [s] 

0.050 0.0001 

0.050 0.0005 

0.050 0.0010 

0.050 0.0050 

max liicrl tire lift-off max c5u max 81 CR 
[m/s2] [s] [m] [m] [-] 

8.51 0.043 0.00 0.00 0.25 

8.51 0.043 0.00 0.00 0.07 

8.51 0.043 0.00 0.00 0.05 

11.23 0.045 0.00 0.00 0.03 
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The CR for the controller with the variabie-order variabie-step Adams algorithm 

and 6..hc = 0.0050 s is higher than the CR for the controller with the explicit Euler 

integration algorithm and 6..hc = 0.0010 s (= stepsize). The latter is therefore chosen 

for application in the following sections. However, also the explicit Euler integration 

algorithm with stepsize 0.0010 s and 6..hc = 0.0050 s might be allowed to evaluate the 

controller internal model response, as the system performance seems to be independent 

of t:lhc if 6..hc ~ 0.0050 s. 

3.5.4 Conclusions 

A two-DOF vehicle model with a DCC controlled two-level damper is used todetermine 

suitable values for the subinterval length 6..h;, the application interval length st:lh; 

and the sample interval length 6..hc for the response of the controller internal model. 

Furthermore, an integration algorithm for the determination of the controller internal 

model response is established. The following conclusions can be drawn with respect to 

these aspects: 

• A better performance for the semi-active system than for the 'best' passive system 

is only obtained for subintervallengths smaller than or at least close to the smallest 

natura! asciilation time of the linearized two-DOF model. Therefore, the length 

of the subintervals 6..h; is chosen equal to 0.050 s which is somewhat smaller than 

the smallest natura! oscillation time of the linearized two-DOF model. 

• The performance of the semi-active system decreases considerably if the optimum 

damper setting combination is applied for more than two subintervals. It is de

cided to apply only the first damper setting, i.e. st:lh; = 6..h;, in order to be at 

the safe side. 

• For determining the performance for a damper setting combination over the pre

view interval, it seems sufReient to evaluate the response ofthe two-DOF controller 

internal model at a sample interval length 6..hc = 0.005 s. 

• The responses of the controller internal model are properly determined with an 

explicit Euler integration routine with a stepsize of 0.001 s. This algorithm with 

6..hc = 0.001 s is about two times faster than a variabie-order variabie-step Adams 

routine with 6..hc = 0.005 s. Although even 6..hc = 0.005 s might be sufReient for 

the explicit Euler integration algorithm with stepsize 0.001 s, it has been decided 

to use the explicit Euler integration algorithm with 6..hc = 0.001 s. 
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3.6 Concept choice 

In this section, the performances and the computational burden for the system with con

ventional passive damper, the semi-active system with the controlled two-level damper 

and the semi-active system with the controlled continuously variabie damper are com

pared and one of the semi-active concepts is chosen for further investigation. The DCC 

is used to control the two-level damper and the SQPCO and SQPCE are used to control 

the eontinuously variabie damper. The DCC uses the control objective of Section 3.2 

whereas the SQPCO and SQPCE use the adapted versions of this objective that were 

discussed in Sectien 3.4. The subinterval length tl.h;, the application length stl.hi, the 

sample intervallength of the controller internal model response, tl.hc, and the integra

tion algorithm are as proposed in the previous section, also for the controllers based on 

the SQP method. 

Tables 3.14 to 3.18 show the performances on the incidental road surfaces of the 

mentioned semi-active two-DOF systems and the 'passive medium' two-DOF system 

(PASM). The latter represents the conventienat passive vehicle with the best average 

performance for the road surfaces used by a tractor-semitrailer. As this is the only 

passive system used in this section, it is simply called passive system in the remainder 

of this section. For the semi-active systems, also the reduction of the performance val u es 

with respect to the performance values for the 'passive medium' system is given. On 
each of the road surfaces, the prescribed forward vehicle velocity according to Chapter 2 

is used. The passive and the controlled vehicle responses are determined with a variabie

order variabie-step Adams method with a sample interval of 0.0001 s. These responses 

are used to determine a large number of the criterion values that are explained in 

Chapter 2. The weighted sprung mass acceleration iicr,w in Tables 3.14 to 3.18 is derived 

by weighting the sprung mass acceleration according to the ISO 2631 standard [20] for 

vertical accelerations. The sprung mass jerk, i.e. 'iicr, is determined by numerical 

differentiation of the sprung mass acceleration using the following central difference 

scheme 

General 

Before discussing results for specific road excitations, some general remarks are given. 

First, the comfort criteria are considered. 

For the road surfaces where the controllers focus entirely on a reduction of the maxi

mum absolute sprung mass acceleration, i.e. for the road surfaces where no constraint 

violations ( tend to) occur, the val u es of all comfort quantities except the jerk are lower 
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for the semi-active systems than for the passive system. The increased values for the 

jerk are often caused by the fact that a reduction of the maximum absolute sprung 

mass acceleration sometimes requires a switching of the damper for a non-zero relative 

velocity over the damper, which results in high values for the jerk. Therefore, it seems 

important to change the minimization of the maximum absolute sprung mass accele

ration in the control objective into the minimization of the maximum absolute sprung 

mass jerk, if the jerk turns out to be the most important comfort criterion. It appears 

furthermore that the values for the quantitative comfort criteria which depend on the 

complete time response of the vehicle model (RMS and VD values) are lower for the 

systems with continuously variabie damper than for the system with two-level damper, 

if the controllers focus entirely on a reduction of the maximum absolute sprung mass 

acceleration. Besides, in this case the continuously variabie damper with SQPCE gives 

lower values for these quantities than the continuously variabie damper with SQPCO. 

These differences in performance for the SQPCO system and the SQPCE system show 

that the chosen description of the control objective is indeed of importance for the 

performance of the SQP controlled semi-active vehicle. If the bounds on the suspension 

deflection are reached or if tire lift-off occurs and the controllers can not focus on a 

reduction of the maximum absolute sprung mass acceleration only, then most of the 

quantitative comfort criteria are still lower for the semi-active systems than for the 

passive system, even if the maximum absolute sprung mass acceleration over the total 

simulation time is not reduced. The damping of the sprung mass displacement is judged 

qualitatively from the time plots of this displacement. The damping behavior is better 

for the semi-active system with an SQPC controller than for the semi-active system 

with a DCC controller. For all road surfaces, the damping behavior of the DCC system 

is worse than that of the passive system whereas the damping behavior of the SQPCE 

system is equal to or better than that of the passive system. For the scraped road and 

the wel!, this is shown in Figure 3.9. 

The maximum discrepancy in performance between the passive system and the semi

active systems is found for the fatigue load. The PM number, a measure for the fatigue 

damage, is much lower for the semi-active systems than for the passive system for all 

road surfaces. This is due to the strong infiuence of large sprung mass accelerations on 

the PM number. Some of the large sprung mass accelerations are considerably lower 

for the semi-active system than for the passive system and consequently also the PM 

number is considerably lower for the semi-active system than for the passive system. 

So, the lifespan of the vehicle for the same road excitations seems to increase by using 

one of the semi-active suspensions instead of the passive suspension. 

The road damage for the semi-active systems varies within a range of -37 to +69 % 
compared to the road damage for the passive system. So, the inftuence of the semi-active 
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Figure 3.9: Sprung mass displacements of the passive system and the semi-active systems 

for the scraped road (left figures) and the well (right figures) 
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suspension on the road damage seems to be large. 

The most conspicuous discrepancy between the DCC controlled system and the 

SQP controlled systems concerns the computational requirements. The computational 

requirements for the SQP controllers are more than 40 times higher than the compu

tational requirement for the DCC controller. 

Standard brick 

For the standard brick, the bounds on the tire force and on the suspension defl.ection 

are not reached. Hence, the controllers focus on a reduction of the maximum ab

solute sprung mass acceleration. The DCC system gives the smallest reduction and the 

SQPCO system gives the largest reduction of this acceleration whereas the SQPCE sys

tem gives the largest reduction of all other comfort quantities, compared to the values 

for the passive system. All comfort quantities, except the jerk, are 18 to 32 % lower for 

the semi-active systems than for the passive system. The jerk is higher for some of the 

semi-active systems than for the passive system: 53 % for the DCC system and 32 % for 

the SQPCO system. Figure 3.10 shows the time plots of the sprung mass acceleration 

and the suspension defl.ection for the passive system and for the semi-active systems. 

Table 3.14: Performance and CR for the standard brick of the vehicle suspension systems. 

I aspect I criterion I unit IIPASMj DCC SQPCO SQPCE 

comfort max liicrl [mfs2] 3.09 2.28 (-26%) 2.09 (-32%) 2.21 (-28%) 

max liicr,wl [m/s2] 2.36 1.69 (-28%) 1.69 (-28%) 1.69 (-28%) 

RMS iicr [mjs2] 0.51 0.42 (-18%) 0.41 (-20%) 0.40 (-22%) 

RMS iicr,w [m/s2] 0.40 0.33 (-18%) 0.33 (-18%) 0.32 (-20%) 

VD iicr [m/sl.75] 1.18 0.91 (-23%) 0.88 (-25%) 0.85 (-28%) 

VD iicr,w [m/sl.75] 0.91 0.70 (-23%) 0.69 (-24%) 0.66 (-27%) 

max riicrl [m/s3] 352 537 (+53%) 464 (+32%) 260 (-26%) 

load max liicrl [m/s2] 3.09 2.28 (-26%) 2.09 (-32%) 2.21 (-28%) 

PM CÏcr [10-2 -] 0.06 0.03 (-50%) 0.02 (-67%) 0.01 (-83%) 

defiection nr bound excesses [-] 0 0 0 0 

RMS Qcr- Qar [10-2 m] 0.45 0.34 (-24%) 0.34 (-24%) 0.44 (-2%) 

handling tire lift-off [s] 0.000 0.000 (0%) 0.000 (0%) 0.000 (0%) 

<75% stat tire force [s] 0.038 0.054 (+42%) 0.058 (+53%) 0.066 (+74%) 

RMS dyn tire force [103 N] 14.58 15.27 ( +5%) 15.41 ( +6%) 16.75 (+15%) 

damage "'max [-] 85.40 85.57 (0%) 85.56 (0%) 85.54 (0%) 

comp time CR [-] 0.03 5.07 22.39 
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Figure 3.10: Sprung mass acceleration and suspension deflection of the passive system and 

the semi-active systems for the standard brick 
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This figure shows that the DCC and SQPCO systems reduce the maximum absolute 

acceleration at the expense of an increased other high acceleration peak whereas this is 

not the case for the SQPCE system. 

Often, improved comfort is at the expense of an increased suspension working space. 

The RMS values ofthe suspension deftection suggest a reduced suspension working space 

for the systems with the best comfort, i. e the semi-active systems. However, these RMS 

values of the suspension deftection are misleading. Figure 3.10 shows that indeed an 

increased suspension working space is required for the semi-active systems, compared 

to the passive system. The minimum increase in suspension working space is obtained 

for the DCC system (14 %) whereas the maximum increase in suspension working space 

is obtained for the SQPCE system (27 %). 

The times for which less than 75 % of the static tire force is available and the 

RMS values of the dynamic tire force are higher for the semi-active systems than for 

the passive system. The semi-active system with the smallest values for most of the 

comfort quantities shows the largest values for the handling quantities and the other 

way round. Therefore, improved comfort seems to be at the expense of a reduced 

handling capability. 

The road damage on an incidental road surface is determined by 7Jm ax · (Ftire,stat) 4 

(see Section 2.4). However, the relative road damage of the passive vehicle model and 

the semi-active vehicle models is completely determined by the road damage factor 

7Jmax, because Ftire,stat is the same for all models. Table 3.14 shows a slightly higher 

road damage for the semi-active systems than for the passive system, irrespective of 

the used controller. 

Traflic hump 

For the traffic hump, the bounds on the tire force and the suspension deftection are not 

reached, so the controllers focus on a reduction o( the maximum absolute sprung mass 

acceleration. The DCC system gives the largest reduction and the SQPC systems give 

the smallest reduction ofthis acceleration, compared to the value for the passive system. 

The largest reduction of all other comfort quantities, except the jerk, is obtained for 

the SQPCE system. All comfort quantities, except the jerk, are 14 to 28 % lower for 

the semi-active systems than for the passive system. The jerk is higher for all semi

active systems than for the passive system: 140 % for the DCC system, 52 % for the 

SQPCO system and 57 % for the SQPCE system. Figure 3.11 shows the time plots 

of the sprung mass acceleration and the suspension deftection for the passive system 

and for the semi-active systems. This figure shows similar acceleration signals for the 

investigated semi-active systems. Not only the maximum absolute acceleration but also 
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Table 3.15: Performance and CR for the traffic humpof the vehicle suspension systems. 

~eet I criterion I unit IIPASMI DCC SQPCO SQPCE 

comfort max liicrl [m/s2] 8.67 6.28 (-28%) 6.29 (-27%) 6.34 (-27%) 

max liicr,wl [m/s2] 5.57 4.71 (-15%) 4.71 (-15%) 4.56 (-18%) 

RMS iicr [m/s2] 3.62 3.03 (-16%) 2.96 (-18%) 2.86 (-21%) 

RMS iicr,w [m/s2] 2.29 1.95 (-15%) 1.93 (-16%) 1.86 (-19%) 

VD iicr [m/sl.75] 5.14 4.15 (-19%) 4.13 (-20%) 4.04 (-21%) 

VD liicr,wl [mjsL75] 3.20 2.74 (-14%) 2.73 (-15%) 2.64 (-18%) 

max riicrl [m/s3] 153 367 (+140%) 232 (+52%) 240 (+57%) 

load max liicrl [m/s2] 8.67 6.28 (-28%) 6.29 (-27%) 6.34 (-27%) 

PM iicr [10-2 -] 27.51 8.19 (-70%) 8.11 (-71%) 8.62 (-69%) 

deB.eetion nr bound excesses [-] 0 0 0 0 

RMS Qcr- Qar [10-2 m] 4.76 4.34 (-9%) 4.27 (-10%) 4.25 (-11%) 

handling tire lift-off [s] 0.000 0.000 (0%) 0.000 (0%) 0.000 (0%) 

<75% stat tire force [s] 0.280 0.284 (+1%) 0.256 (-9%) 0.247 (-12%) 

RMS dyn tire force [103 N] 33.03 27.49 (-17%) 26.80 (-19%) 26.06 (-21%) 

daml!.ge 1'/max [-] 7.99 7.22 (-10%) 7.22 (-10%) 7.21 (-10%) 

comp time CR [-] 7.37 319.09 988.40 

other high acceleration peaks are lower for the semi-active systems than for the passive 

system. 

For the traffic hump, the reduced values for the comfort quantities (except for the 

jerk) are not at the expense of an increased suspension working space: the RMS values 

of the suspension deflection are lower for the semi-active systems than for the passive 

system and, as the time plots of the suspension deflection in Figure 3.11 show, also the 

suspension working space for the semi-active systems is smaller than for the passive 

system. The required suspension working space is the same for all semi-active systems. 

0:~ the semi-active systems, the DCC system gives the smallest reduction of the 

RMS value for the dynamic tire force and a slight increase of the time for which less 

than 75 % of the static tire force is available, compared to the passive system. The 

SQPC systems give larger reductions of the RMS value for the dynamic tire force and 

reductions of the time for which less than 75 % of the static tire force is available, 

compared to the passive system. So, the handling capability is certainly improved for 

the SQPC systems and perhaps improved for the DCC system. 

The expected road damage, expressed by the road damage factor rJmax, is about 

10 % lower for the semi-active systems than for the passive system. 
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Figure 3.11: Sprung mass acceleration and suspension deflection of the passive system and 

the semi-active systems for the traffic hump. 
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Scraped road 

For the scraped road, there is an excess of the bound on the tire force, whereas the 

bounds on the suspension deflection are not reached. Hence, the controllers of the 

semi-active systems focus on a reduction of the tire lift-off time. The tire lift-off times 

for the DCC system and the SQPCE system are smaller whereas the tire lift-off time 

of the SQPCO system is somewhat larger than that of the passive system (see also 

Figure 3.12). This larger tire lift-off time for the SQPCO system is probably caused 

by the fact that the SQP algorithm searches an optimum which is not necessarily the 

global optimum for the stated problem. The time for which less than 75 % of the 

static tire force is available and the RMS value of the dynamic tire force, give the 

same indication of the handling capability as the tire lift-off time, i.e. these quantities 

increase ( decrease) if the tire lift-off time increases ( decreases). 

Table 3.16: Performance and CR for the scraped road of the vehicle suspension systems. 

~eet I criterion I unit IIPASMI DCC SQPCO SQPCE 

comfort max liicrl [m/s2] 9.48 8.51 (-10%) 8.01 (-16%) 8.51 (-10%) 

max IIÏcr,wl [m/s2] 7.36 6.48 (-12%) 6.02 (-18%) 6.48 (-12%) 

RMS lÏcr [m/s2] 2.18 1.87 (-14%) 1.97 (-10%) 1.76 (-19%) 

RMS lÏcr,w [m/s2] 1.59 1.37 (-14%) 1.43 ( -10%) 1.32 (-17%) 

VD Qcr [m/sl.75] 4.03 3.47 ( -14%) 3.47 (-14%) 3.46 (-14%) 

VD Qcr,w [m/sl.75] 3.10 2.68 (-14%) 2.65 (-15%) 2.68 (-14%) 

max I'IÏcrl [m/s3] 499 384 (-23%) 605 (+21%) 384 (-23%) 

load max IIÏcrl [m/s2] 9.48 8.51 (-10%) 8.01 (-16%) 8.51 (-10%) 

PM Qcr [10-2 -] 9.45 3.99 (-58%) 3.93 (-58%) 4.42 (-53%) 

defl.eetion nr bound excesses [-] 0 0 0 0 

RMS Qcr- Qar [10-2 m] 2.45 2.37 (-3%) 2.35 (-4%) 2.32 (-5%) 

handling tire lift-of! [s] 0.047 0.043 (-8%) 0.048 (+2%) 0.043 (-8%) 

<75% stat tire force [s] 0.098 0.097 (-1%) 0.101 (+3%) 0.097 (-1%) 

RMS dyn tire force [103 N] 44.20 43.12 (-2%) 46.01 (+4%) 42.79 (-3%) 

damage 'TJmax [-] 9.12 15.37 ( +69%) 15.06 (+65%) 15.37 ( +69%) 

comp time CR [-] 0.07 11.30 47.60 

With respect to the comfort criteria, the SQPCO system shows the smallest values 

for the maximum absolute non-weighted and weighted acceleration and for the VD value 

of the weighted acceleration. The SQPCE system shows the smallest values for the other 

comfort quantities whereas, of the investigated semi-active systems, the SQPCO system 

shows the largest values forthese other quantities. Figure 3.12 shows the time plots of 
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Figure 3.12: Tire force and sprung mass acceleration of the passive system and the semi
active systems for the scraped road 



3.6. Concept choice 61 

the sprung mass acceleration for the passive system and for the semi-active systems. 

This figure shows that not only the maximum absolute acceleration is lower for the semi

active systems than for the passive system but that also the other acceleration peaks at 

t' = 0.35 s and t' = 0.65 s are lower. The SQPCO system shows the smallest maximum 

absolute sprung mass acceleration. However, the peak at t' = 0.35 s is smallest for the 

DCC system whereas the peak at t' = 0.65 s is smallest for the SQPCE system. 

The required suspension working space is not to the disadvantage of the improved 

comfort and the improved handling capability for the DCC system and SQPCE system. 

The H.MS value of the suspension deflection is reduced whereas the differences between 

the maximum and the minimum suspension defl.ections are the same for the passive 

system and the semi-active systems. 

Only the road damage is worse for all semi-active systems than for the passive 

system: the road damage factor TJmax is more than 65 % higher for all semi-active 

systems than for the passive system. 

Well 

For the well, there are excesses of the bound on the tire force whereas the bounds on 

the suspension deflection are not reached, so the controllers for the semi-active system 

focus on a reduction of the tire lift-off time. The tire lift-off time is smaller for all 

semi-active systems than for the passive system. The time for which less than 75 % of 

the static tire force is available and the RMS value of the dynamic tire force for the 

SQPCE system and the RMS value of the dynamic tire force for the DCC system are 

lower whereas the remairring handling quantities are higher than for the passive system. 

So, compared to the passive system, the raad-holding on the well is improved for the 

SQPCE system whereas the impravement of the raad-holding on the well for the DCC 

and the SQPCO system is doubtful. 

The SQPCO system, i.e. the semi-active system with the largest ti re lift-off time, 

gives 2 to 15% lower values for the comfort quantities than the passive system. For the 

other semi-active systems, most of the values for the comfort quantities which depend 

on the complete time response of the vehicle model (RMS and VD values) are lower 

whereas most of the values for the other comfort quantities are larger than for the 

passive system. Figure 3.13 shows the time plots for the tire force and the sprung mass 

acceleration of the passive system and the semi-active systems for the well . This figure 

shows for all systems a nearly equal first negative peak in the sprung mass acceleration. 

The first positive acceleration peak, which determines the maximum absolute sprung 

mass acceleration of the passive system, is reduced only for the SQPCO system whereas 

this peak is increased for the DCC system and the SQPCE system. However, these 
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Table 3.17: Performance and CR for the wellof the vehicle suspension systems. 

aspect I criterion I unit IIPASMI DCC SQPCO SQPCE 

comfort max liicrl [m/s2] 10.19 10.62 (+4%} 9.87 (-3%} 10.35 (+2%} 

max liicr,wl [m/s2] 10.47 10.59 (+1%) 9.88 (-6%) 10.39 (-1%) 

RMS iicr [m/s2] 2.53 2.49 (-2%) 2.49 (-2%) 2.41 (-5%) 

RMS Qcr,w [m/s2] 2.27 2.18 (-4%) 2.19 (-4%) 2.16 (-5%) 

VD iicr [m/s175] 4.95 4.96 (0%) 4.76 (-4%) 4.91 (-1%) 

VD Qcr,w [m/sl.75] 4.62 4.58 (-1%) 4.42 (-4%) 4.54 (-2%) 

max l"iicrl [mjs3] 1300 1586 (+22%) 1099 (-15%) 1510 (+16%) 

load max liicrl [m/s2] 10.19 10.62 (+4%) 9.87 (-3%) 10.35 (+2%) 

PM Qcr [10-2 -] 81.14 69.06 (-14%) 55.01 (-32%) 65.07 (-20%} 

deflection nr bound excesses [-] 0 0 0 0 

RMS Qcr- Qar [10-2 m] 2.08 2.00 (-4%) 2.20 (+6%) 1.85 (-11%) 

handling tire lift-off [s] 0.101 0.087 (-14%} 0.099 (-2%} 0.088 (-13%) 

<75% stat tire force [s] 0.144 0.156 (+8%) 0.166 ( + 15%) 0.140 (-3%) 

RMS dyn tire force (103 N] 78.41 74.72 (-5%) 80.04 (+2%) 74.62 (-5%) 

damage 1/max [-] 253.75 169.10 (-33%) 204.54 (-19%) 171.18 (-33%) 

comp time CR [-] 0.13 39.48 166.99 

increased peak values are acceptable as Figure 3.13 shows that the systems are focusing 

on a reduction of the tire lift-off time at the time the peak occurs. The second negative 

acceleration peak is lower for the DCC system and the SQPCE system than for the 

SQPCO system. 

For the DCC system and the SQPCE system, not only the RMS value of the suspen

sion deflection is lower but also the difference between the maximum and the minimum 

suspension deflection is lower than for the passive system. For the SQPCO system, the 

RMS value of the suspension deflection is higher than for the passive system whereas the 

distance between the maximum and the minimum suspension defl.ection is the same as 

for the passive system. So, the required suspension working space for each semi-active 

system is equal to or lower than that for the passive system. 

For all semi-active systems, the road damage is considerably lower than for the 

passive system. 
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Figure 3.13: Tire force and sprung mass acceleration of the passive system and the semi
active systems for the well 
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Wave 

For the wave, excesses of the bounds on the suspension deflection and the bound on 

the tire force occur for both the passive system and the semi-active systems. The semi

active systems therefore focus on a reduction of these excesses, however without great 

succes: not even the number of excesses of the bounds on the suspension deflection is 

lower for one of these systems than for the passive system. The excesses of the bound 

Table 3.18: Performance and CR for the wave of the vehicle suspension systems. 

aspect I criterion I unit 11 PASM I DCC SQPCO SQPCE 

omfort max l<icrl [m/s2] 29.78 28.95 (-3%) 28.11 (-4%) 25.92 (-13%) 

max l<icr,wl [m/s2] 18.36 17.50 (-5%) 18.23 {-1 %) 15.88 {-14%) 

RMS iicr [m/s2] 8.31 8.31 {0%) 8.39 {+1%) 7.55 (-9%) 

RMS <icr,w [m/s2] 5.17 5.08 {-2%) 5.14 (-1%) 4.50 {-13%) 

VD iicr [m/s!.75] 15.74 15.34 {-2%) 15.78 (0%) 13.93 ( -12%) 

iVD iicr,w [m/sl.75] 10.04 9.55 (-5%) 9.85 {-2%) 8.48 (-16%) 

max riicrl [m/s3] 356 598 (+68%) 719 (+102%) 693 (+95%) 

oad ~ax l<icrl [m/s2] 29.78 28.95 (-3%) 28.71 {-4%) 25.92 {-13%) 

PM Qcr [10-2 -] 3103.20 2911.34 {-6%) 2980.49 {-4%) 1986.91 (-36%) 

deflection jnr bound excesses [-] 4 4 4 4 

max ó" [10-2 m] 15 14 (-7%) 14 (-7%) 21 {+40%) 

max ó1 [10-2 m] 5 5 (0%) 5 {0%) 5 {0%) 

max lb.ql at1 b.q = l" [m/s] 0.97 0.94 (-3%) 0.67 {-31%) 1.16 {+20%) 

max lb.ql at b.q = l1 [m/s] 1.58 1.60 (+1%) 1.60 (+1%) 1.29 (-18%) 

RMS qcr - qar [10-2 m] 12.52 12.70 (+1%) 11.47 (-8%) 14.39 (+15%) 

handling tire lift-off [s] 0.077 0.013 (-83%) 0.345 ( +348%) 0.127 ( +65%) 

<75% stat tire force [s] 0.957 1.176 ( +23%) 0.915 {-4%) 1.009 (+5%) 

RMS dyn tire force [103 N] 75.51 75.36 (0%) 119.08 ( +58%) 72.99 (-3%) 

damage 1Jmax [-] 216.04 187.02 (-13%) 237.59 {+10%) 136.09 {-37%) 

omp time CR [-] 0.03 4.71 17.73 

on the negative suspension deflection are the same for all systems. The DCC system 

is the only semi-active system with both a lower maximum suspension deflection and 

a lower tire lift-off time than the passive system. The SQPCO system shows a lower 

maximum excess of the bound on the positive suspension deflection, but a higher tire 

lift-off time than the passive system whereas the SQPCE system shows both a higher 

maximum excess of the bound on the positive suspension deflection and a higher tire 
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lift-off time than the passive system. The disappointing performance of the SQPCE 

system is probably caused by a too short preview interval. This may mislead the 

controller as will be explained inSection 3.7. 

A reduction of the tire lift-off time does not automatically imply improved raad

holding as the system with the smallest tire lift-off time, the DCC system, shows the 

largest time for which less than 75 % of the static tire force is available. Furthermore, 

the semi-active systems with a much larger tire lift-off time than the passive system 

show either a smaller time for which less than 75 % of the static tire force is available 

or a smaller RMS value of the dynamic tire force than the passive system. 

Although there is not an unambiguous relation between max (ó1), max (óu) and max 

(J~ql) at the lower and upper bound of the suspension defl.ection, a higher value of max 

(óu) corresponds to a higher value for max (J~qJ). This implies that the impact force 

is indeed higher if max (óu) is higher, as assumed in Section 3.2 for the establishment 

of the control objective. 

For the DCC system and the SQPCE system, the values of the comfort quantities 

except the jerk are 0 to 5 %, respectively 9 to 16 % lower than for the passive system. 

The jerk is much higher for these systems than for the passive system. For the SQPCO 

system, the values of the comfort quantities are 0 to 4 % lower than for the passive 

system, except the RMS value of the sprung mass acceleration and the value of the 

jerk. 

Tne SQPCE system shows the minimum road damage. The value of the road damage 

factor TJmax is 37 % lower for this system than for the passive system. For the DCC 

system and the SQPCO system, the road damage factor is 13 % lower, respectively 

10% higher than for the passive system. 

Condusions 

The large number of criteria makes it diffi.cult to choose one of the semi-active systems 

for further development. Each semi-active system is preferabie for some of the criteria. 

To facilitate the choice, only the CR and the criteria which correspond best to the 

control objective are used. These criteria are: max (lijcri), max (óu), max (ó1) and 

the tire lift-off time. The values for these criteria in Tables 3.14 to 3.18 have a bold 

typeface. For the traffi.c hump, the scraped road, the well and the wave, the DCC 

system shows the best values for these criteria in combination with the minimum CR. 

For the standard brick, the bounds on the suspension defl.ection and the bound on 

the tire force are not reached. Therefore, only the value for max (JiicrD and CR are 

important on this road surface. The DCC system shows a somewhat higher value for 

max (Jqcrl), but a much lower value for CR than the SQPC systems. Therefore, the 
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DCC system is chosen for further development. 

3. 7 Applicable direct calculation controller 

3.7.1 Concept 

The direct calculation controller with !::J.h; = 0.050 s, s!::J.h; = !::J.h; and !::J.hc = 0.001 s, 

as presented in Section 3.5, supposes that the optimum damper setting for the interval 

(t, t + !::J.hi] is available at time t whereas the required preview information, i.e. the 

height of the road surface for (t, t + I !::J.h;], becomes available at time t. Hence, the 

time to calculate the optimum control sequence over the preview interval (t, t +I !::J.h;] 

· is neglected. To take this time into account, a slightly modified controller, the so

called applicable direct calculation controller (ADCC), is presented in this section. The 

principle of this controller is shown in Figure 3.14. The DCC determines the optimum 

application of optimum setting accordin 
to previous preview interval 

computation of optimum damper setting 
sequence for (t, t1.] 

optimum setting for this subinterval is 
actually applied to the controlled system 

preview interval for ADCC 

Figure 3.14: Principle of the applicable direct calculation controller. 

damper setting for subinterval (t, t + !::J.h;] by using the road height over the preview 

interval (t, t + tp], whereas the ADCC determines the optimum damper setting for this 

subinterval by using the road height over the preview interval (t-!::J.hn t+tp-!::l.hr]· The 

applicable controller uses the time interval (t- !::J.h" t] of the available preview interval 

to determine the optimum damper setting sequence for (t, t +I* !::J.h;], where I* = I if 

!::J.hr ~ tP- I !::J.h; and I* < I otherwise. Meanwhile, for (t- !::J.h;, t], the optimum setting 

according to the calculations in the previous preview interval is applied. Only the very 

first damper setting to be applied by the ADCC, e.g. when the vehicle starts driving, 

can not be determined with this procedure and has to be chosen in a different way. 
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The required 6.hr will be smaller and (t, t + I* 6.h;] may be larger if the comput

ing speed of the controller increases whereas both the required 6.hr and (t, t +I* b..h;] 

may increase if the forward vehicle velocity decreases. Therefore, an appropriate b..hr 

depends both on the controller hardware and the forward vehicle velocity. As more 

preview information is captured in a unit of time for large vehicle veloeities than for 

low vehicle velocities, it is more important to use the smallest possible 6.hr for large 

vehic:le veloeities than for low vehicle velocities. In this thesis the controller hardware 

for the ADCC is not established. This makes a suitable choice for 6.hr rather diffi

cult. Therefore, 6.hr is chosen equal to b..h; and as a result, the ADCC determines 

the optimum damper setting sequence over (t, t + (I- 1)6.h;] by using the preview 

information over (t - 6.h;, t + tp - b..h;]. lt is assumed that b..h; is sufficient for the 

controller hardware todetermine the optimum control sequence over (t, t + (I -1)6.h;], 

irrespective of the forward vehicle velocity. Due to the fact that the ADCC determines 

the optimum control sequence over the interval (t, t + (I- 1)6.h;], the performance of 

this controller will coincide with the performance of a DCC for which the length of the 

preview interval is shortened with b..h;. 

Simulations with the laden two-DOF model have been carried out to campare the 

performance of the ADCC controlled system with the DCC controlled system. To 

facilitate a comparison of the ADCC system and the DCC system, only the performance 

criteria that are strongly related to the control objective, i.e. max (liicrl), max (óu), 
max (81) and the tire lift-off time, are used. Table 3.19 shows the relevant values for 

the incidental road excitations of both the DCC and the ADCC system. The forward 

velocity of the systems for each of the road surfaces is equal to the prescribed forward 

velocity in Chapter 2. For the standard brick, the scraped road and the wel1, the values 

Table 3.19: Performance and controller requirements of the DCC and ADCC controlled 

vehicle systems. 

I criterion · 

standard brick traffic hump scraped road well wave 

unit DCC ADCC DCC ADCC DCC ADCC DCC ADCC DCC ADCC 

max liicrl [m/s2] 2.28 2.28 6.28 6.26 8.51 8.51 10.62 10.62 28.95 36.89 

max 8u [10- 2 m] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 14.00 25.29 

max 81 [10-2 m] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 5.00 6.32 

tire lift-off [s] 0.000 0.000 0.000 0.000 0.043 0.043 0.087 0.087 0.013 0.000 

of the criteria for the DCC and the ADCC system are equal. For the traffic hump, 

the value of the max (liicrD is, in contrast to the expectation, somewhat lower for the 

ADCC system than for the DCC system. This is due to the fact that the simulation 
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with the DCC system starts just before the traffic hump whereas the simulation with 

the ADCC starts somewhat further before the obstacle to be sure that the arbitrarily 

chosen first damper setting for the ADCC system has no influence on the performance. 

These different starting points cause slightly different switching time points for the DCC 

and the ADCC system and this results in the slightly better performance of the ADCC 

system for the traffic hump. For the wave, the tire lift-off time is slightly smaller and 

the values of max(llÏcrl), max(óu) and max(ó1) are much higher for the ADCC system 

than for the DCC system. Hence, for the wave, the overall performance of the ADCC 

system is worse than that of the DCC system. This is due to the reduction of the 

effective preview interval for the ADCC system. 

3.7.2 Reduction of computation time 

The CR for the ADCC system is approximately half the CR for the DCC system due 

to the a priori choice of the first damper setting in each preview interval for the ADCC 

system. However, in practical situations the CPU time of the ADCC might still be too 

long, i.e. larger than 0.050 s. Therefore, a possibility for further reduction of the CR 

is considered in this section. 

The original ADCC chooses a 'low' or 'high' damper setting for each of the subin

tervals 2 to I in the preview interval. The choice of the damper setting in subinterval 

I at the end of the preview interval is likely to be less important than the choice in 

subinterval 2 at the beginning of a preview interval. Here, the effect on the performance 

is investigated if only the damper settings for the subintervals 2, 3, · · · , i can be chosen 

while the settings for the subintervals i+ 1, ···,I- 1, I are chosen to be the same as 

the damper setting for subinterval i. So, instead of determining the responses for all 

damper setting combinations represented in the tree diagram of Figure 3.15 (dashed 

lines), only the responses for the damper setting combinations represented by the solid 

lines are determined. This is done for several values of i. Hopefully, this will result in a 

value i < I for which the performance does not decrease too much in comparison to the 

performance of the original ADCC. A value i < I will certainly reduce the CR because 

less damper setting sequences have to be evaluated. 

The CR for the original ADCC controller increases if the number of subintervals 

I increases. Therefore, in order to reduce the maximum CR of the ADCC controller 

it is especially important to reduce the number of subintervals with an independent 

damper setting if I is large. This situation occurs, for instance, for small forward 

vehicle velocities. Consequently, first a possible reduction of the number of subintervals 

with an independent damper setting is investigated for a low forward vehicle velocity, 

i.e. V = 20 km/h. Next, a reduction of the number of subintervals with an independent 
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Figure 3.15: Tree diagram, representing all possible damper setting combinations (dashed 

lines) and the investigated damper setting combinations (solid lines). 

damper setting is investigated for higher velocities. 

The performance of the original ADCC system with a forward velocity V = 20 km/h 

is shown in Table 3.20 for five incidental road excitations. For this case I = 12. Next 

to the performance of the original ADCC system, i.e. the ADCC system with i = I, 

the performance of the ADCC systems with i = 2, 3, · · ·, 11 is given in Table 3.20. For 

the standard brick, the scraped road and the wave, the performances for the ADCC 

systems with i = 2, 3, · · ·, 11 are equal to the performance for the original ADCC 

system whereas for the well the performances ofthe ADCC systems with i = 3, · · ·, 11 

are equal to the performance for the original ADCC system and only the performance 

of the ADCC system with i = 2 is worse than that of the original ADCC system. For 

the traffic hump, the ADCC systems with i = 6, 7, · · ·, 11 and also the ADCC systems 
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Table 3.20: Performance and controller requirements of the original ADCC system and the 

ADCC systems with i= 2, 3, · · ·, 11 for V = 20 km/h. 

standard trafik scraped well wave 

brick hump road 

criterion unit 2 ~i~ 12 i = 2 3 ~ i ~ 5 6 ~ i ~ 12 2 ~i~ 12 i= 2 3 ~i~ 12 2 ~i~ 12 

max. liicrl (m/s2] 5.90 7.86 6.67 6.26 8.25 15.83 12.82 0.87 

max. óu [10-2 m] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

max. 81 [10-2 m] 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 

tire lift-off [s] 0.033 0.000 0.000 0.000 0.037 0.090 0.083 0.000 

CR [-] 0.04- 0.04 0.06- 0.21- 0.04- 0.04 0.06- 0.06-

3.53 0.16 3.58 4.22 3.55 3.61 

Table 3.21: Performance and controller requirements of the original ADCC system and the 

ADCC systems with i= 2, 3, · · ·, 7 for V= 30 km/h. 

standard traflic scraped 

brick hump road 

criterion unit 2 ~ i~8 i=2 3~i ~ 4 i= 5 6~i ~ 8 i= 2 i = 3 i=4 5 ~ i ~ 8 

max. lticrl (m/s2] 4.65 13.05 10.46 10.57 10.54 9.61 8.42 8.45 8.42 

max. óu [10-2 m] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

max. 81 [10-2 m] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

tire lift-off (s] 0.026 0.062 0.050 0.051 0.051 0.050 0.041 0.041 0.041 

CR [-] 0.04- 0.05 0.07- 0.09 0.12- 0.04 0.05 0.07 0.14 -

0.25 0.08 0.32 0.25 

well wave 

criterion unit 2 ~ i ~ 8 2 ~ i ~ 8 

max. lilcr i [m/s2] 14.28 1.92 

max. óu [10- 2 m] 0.00 0.00 

max. 81 [10-2 m] 0.00 0.00 

tire lift-off [s] 0.108 0.000 

CR [-] 0.05- 0.09-

0.28 0.25 
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with i = 3, 4, 5 show the same performance. The first mentioned systems show the 

same performance and the second mentioned systems show a worse performance than 

the original ADCC system. However, the ADCC system with i = 2 shows by far the 

worst performance for the traffic hump. Hence, the simulations with V = 20 km/h 

show the same performance for the ADCC system with i = 6 as for the original ADCC 

system. The CR for the ADCC system with i = 6 is a factor 15 lower than for the 

original ADCC system. So, a large reduction of the CR is possible without performance 

deterioration for V = 20 km/h. 

A restrietion of the subintervals with an independent damper setting to the subin

tervals 2 to 6 is only sensible if this restrietion is also suitable for other vehicle veloeities 

with I > 6. Therefore, the performances for the original ADCC system and the ADCC 

systems with i = 2, 3, · · ·,I- 1 are also determined for the velocity V = 30 km/h. The 

results in Table 3.21 show that for this velocity the performance for the ADCC system 

with i = 6 is equal to that for the original ADCC system for all investigated incidental 

road excitations. 

Using the ADCC system with i = 6 instead of the original ADCC system is thus pos

sibie without any performance deterioration, according to the results for V = 20 km/h 

and V = 30 km/h. The same results show that for the standard brick, the scraped 

road, the well and the wave even the ADCC system with i = 3 shows nearly the same 

performance as the original ADCC system. Therefore, if a performance deterioration 

of 7 % is acceptable for the traffic hump then even the ADCC system with i = 3 can be 

used instead of the original ADCC system. The performances for the incidental road 

surfaces of the ADCC systems with i = 2, 3, · · ·,I are also determined for V = 40 km/h 

and V = 60 kmjh. The results for these veloeities confirm the assumption that the 

ADCC system with a small value for i instead of the original ADCC system can be used 

with only a small performance deterioration. After all, forthese veloeities only the per

formance of the ADCC system with i = 2 deviates sometimes from the performance of 

the original ADCC system whereas the performance of the ADCC system with i > 2 is 

always equal to that of the original ADCC system. 

3. 7 .a Required preview information for the wave 

Until now, it is assumed that the disappointing performance for the wave of the semi

active systems is caused by a too short preview interval. It is not shown that more 

preview information indeed improves the performance of the semi-active systems for 

this road excitation, because the required controller computation time of an original 

DCC or ADCC is extremely large for long preview intervals. However, the much smaller 

cont::oller computation time and the equal performance for an ADCC system with i = 
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6 with respect to the original ADCC system gives the opportunity to determine the 

necessity of more preview information for the wave without extreme large computation 

times. Therefore, the performance for the wave of an ADCC system with i = 6 is deter

mined for different wheelbase lengtbs L and for both the vehicle velocity V= 63 km/h, 

used inSection 3.5, and the 'prescri bed' vehicle velocity for the wave, i.e. V = 80 km/h. 

The results in Tables 3.22 and 3.23 show that a wheelbase length of more than 10.5 m 

is required to imprave the performance of the semi-active system for V = 63 km/h and 

V = 80 km/h with respect to the performance of the system with a wheelbase lengthof 

3.5 m. So, a langer preview interval and the controller internal model response over a 

larger time interval indeed impraves the performance of the semi-acti.ve systems. Fur

thermore, comparison of the results in Table 3.22 with the results in Table 3.8 shows 

that the performance of the semi-active system with a wheelbase length of more than 

10.5 m is better than that of the 'best' passive system (passive high) for the wave at 

V= 63 km/h. 

Table 3.22: Performance for the wave of the ADCC controlled semi-active system with 

V = 63 km/h. b.h; = sb.h; = 0.050 s, b.hc = 0.001 s, explicit Euler integration and i = 6. 

Wave L tp max liicrl tire lift-off max óu max ó1 

[m] [s] [m/s2] [s] [m] [m] 

3.5 0.2 14.45 0.000 0.00 0.02 

7.0 0.4 15.37 0.000 0.00 0.02 

10.5 0.6 15.08 0.000 0.00 0.02 

14.0 0.8 13.44 0.000 0.00 0.01 

17.5 1.0 13.44 0.000 0.00 0.01 

21.0 1.2 13.43 0.000 0.00 0.01 

24.5 1.4 13.43 0.000 0.00 0.01 

28.0 1.6 13.43 0.000 0.00 0.01 

31.5 1.8 13.43 0.000 0.00 0.01 

35.0 2.0 13.43 0.000 0.00 0.01 
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Table: 3.23: Performance for the wave of the ADCC controlled semi-active system with 

V = 80 km/h, ~hi = s~hi = 0.050 s, ~he = 0.001 s, explicit Euler integration and i = 6. 

Wave L tp max lqcrl tire lift-off max f/' max 81 

[m] [s] [m/s2] [s] [m] [m] 

3.5 0.1575 36.88 0.000 0.25 0.06 

7.0 0.3150 26.63 0.036 0.14 0.05 

10.5 0.4725 26.47 0.000 0.14 0.05 

14.0 0.6300 26.49 0.000 0.14 0.05 

17.5 0.7875 26.49 0.000 0.14 0.05 

21.0 0.9450 26.49 0.000 0.14 0.05 

24.5 1.1025 26.49 0.000 0.14 0.05 

28.0 1.2600 26.49 0.000 0.14 0.05 

31.5 1.4175 26.49 0.000 0.14 0.05 

35.0 1.5750 26.49 0.000 0.14 0.05 

3.7.4 Conclusions 

The ADCC is presented as an adapted version of the DCC which can take into account 

the computation time of the controller for determining the optimum damper setting 

sequence over a preview interval. It is shown that the performance of the ADCC 

system does not deteriorate whereas the computation time reduces significantly if only 

the damper settings for the subintervals 2 to 6 can be chosen while the settings for 

subsequent subintervals are chosen to be the same as the setting for subinterval 6. A 

further reduction of the controller computation time with only a small performance 

deterioration is possible if only the damper settings for the subintervals 2 and 3 can be 

chosen while the settings for the subsequent subintervals are chosen to be the same as 

the setting for subinterval 3. Finally, it is shown that the disappointing performance of 

the semi-active system for the wave indeed is caused by a too short preview interval. 

It is decided to use the ADCC with ~hr = ~hi = 0.050 s, s~hi = ~h;, ~he = 0.001 s, 

explicit Euler integration for determining the internal model responses and with only 

independent damper settings for the subintervals 2 to 6, i.e. i= 6, for the simulations 

with the 3D vehicle model in Chapter 4. 
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Chapter 4 

Performance of the passive and the 

semi-active 3D vehicle model 

This chapter discusses the performance of the passive and the semi-active 30 vehicle 

model. The behavior of the passive 30 vehicle model is compared to the behavior of 

a real tractor-semitrailer, to get an idea about the quality of the vehicle model. The 

contiguration of the semi-active system is described and the performance of the semi

active system is compared to the performance of the passive system for both the laden 

and the un-laden vehicle. 

4.1 Verification of the vehicle model 

The 30 vehicle model developed by Bekkers [3] is used for the evaluation of the passive 

and the semi-active vehicle behavior. As a first verification, Bekkers compared the 

responses of the 30 vehicle model with available measurements on a tractor without 

semitrailer for a bump-hill and a railway crossing. Bekkers concluded that the behavior 

of the tractor model is rather similar to the behavior of the real tractor. · However, some 

aspects of the model and the vehicle were different. The wheelbase of the tractor was 

3.50 m for the model and 3.25 m for the real vehicle. Furthermore, the springs in the 

model were air springs whereas the real vehicle was equipped with leaf springs in the 

rear axle suspension of the tractor. The inftuence of the difference in wheelbase on the 

vehicle behavior is difficult to predict. However, the inftuence of the different spring 

types will be large due to the fact that the stiffnesses of the leaf springs are much higher 

than those of the air springs. Th is is caused by the fact that the measurements are clone 

on a tractor without semitrailer and that the stiffnesses of the air springs are 'adjusted' 

to the cargo load whereas the stiffnesses of the leaf springs are fixed and based on the 

maximum cargo load. 

To judge the quality of the vehicle model with airspringsin the rear axle suspension, 

an extra comparison is made between the 30 model and available measurements on a 
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vehicle where both the vehicle and the model have air springs in the rear axle suspension 

of the tractor, a laden semitrailer and a wheelbase length of 3.80 m. The behavior of 

the model with respect to the behavior of the real vehicle is investigated for a severe 

railway crossing and a common forward velocity. The results are shown in Figures 4.1 

to 4.3. 

The responses of the real vehicle in Figure 4.1 and Figure 4.2 are the original roea

sured signals. The large amplitudes of the high frequency components (> 15 Hz) in 

many of the acceleration signals for the real vehicle are surprising. However, for a har

monie component with frequency J, the amplitude of the conesponding displacement 

is a factor 47r2 j2 smaller than that of the acceleration signa!. This results in amplitudes 

of less than 1 mm for the displacement signals conesponding to the given acceleration 

signals, which is plausible. Although the components in the acceleration signals with a 

frequency higher than 15Hz may influence the comfort of the accupants (due to noise) 

and the fatigue load on the chassis components, large performance improvements of the 

semi-active suspension with respect to the passive suspension can not be expected for 

these higher frequencies, because the low order controller model does not predict these 

components. If the measured signals are used to determine the actual state for the 

controller internal model then the controller might try to influence the high frequency 

behavior of the vehicle while it is not able to do this . Therefore, it wiJl probably be 

necessary to filter the measured signals with a !ow-pass filter with low phase distartion 

befare passing these signals to the controller of the real semi-active vehicle. The com

ponents with frequencies higher than 15 Hz are of less importance for this investigation. 

Therefore, the 3D model describes the behavior of the real vehicle only for frequencies 

between 0 and 15 Hz. 

To campare the behavior of the 3D model and of the real vehicle for this frequency 

range, Figure 4.3 gives the accelerations according to the 3D model and the output of 

a 15 Hz !ow-pass filter without phase distortion, with the real vehicle accelerations as 

input. The 0 to 15 Hz frequency components of the cabin vertical acceleration, the 

kingpin vertical acceleration and the suspension deflections at the right front and the 

right rear side of the tractor show rather similar shapes for the model and the real ve

hicle. This especially is the case for the first part of these responses. Frequency domain 

analysis shows relatively high power for the 5.5, 7.5, 8.5, 10 and 11.5 Hz frequency 

components in the filtered cabin longitudinal acceleration compared to this accelera

tion for the 3D model. Furthermore, a relatively high power for the 14 Hz frequency 

component shows up in the filtered tractor chassis vertical acceleration with respect to 

this acceleration for the 3D model. These differences between the 3D model and the 

actual vehicle are probably due to un-modeled dynamics, like the chassis and (some 

of the) semitrailer flexibilities. The influence of the excitation of the semitrailer axles 
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Figure 4.1: Road height and comparison of cabin accelerations for the 3D vehicle model 

and the real vehicle for a severe railway crossing 
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Figure 4.2: Comparison of kingpin accelerations, tractor chassis accelerations and suspension 

deflections for the 3D vehicle model and the real vehicle for a severe railway crossing 
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Figure 4.3: Comparison of cabin accelerations, kingpin accelerations and tractor chassis 

accelerations for a severe railway crossing; the signals are unmodified for the 3D vehicle 

model and 15 Hz low-pass filtered for the real vehicle 
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on the cabin longitudinal acceleration is much larger for the model than for the real 

vehicle. This might also be due to the used rigid model of the tractor chassis and the 

rather rigid model of the semitrailer. 

The 3D model describes fairly well the dynamics of the real vehicle for the frequency 

range 0 to 15 Hz. However, the results in this section show that it is desirabie to 

incorporate a realis tic, practical description of the chassis and the semitrailer flexibilities 

into the 3D model in order to get more realistic simulation results for this frequency 

range. Unfortunately, this extension of the model was not possible in this investigation 

because no validated flexible bodymodelsof these components were available. However, 

even without this extension the given 3D model is useful, because it can give more 

insight in the influence of un-modeled dynamics (for the frequency range 0 to 15 Hz) 

in the controller model on the performance of the semi-active system. 

4.2 Contiguration of the semi-active system 

The semi-active system for the 3D model contains a damper of the type described in 

Sectien 2.2, both at the leftand the right side in the tractor rear axle suspension. Each 

damper is controlled by a separate applicable direct calculation controller (ADCC), 

which treats the damper as a two-state damper. The controllers use a two-DOF internal 

model (representing one half of the rear side of the tractor) and the control objective 

of Sectien 3.2. The subinterval length D.h;, the application length sD.h;, the sample 

interval length of the controller model response D.hc, the integration algorithm and the 

number of subintervals i with an independent choice of the damper setting are chosen 

as proposed in Sectien 3.7.4. 

Each controller determines the state for the internal model at the start of a preview 

interval from the vertical displacements and the vertical veloeities of the points to which 

the controlled damper is connected. These displacements and veloeities are not only 

affected by the excitation of the tractor rear wheels but, due to the coupling between 

the axles of the vehicle, also by the excitations at the tractor front wheels and the 

semitrailer wheels. This is an important difference between the 3D simulation model 

and the two-DOF simulation model. Due to the influence of the excitations at the 

tractor front wheels on the state of the tractor rear side, the semi-active suspension at 

the rear side of the tractor in the 3D simulation model can, in contrast to the semi-active 

suspension in the two-DOF simulation model, react before the obstacle has reached the 

rear side of the tractor if the road surface before the obstacle is fiat. 

The controller for the damper at the left (right) side supposes that the road surface 

under the left (right) front wheel of the tractor passes a preview time later the left 

(right) rear wheels. As mentioned before, the road surface under the front wheels of 
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the tractor is assumed to be known exactly by the controller. Possible errors due to 

reconstruction of the raad surface by an observer are not taken into account . 

4.3 Performance for the passive and the semi-active 3D vehicle 

model 

This section compares the behavior of the passive and the semi-active 30 vehicle model 

for the raad surfaces mentioned in Section 2.3, using the prescribed forward velocity for 

these raad surfaces. All responses are determined with an explicit Adams-Bashforth

Moulton predietor-corrector methad at a sample interval of 0.001 s. The accelerations 

are weighted according to ISO 2631 and the jerk is estimated with the central difference 

scheme (3.18) in Chapter 3. 

4.3.1 Performance for the laden vehicle 

Tables 4.1 and 4.2 show the performance improvements (white blocks) and performance 

deteriorations (black blocks) of the laden semi-active system (ADCC) with respect 

to the laden passive system (PASM). The area of each block is proportional to the 

percentage value of performance improvement/deterioration. The actual values of the 

performance criteria for bath systems are given in Appendix B. 

For the wave, the performance for the semi-active system is much worse than for 

the passive system. The disappointing behavior of the semi-active system for this 

raad excitation is probably caused by a too short preview interval, which, as already 

concluded in Chapter 3, wiJl mislead the controller. 

Before discussing specific results for the other raad excitations, some general re

marks are given. First the performance criteria closely related to the control objective 

are considered 1, i.e. max llÏcvl'r I, max ltJcvr'r I, the tire lift-off times, the number of times a 

bound on the suspension defiection is hit and max l.6.til'rl and max l.6.tir'rl at the bounds 

of the suspension defiection. The controller puts the highest priority on the require

ments with respect to the suspension defiection and the tire force. The constraints on 

the suspension defiection are not reached for the considered raad surfaces whereas the 

constraint on the tire force is reached for the scraped road and the wel!. The semi

active system does notprevent tire lift-off. However, the tire lift-off time of the tractor 

rear tires is reduced with 8 to 20 % with respect to the passive system for these roads. 

The max ltJcvl'rl and the max lticvr'rl are 3 to 11 % lower for the semi-active system than 

for the passive system for the considered road excitations except for the wel!. For the 

Jatter, max lticvl'rl is 2% higher for the semi-active system. This is due tothefact that 

1See for an explanation of the following symbols the legends in Tables 4.1 and 4.2. 
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Table 4.1: Percentage of performance impravement (white blocks) or performance deterio

ration (black blocks) of the laden 30 model with semi-active tractor rear axle suspension 

with respect totheladen 30 veniele model with passive tractor rear axle suspension: comfort 

aspect criterion standard traffic scraped well wave legend 

brick hump road [%] 

comfort max liisvl • u 0 • 
max liistol • • 0 • 
max liistal • • • D • 
max liisv,wl • 0 0 • 
max liislo,wl • 0 • 
max liisla,wl 0 0 n Ed EB 50 

RMS iisv . 0 0 0 • FEl 40 

RMS iisto . . 0 • EB 30 

RMS iista . 0 0 • 0 20 

RMS iisv,w • 0 0 0 • 0 10 

RMS iislo,w . 0 . 0 • 0 5 

RMS Qsla,w • 0 . n EB 0 1 

VD iisv . 0 ,. n • 1 

VD iislo • . 0 • • 5 

VD Qsla • . 0 0 • • 10 

VD iisv,w . 0 0 0 • • 20 

VD Qs/o,w • . 0 • • 30 

VD iisla,w . 0 0 0 EB • 40 

max l'iisvl 0 0 . D • • 50 

max l'iislol Q • 0 0 • max l'iislal • • 0 0 • RMS l'iisvl . 0 a 0 • 
RMS l'iislol . . • D • 
RMS i'iistal . • 0 0 • 

q . : displacement, specified by .. 

w: weighted s: driver seat v: vertical lo: longitudinal la: lateral 



4.3. Performance for the passive and the semi-active 3D vehicle model 83 

Table 4.2: Percentage of performance improvement (white blocks) or performance deterio

ration (black blocks) of the laden 3D model with semi-active tractor rear axle suspension 

with respect totheladen 3D vehicle model with passive tractor rear axle suspension: load, 

deflection, handling and damage 

E criterion standard traffic scraped welt wave legend 

brick hump road [%] 

load max liikvl 0 0 . . 
max liicvirl 0 0 D . 
max liicvrrl 0 D D Cl . 
PM iicvfJ 0 0 0 • 0 50 

PM iicvf! 0 0 0 • 0 40 

PM .. qcvfr 0 0 0 0 • 0 30 

PM iicvrr 0 0 i_] 0 • 0 20 

deflection nr bound hits ir • Cl 10 

nr bound hits fr • ~ 5 

max l~tlirl at bounds • 1 

max l~t7rrl at bounds 0 1 

RMS ~qir . 0 . Cl . . 5 

RMS ~q"r 0 0 . 0 . . 10 

handling tire lift-off fr 0 0 • • 20 

tire lift-off rr 0 . • 30 

<75% stat tire force ir • . 0 . • 40 

<75% stat tire force fr • . . • 50 

RMS dyn tire force fr 0 . D . 
RMS dyn tire force fr • Cl . . . 

damage road damage all tires . . 0 . 
road da.mage rear tires . c.J • 0 • 

~<pl~emoot, 'P&ifiod by .. ~q .. = qc .. - qa,. 

a,ctor axle c: tractor chassis k: kingpin v: vertical f: front r: rear l': left r': right 
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the semi-active system is focusing on a reduction of the tire lift-off time at the same 

time the peak in iicvt'r occurs. For the evaluation of the performance, max lijcvl'rl and 

max lijcvr'rl over the total simuiatien time are considered. However, at timet the con

troller only considers the maximum absolute values over the preview interval [t, t + ip] · 
This results in a reduction of other high peaks in the signals iicvt'r and iicvr'r next to 

the reduction of the maximum peaks in these signals. The latter is shown in Figure 4.4 

which gives the values for iicvl'r and iicvr'r as a function of time for the considered road 

surfaces. This figure shows that the reduction of the other high acceleration peaks is 

sametimes larger than the reduction of the maximum peaks for the semi-active system 

compared to the passive system. 

Consiclering the performance criteria which are not directly related to the control 

objective, Table 4.1 shows a deterioration of comfort for the standard brick and an 

impravement of comfort for the well for the semi-active system with respect to the 

passive system. For the traffic hump and the scraped road, the values of some comfort 

criteria increase whereas the values of other comfort criteria decrease. The relative 

longitudinal displacement with respect to the nomina! longitudinal displacement, the 

lateral displacement and the vertical displacement of the seat as a function of time are 

rather similar for the passive and the semi-active vehicle. For the scraped road, this is 

shown in Figure 4.5. So, there is no significant difference in damping behavior of these 

movements for the passive and the semi-active vehicle. Finally, it can be concluded 

that a reduction of the maximum absolute chassis accelerations at the rear side of the 

tractor not automatically leads to an impravement of comfort. 

The maximum absolute acceleration at the kingpin is used as a measure for the 

incidental load on the cargo. For the semi-active system, this incidental load is lower 

for the symmetrie road excitations (traffic hump, scraped road) and higher for the 

asymmetrie road excitations (standard brick, wel!) compared to the incidental load on 

the cargo for the passive system. The value of the chassis acceleration at the kingpin, 

which is at the mid rear side of the tractor chassis, will have approximately the mean 

value of the chassis acceleration at respectively the left and the right rear side of the 

tractor. For symmetrie road excitations, the maximum absolute chassis accelerations 

at the left and the right rear side of the tractor will generally occur at the same time 

point whereas this is not the case for asymmetrie road excitations. This might explain 

why only for the symmetrie road excitations an independent reduction of the maximum 

absolute chassis accelerations at the left and the right rear side of the tractor results 

in a reduction of the maximum absolute acceleration at the kingpin. The fatigue loads 

on the chassis components are judged by the PM numbers. For the considered road 

excitations, the fatigue loads for the semi-active system are nearly equal to or lower 

than those for the passive system. So, the lifespan of the vehicle for the same road 
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Figure 4.4: Vertical accelerations as a function of time at the rear side of the tractor for 

the laden vehicle; - : semi-active; - - : passive 
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excitations increases. However, the allowed increase of stress amplitude in elements 

which conneet vehicle components to the chassis, without reducing the lifespan of these 

connections is still smal! due to the rather smal! increase of allowed stress amplitude 

with a reduction of the number of load cycles for the same fatigue damage in the SN 

curve [35] (also termed Wöhler curve). An increase of the allowed stress amplitude 

can imply a decrease of the needed un-laden vehicle mass and thus an increase of the 

allowed payload. Unfortunately, this is not noticeably possible with the semi-active 

suspension. 

The road damage caused by the rear wheels of the tractor for the semi-active system 

var i es from -55 to + 22 % with respect to the road damage of these wheels for the passive 

system. This results in a variation of -6 to + 7% of the total road damage caused by the 

wheels of the tractor and the semitrailer of the semi-active system with respect to the 

total road damage for the passive system. So, the inftuence of the semi-active tractor 

rear axle suspension on the road damage is considerable. 

For the standard brick, the bound on the tire force and the bounds on the suspension 

deftection are not reached. The rather high values for the maximum absolute chassis 

accelerations at the rear side of the tractor for both the passive and the semi-active 3D 

vehicle model compared to the values calculated with the two-DOF vehicle model in 

Chapter 3 for this road are striking. The time plots, given in Figure 4.6, show that these 

high maximum absolute accelerations are due to a high peak in the chassis accelerations 

at the rear side of the tractor. These peaks occur at the same time as the peak in the 

tire force of the left rear tire of the tractor. Peaks are not present in the time signals 

of the damper forces and the air spring forces transmitted between the rear axle of the 

tractor and the chassis. However, peaks similar to the peaks in the mentioned chassis 

accelerations are present in the time signals of the forces transmitted by the links 

which conneet the rear axle to the tractor chassis. The largest components of these 

peak forces are transmitted in longitudinal direction between the axle and the tractor 

chassis. However, smaller peak forces, with a significant value compared to the forces 

by the air spring and the damper in the tractor rear axle suspension, are transmitted 

in vertical direction between the axle and the tractor chassis. Therefore, the maximum 

absolute accelerations at the rear side of the tractor are strongly inftuenced by the link 

mechanism between the rear axle and the tractor chassis. The use of Jonger links with 

the eonneetion points to the chassis at the same height as the conneetion points to the 

rear axle might reduce the influence of the link mechanism on the vertical accelerations 

at the rear side of the tractor chassis. The higher chassis acceleration at the right rear 

side than at the left rear side of the tractor while the standard brick excites the vehicle 

model at the left side is striking and the cause is not clear at this moment. 
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4.3.2 Performance for the un-laden vehicle 

Tables 4.3 and 4.4 show the performance improvements (white blocks) and performance 

deteriorations (black blocks) of the un-laden semi-active system (ADCC) with respect 

to the un-laden passive system (PASM). Again, the area of each block is proportional 

to the percentage value of performance improvement/deterioration. The actual values 

of the performance criteria for both systems are given in Appendix B. 

F~rst, the laden passive vehicle model and the un-laden passive vehicle model are 

compared (see Appendix B). The comfort for the traffic hump and the scraped road is 

better fortheladen passive vehicle and the comfort for the welt is better for the un-laden 

passive vehicle. The average fatigue load and the average incidentalload on the chassis 

components at the rear side of the tractor are higher for the un-laden vehicle than for 

the laden vehicle for all road excitations, except for the wave, whereas the fatigue load 

at the front side of the tractor is lower for the un-laden vehicle than for the laden vehicle 

for all road excitations. For the un-laden vehicle, the RMS values of the suspension 

deftection are lower than for the laden vehicle, except for the standard brick. The tire 

lift-off time and time for which less than 75 % of the static tire force is available, are 

higher, whereas the RMS values for the dynamic tire force are lower for the un-laden 

than for the laden vehicle for most of the road excitations. The increase of the tire 

lift-off time and of the time for which less than 75 % of the static tire force is available 

and the decrease of the RMS values for the dynamic tire force may be explained by 

the lower static tire force for the un-laden vehicle with respect to the laden vehicle. 

This lower static force causes a higher tire lift-off time and a higher time for which 

less than 75 % of the static tire force is available for the same dynamic tire force . The 

road damage is, as may be expected, lower for the un-laden vehicle than for the laden 

vehicle. 

Next, a comparison is made between the passive system and the semi-active system 

for the un-laden situation. First, the values for the criteria closely related to the control 

objective are considered. The bounds on the suspension deftection are not reached 

whereas tire lift-off occurs for both the passive system and the semi-active system for 

all incidental road excitations, except for the wave. The average tire lift-off time is 3 

to 17 % lower for the semi-active system than for the passive system. 

For the standard brick, the accelerations2 max liicvl'r I and max l1cvr'r I are 15 % re

spectively 3 % lower whereas for the other incidental road excitations the average value 

of max liicvl'rl and max liicvr'rl is 2 to 22 % higher for the semi-active system than for 
the passive system. Besides, as for the laden vehicle, the maximum absolute chassis ac

celerations for the standard brick are strongly inftuenced by forces transmitted through 

2See for an explanation of the following symbols the legends in Tables 4.3 and 4.4. 
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Table 4.3: Percentage of performance improvement (white blocks) or performance deterio

ration (black blocks) of the un-laden 3D model with semi-active tractor rear axle suspension 

with respect to the un-laden 3D vehicle model with passive tractor rear axle suspension: 

comfort 

aspect criterion standard traffic scraped well wave legend 

brick hump raad [%] 

comfort max liisvl • • 0 • CJ 

max I'Ï.tol • LJ 0 D • 
max I'Ïstal 0 0 • . 
max I'Ïsv,wl • . L: 

max liislo,wl • D 0 • 
max I'Ïsta,wl 0 CJ . • Em 50 

RMS 'Ïsv . 0 0 EB 40 

RMS iisto • L.J [l 0 . EE 30 

RMS 'Ïsta . • . 0 . 0 20 

RMS iisv,w • 0 0 0 10 

RMS 'Ïslo,w ~ 0 0 0 
0 5 

RMS 'Ïsla,w 0 • 0 • 0 1 

VD iisv . . 0 0 . 1 

VD iislo . D n 0 • • 5 

VD Qsla • • . . • 10 

VD iisv,w • . c : ·1 0 • 20 

VD Qslo,w . 0 0 0 . • 30 

VD Qsla,w 0 0 0 • • 40 

max l"iisv I 0 • 0 0 0 • 50 

max l"iistol . 0 EB • 
max l"iisla I • • • . • 
RMS l"iisvl . • 0 0 0 

RMS l"iistol • 0 0 0 . 
RMS l"iistal . • • 0 

Q .. : displacement, specified by .. 

w: weighted s: driver seat v: vertical lo: longitudinal la: lateral 
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Table 4.4: Percentage of performance impravement (white bleeks) or performance deterio

ration (black bleeks) of the un-laden 3D model with semi-active tractor rear axle suspension 

with respect to the un-laden 3D veniele model with passive tractor rear axle suspension: 

lead, deflection, handling and damage 

E criterion standard traffic scraped well wave legend 

brick hump road [%] 

load max liikvl : J . 
max l(vrrl 0 • . . 
max liicvrrl c • 
PM iicvf] • c • " 0 50 

PM iicvrf • 0 • c 0 40 

PM ijcvfr [ ] 0 • 0 • 0 30 

PM iicvrr D 0 • 0 . 0 20 

deflection nr bound hits fr [] 10 

nr bound hits fr n 5 

max 1~4;rl at bounds 1 

max 1~4rrl at bounds 1 

RMS~qir D . 0 D • . 5 

RMS ~q,:r 0 . 0 u • . 10 

handling tire lift-off fr 0 D 0 • 20 

ti re lift-off fr D 0 • 30 

<75% stat tire force fr • . • D 0 • 40 

< 75% stat tire force fr • . n • 50 

RMS dyn tire force fr . 0 0 . 

RMS dyn tire force fr • 0 . 

damage road damage all tires n 0 

road damage rear tires . 0 0 0 n 

~pl".moot, 'PKified by .. ~q .. = qc .. - qa .. 

ctor axle c: tractor chassis k: kingpin v : vertical f : front r : rear l': left r': right 
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the links which conneet the tractor chassis and the rear axle. For the traffic hump, 

the scraped road and the well, these higher maximum absolute acceleration values are 

explicable because for these roads the controller focuses on a reduction of the tire lift

off time at the moments these maximum absolute accelerations occur. Furthermore, 

Figure 4. 7 shows that for the scraped road and the well, the high acceleration peaks in 

the signals iicvl'r and iicvr'r after the danger for tire lift-off has disappeared, are lower 

for the semi-active system than for the passive system. For the wave, the controller of 

the semi-active system focuses at timet on a reduction of the values for max liicvl'rl and 

max liicvr'rl over the preview interval [t, t+tp]· However, as fortheladen situation, this 

does not result in a reduction of the average value for max liicvt'rl and max liicvr'rl over 

the total simulation time. This is probably caused by a too short preview interval for 

this road. 

Now, the values for the criteria that are not directly related to the control objective 

are studied. Table 4.3 shows decreased values for some comfort criteria and increased 

values for other comfort criteria for the semi-active system with respect to the passive 

system. For the standard brick, the traffic hump and the wave, the values of most com

fort criteria are higher for the semi-active system than for the passive system whereas 

for the scraped road and the well , the values of most comfort criteria are lower for 

the semi-active system than for the passive system. Furthermore, the damping beha

vior of the relative longitudinal displacement with respect to the nominallongitudinal 

displacement, the lateral displacement and the vertical displacement of the seat is, as 

for the laden vehicle, rather similar for the passive and the semi-active vehicle. The 

results for the standard brick show that a reduction of the maximum absolute chassis 

accelerations at the rear side of the tractor not automatically results in an impravement 
of comfort, which is the same condusion as drawn for the laden situation. 

As seen before, only for the standard brick the incidental loads on the chassis com

ponents, i.e. max liicvt'rl and max liicvr'rl, are lower for the semi-active system than for 

the passive system. Contrary to the results for the laden vehicle, this leads to a reduc

tion of the incidental load on the semitrailer for the semi-active system with respect 

to the passive system. For the standard brick, the traffic hump and the wave, the 

average fatigue load is lower whereas for the scraped road and the well, it is higher 

for the semi-active system than for the passive system. The large reduction of the PM 

numbers for the semi-active system with respect to the passive system, shown for the 

laden vehicle for the incidental road excitations, except for the wave, are certainly not 

valid for the un-laden vehicle. lt is remarkable that often a decrease (increase) of the 

PM numbers for the front side of the tractor goestagether with an increase (decrease) 

of these numbers for the rear side of the tractor for the semi-active system with respect 

to the passive system. 
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Figure 4.7: Tire forces and vertical accelerations as a function of time at the rear side of 

the tractor for the un-laden vehicle; - : semi-active; -- : passive 
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The handling capabilities of the vehicle model are judged with the tire lift-off time, 

the time for which less than 75 % of the static tire force is available and the RMS value 

of the dynamic tire force. The results show that a reduction of the tire lift-off time 

does not automatically lead to a reduction of the values for the other handling criteria. 

These differences in the assessment of the handling capabilities of the vehicle by the 

different handling criteria makes the choice of an appropriate handling criterion in the 

control objective of the semi-active system to an important issue. 

The road damage for the laden vehicle is much higher than for the un-laden vehicle 

and therefore more important. Nevertheless, the total road damage for the un-laden 

semi-active system is 1 to 4% lower than the total road damage for the un-laden passive 

system for all incidental road excitations except for the wave. 

4.3.3 Conclusions 

In this chapter, the simulation results for the 3D vehicle model with a passive tractor 

rear axle suspension are compared to the simulation results for the 3D vehicle model 

with a semi-active tractor rear axle suspension. The 3D vehicle model approximates 

the behavior of a real tractor-semitrailer for the frequency range of 0 to 15 Hz. Unfor

tunately, the influence of chassis flexibilities and some of the semitrailer flexibilities on 

the vehicle response in this frequency range could not be incorporated. 

Some conclusions can be drawn from the comparisons between the vehicle with a 

passive tractor rear axle suspension and the vehicle with an ADCC controlled semi

active tractor rear axle suspension that uses the nonlinear two-DOF model of Section 

3.1 as controller internal model and the control objective of Section 3.2.: 

• The performance of the semi-active system with respect to that of the passive 

system is disappointing for the wave. As explained in Chapter 3, this is probably 

due to a too short preview interval for this road surface. 

• The semi-active system shows 3 to 20 % lower average tire lift-off times than the 

passive system for the considered payload/road excitation combinations where 

tire lift-off occurs, except for the wave. 

• The maximum absolute accelerations at the rear side of the tractor are 3 to 

5 % lower for the semi-active system than for the passive system for situations 

where tire lift-off and hits of the bounds on the suspension deflection do not 

(tend to) occur, except for the wave. Sometimes even larger reductions of these 

maximum absolute accelerations occur for the semi-active system with respect to 

the maximum absolute accelerations for the passive system for situations where 

tire lift-off does occur. Often a reduction of other high peaks in the chassis 

accelerations at the rear side of the tractor is obtained for the semi-active system, 
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even if tire lift-off occurs. The reduction of these peaks is sametimes larger than 

the reduction of the maximum absolute chassis accelerations. 

• A reduction of the maximum absolute chassis accelerations at the rear side of the 

tractor leads to a reduction of the peak laad on the cargo of the laden vehicle 

for symmetrie raad excitations, a reduction of the fatigue load on the chassis 

components at the rear side of the tractor, but not automatically to an improved 

comfort and to a reduction of the peak laad on the cargo of the laden vehicle for 

asymmetrie raad excitations. 

• The total road damage caused by the wheels of the tractor and the semitrailer 

of the semi-active system varies from -6 to + 7 % with respect to the total raad 

damage for the passive system. 

• The results show that not only the air springs and the dampers but also the axle 

guidance may influence the performance of the suspension. 
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5.1 Review 

Chapter 5 

Review, conclusions and 

recommendations 

This section gives an overview of the research described in this thesis, together with 

the results. 

The objective is to develop a controller for a semi-active suspension with an ad

justable damper for the tractor rear axle suspension of a tractor-semitrailer combina

tion, using wheelbase preview of the road. The system has to improve the dynamic 

behavior of the vehicle compared to that of the passive vehicle for incidental road ex

citations. 

The requirements with respect to the dynamic behavior, like comfort of the occu

pants, load on the chassis components and on the cargo, handling and road damage, are 

subjective. A suitable representation of these requirements in a simpte mathematica! 

form is not available at this moment. This makes the development of such a semi

active system rather difficult. Together with the switching dynamics and the nonlinear 

force-relative velocity characteristics of the adjustable damper, this makes it impossible 

to use the classica! linear optima! control theory, using quadratic performance criteria. 

Therefore, in Chapter 3 model-based control methods for the semi-active suspension 

are proposed which can take the nonlinear behavior of the dampers and other elements 

into account and can handle a broad class of control objectives. All methods are based 

on knowledge of the road surface between the front and the rear wheels of the tractor. 

This so-called preview information may be obtained by reconstruction from measure

ments at the vehicle. The controllers split the time interval for which the oncoming road 

surface is known, the preview interval, in subintervals of equallength and determine an 

optima!, constant damper setting for each of these subintervals. 

The developed control methods use the damper either as a continuously variabie 

damper or as a multi-level damper. In a continuously variabie damper an infinite 
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number of force-relative velocity characteristics can be realized whereas this number is 

finite for a multi-level damper. For the multi-level damper, the direct calculation con

troller (DCC) and the branch-and-bound controller (BBC) are presented. The DCC 

is applicable for a broad class of control objectives whereas the BBC is applicable for 

control objectives with a monotonously non-decreasing objective function over the pre

view interval for each damper setting combination. For these objectives, the BBC is 

preferabie to the DCC because it requires at the utmost the same but in general much 

less CPU time to determine the optimum control sequence over a preview interval. 

Furthermore, if the allowed controller computation time is too small to determine this 

sequence then it is likely that the optimum of the BBC is the optimum over a larger 

part of the preview interval. So in real time applications, a less powerful computation 

device may be used for the BBC than for the DCC for nearly the same performance. 

Both the DCC and the BBC determine the global optimum for the stated control ob

jective if enough time is available for the computation of the optimum control sequence 

over the complete preview interval. However, for cases with a huge number of possible 

control sequences over the preview interval or for multi-level dampers with many levels, 

an alternative controller based on dynamic programming may be more suitable (see 

Muijderman et al. [29]). For the continuously variabie damper, so-called SQPC con

trollers are presented. These controllers are based on sequentia) quadratic programming 

and can handle control objectives with constraints. A drawback is that these SQPC 

controllers may converge to alocal optimum for the stated control problem. 

For further development of the control concepts and to make comparison of the 

different suspension types possible, a specific internal vehicle model and a specific ob

jective are chosen. The order of the internal vehicle model is restricted in practice due 

to the enormous increase of controller CPU time for increasing order. Here, a two-DOF 

model is used because this is the simplest model that shows the conflict between com

fort, suspension deflection and tire force. The minimization of the maximum absolute 

acceleration of the sprung mass, without tire lift-off and without reaching the bounds 

on the suspension deflection, is chosen as the control objective. If tire lift-off is in

evitable then the lift-off time must be as small as possible. If reaching the bounds on 

the suspension deflection is inevitable then the impact forces, i.e. the relative veloeities 

between the sprung mass and the unsprung mass just befare the bounds are reached, 

must be as smal! as possible. 

To facilitate the choice of the control parameters and to select a damper type and a 

control methad for the tractor rear axle suspension of an extensive 3D tractor-semitrailer 

model, a two-DOF simuiatien model is used. This model describes the behavier of half 

the rear side of the tractor for the laden situation. 

The control parameters are established by using a two-level damper with a DCC. 
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The optimum parameters for the BBC strategy wil! be the same and it is expected that 

the optimum parameters for the DCC wil! result inthebest possible performance of the 

systems with continuously variabie damper. With respect to the control parameters, it 

is shown that: 

• A better performance of the semi-active system than that of a good passive system 

is only obtained for subintervallengths smaller than or at least close to the smallest 

natura! oscillation time of the linearized two-DOF model. Therefore, the length 

of the subintervals is chosen equal to 0.050 s, which is somewhat smaller than the 

mentioned natura! oscillation time. A smaller subinterval length is not chosen as 

the computation time of the controller increases enormously if the length of the 

subintervals decreases. 

• The performance of the semi-active system decreases considerably if the optimum 

damper setting combination for a preview interval is applied for more than two 

subintervals with length 0.050 s. It is decided to apply only the optimum damper 

setting for the first subinterval, in order to be at the safe side. 

• Responses of the controller internal model are required to determine the perfor

mance for a given damper setting sequence. These responses are properly deter

mined by an explicit Euler integration routine with a stepsize of 0.001 s. This 

algorithm is about two times faster than a variabie-order variabie-step Adams rou

tine which evaluates the responses at a sample interval of 0.005 s. It is therefore 

chosen for application in the controller. 

For the incidental road excitations, the performance of the 'laden' two-DOF si

mulation model with the passive suspension and the performances of this model with 

the different semi-active suspensions are compared for a large number of performance 

criteria, using the earlier determined control parameters. This provides insight in the 

performance of the different suspension types and in the performance criteria. First, 

only the criteria closely related to the control objective are considered. With respect 

to these criteria, the following conclusions can be drawn: 

• The performance of the semi-active systems for one of the incidental road exci

tations, i.e. the wave, is disappointing. This is probably caused by a too short 

preview interval for this road surface. The performances of the semi-active sys

tems for the other road excitations are very promising. Reductions of more than 

25 % of the maximum absolute sprung mass acceleration are obtained for road 

excitations where the bounds on the suspension deftection and the tire force are 

not reached whereas reductions of about 10 % of the tire lift-off time are possible 

if the semi-active system can focus entirely on a reduction of the tire lift-off time. 

Furthermore, for the road excitations where tire lift-off occurs, at least some of 

the high sprung mass acceleration peaks are lower for the semi-active systems 
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than for the passive system. 

• The controlled two-level damper is preferabie to the controlled continuously vari

abie damper, as the performance is nearly equal and the computational burden 

is much lower. 

With respect to the other criteria, the following conclusions can be drawn: 

• All evaluated quantitative comfort criteria, except the maximum absolute jerk, 

are lower for the semi-active systems than for the passive system if the controllers 

focus entirely on a reduction of the maximum absolute sprung mass acceleration. 

• The quantitative comfort criteria which depend on the complete time response of 

the vehicle model (RMS and VD values) are lower for the systems with continu

ously variabie damper than for the system with two-level damper if the controllers 

focus entirely on a reduction of the maximum absolute sprung mass acceleration. 

· • If the bounds on the suspension defiection are reached or if ti re lift-off occurs and 

the controllerscan notfocus on a reduction of the maximum absolute sprung mass 

acceleration only, then most of the quantitative comfort criteria are stilllower for 

the semi-active systems than for the passive system, even if the maximum of the 

absolute sprung mass acceleration over the total simulation time is not reduced. 

• The damping behavior of the semi-active system with DCC controlled two-level 

damper is worse whereas the damping behavior of the semi-active system with 

SQPC controlled continuously variabie damper can be equal to or better than 

that for the passive system. 

• The fatigue damage for the semi-active systems is much lower than for the passive 

system. 

• The road damage varies considerably between the different suspension types. For 

example, the road damage for the semi-active systems varies between -37 to +69 

% compared to the road damage for the passive system. 

The two-level damper with DCC is chosen for further development, because the per

formance with respect to the criteria closely related to the control objective is nearly 

equal for the two-level damper and the continuously variabie damper whereas the com

putational burden is much lower for the controller of the two-level damper than for the 

controllers of the continuously variabie damper. 

The DCC strategy has to be adapted in order to obtain an applicable strategy, i.e. a 

strategy which takes into account the required CPU time for determining the optimum 

control sequence over the preview interval. The time of the first subinterval is used to 

determine the best control input for the remaining subintervals, given the current state 

of the controlled system and the preview information . During the first subinterval, the 

optimum damper setting for this interval according to the previous preview interval 

is applied to the controlled system. For this applicable direct calculation controller 
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(ADCC), it is shown that the system performance does not deteriorate if the controller 

is forced to choose the damper settings in the 7th and subsequent subintervals equal 

to the damper setting in the 6th subintervaL This knowledge can be used to limit the 

increase of computational burden for the controller at low vehicle velocities. A further 

reduction of the number of subintervals with independent damper settings seems to be 

possible with only a smal! performance deterioration. 

Unfortunately, it was not possible to use a real tractor-semitrailer for the evaluation 

of thc performance of the proposed semi-active rear axle suspension. lnstead, an elabo

rated 3D model of the tractor-semitrailer is used. The model reasonably approximates 

the behavior of a real tractor-semitrailer. Differences are mainly due to the assumed 

rigidity of the tractor chassis and the assumed high stiffness of the semitrailer frame. 

The semi-active 3D model contains a tractor rear axle suspension with a two-level 

damper at both the left and the right side. Each damper is controlled by its own 

ADCC. Each controller uses a two-DOF internal vehicle model and is provided with 

the preview in formation on the road surface between the front and the rear wheels of the 

tractor at the side of the controlled damper. The earlier chosen control parameters are 

used and eventually present 7th and subsequent subintervals are forced to choose the 

samedamper setting as the 6th subintervaL The performance of this semi-active system 

is compared to the performance of a 3D model with conventional passive dampers in 

the tractor rear axle suspension for a number of incidental road excitat ions and for 

both the laden and the un-laden vehicle. The conclusions that can be drawn from this 

comparison are: 

• For the wave, the performance of the semi-active system is disappointing in com

parison to the performance of the passive system. This was also the case for the 

two-DOF simulation model and is probably due to a too short preview interval 

for this road surface. 

• The performance impravement of the semi-active system compared to the per

formance of the passive system with respect to the quantities closely related to 

the control objective is sametimes less than predicted with the two-DOF simula

tion model, but there is stillsome improvement. The reduction of the maximum 

absolute accelerations at the rear side of the tractor chassis for road excitations 

where the bounds on the suspension deflection and the tire force are not reached 

is less than 5 % and the tire lift-off times of the semi-active system are 3 to 20 % 
lower than those for the passive system. Furthermore, aften a reduction of other 

high peaks in the chassis accelerations at the rear side of the tractor is obtained 

for the semi-active system with respect to the passive system. The reduction 

of these peaks is sametimes larger than the reduction of the maximum absolute 

acceleration. 
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• A reduction of the maximum absolute chassis accelerations at the rear side of the 

tractor leads to a reduction of the peak load on the cargo of the laden vehicle 

for symmetrie road excitations, a reduction of the fatigue load on the chassis 

components at the rear side of the tractor, but not automatically to improved 

comfort for the accupants of the vehicle and not automatically to a reduction of 

the peak load on the cargo of the laden vehicle for asymmetrie road excitations. 

• The total road damage of the wheels of the tractor and the wheels of the semitrailer 

for the semi-active 3D model varies considerably, i. e. within a range of -6 % to 

+7 %, with respect to the road damage of the passive 3D model. 

• The resul ts for the standard brick show that not only the air springs and the 

dampers but also the axle guidance infiuences the performance of the suspension. 

5.2 Conclusions 

Model-based control methods which use wheelbase preview of the road are proposed for 

a multi-level damper and for a continuously variabie damper. All methods can handle a 

broad class of control objectives and can take into account the nonlinear characteristics 

of air springs, dampers and tires. From simulations with a nonlinear two-DOF vehicle 

model it can be concluded that: 

• T he lengthof the subintervals in the preview interval has to be closetoor smaller 

than the smallest natura! oscillation time of the linearized two-DOF model in 

order to obtain a better performance for the semi-active system than for a system 

with a good passive suspension. 

• The performance of the semi-active system decreases strongly if the application 

interval of the optimum damper setting combination over a preview interval is 

Jonger than the smallest natura! oscillation time of the linearized two-DOF model. 

• The performances of the semi-active systems compared to the performance of a 

representative passive system are promising for most of the evaluated incidental 

road excitations. Reductions of more than 25 % of the maximum absolute sprung 

mass acceleration are obtained for road excitations where the bounds on the 

suspension defiection and the bound on the tire force are not reached whereas 

reductions of about 10 % of the tire lift-off time are possible if the semi-active 

system can focus entirely on a reduction of the tire lift-off time. 

• The system with two-level damper and the system with continuously variabie 

damper show comparable reductions of the maximum absolute sprung mass ac

celeration and the excesses of the bounds on the suspension defiection and the 

bound on the tire force. The values for those evaluated quantitative comfort cri

teria which depend on the complete time response of the vehicle model (RMS 
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values etc.) are higher and the damping behavier is worse for the semi-active 

system with two-level damper than for the semi-active system with continuously 

variabie damper. However, the required computation time of the control methods 

for the two-level damper is less than 2.5 % of the required computation time of 

the control methods for the continuously variabie damper for the same number 

of subintervals in the preview interval. 

From simulations with a 3D tractor-semitrailer model with controlled two-level 

dampers in the tractor rear axle suspension and a 3D model with conventional pas

sive suspension it can be concluded that: 

• The performance improvement of the semi-active system compared to the per

formance of the passive system with respect to the quantities closely related to 

the control objective is sametimes less than predicted with the two-DOF simula

tion model, but there is still some improvement. The reductîon of the maximum 

absolute accelerations at the rear side of the tractor chassis for road excitations 

where the bounds on the suspension deflection and the tire force are not reached 

is maximum 5 % and the tire lift-off times of the semi-active system are 3 to 20 % 
lower than those for the passive system. Furthermore, aften a reduction of other 

high peaks in the chassis accelerations at the rear side of the tractor is obtained 

for the semi-active system with respect to the passive system. The reduction 

of these peaks is sametimes larger than the reduction of the maximum absolute 

acceleration. 

• A reduction of the maximum absolute chassis accelerations at the rear side of the 

tractor leads to a reduction of the peak load on the cargo of the laden vehicle 

for symmetrie road excitations, a reduction of the fatigue load on the chassis 

components at the rear side of the tractor, but not automatically to an improved 

comfort for the accupants of the vehicle and not automatically to a rednetion of 

the peak load on the cargo of the laden vehicle for asymmetrie road excitations. 

• The total road damage caused by the wheels of the tractor and the semitrailer of 

the semi-active 3D model varies considerably, i.e. within a range of -6 to + 7 %, 
with respect to the road damage of the passive 3D model. 

• The results show that not only the air springs and the dampers but also the axle 

guidance may influence the performance of the suspension. 

5.3 Recommendations 

Based on the results, the following recommendations and considerations concerning 

future investigations can he given: 
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• A very important subject for future research is the translation of subjective no

tions, like comfort and handling, into mathematica! terms. A prototype vehicle 

with the proposed semi-active system might be useful with regard to this aspect. 

Subjective occupant opinions about comfort and handling of this vehicle for dif

ferent control objectives may be used for establishing mathematica! descriptions 

for comfort and handling. 

• The reduction of the maximum absolute accelerations at the rear side of the trac

tor chassis does not lead to improved comfort for the accupants of the vehicle. 

If both the load on the chassis components and on the cargo has to be reduced 

and the comfort of the occupants has to be improved and only two semi-active 

damperscan be applied, then it is recommendable to use a higher order controller 

internal vehicle model which incorporates a suspended cabin, to use cabin related 

quantities as comfort criterion in the control objective and to put the dampers in 

the tractor rear axle suspension. Depending on whether the longitudinal move

ments or the lateral movements of the cabin are the most annoying, a front-rear 

half vehicle model or a left-right half vehicle model has to be used. For deter

mining the responses of a front-rear half vehicle model over the preview interval, 

not only the road height between the front and the rear wheels of the tractor 

is required but also the road height before the front wheels of the tractor. This 

implies that a controller with a front-rear half vehicle model either has to make 

assumptions about the road height in front of the vehicle or requires look-ahead 

sensors which 'measure' the road height in front of the vehicle for the controller. 

Further investigation has to show then whether or not a controlled adjustable 

damper at the rear side of the tractor indeed can simultaneously improve the 

load on the chassis componentsjcargo and the comfort of the occupants. There 

is a large number of dynamic elements between the adjustable damper and the 

cabin or seat. Therefore, if the improvement of comfort is much more impor

tant than the reduction of the load on the chassis componentsfcargo or if more 

than two semi-active dampers can be used then it is recommendable to put ad

justable dampers in the cabin suspension and/or in the seat suspension for the 

improvement of occupants comfort. 

• The results show that for some road excitations the preview information is not 

enough for a suitable choice of the optimum control sequence. Therefore, weight

ing the terminal state of the preview interval in the performance index is recom

mended. This gives the controller the opportunity to put emphasis on a suitable 

system state at the end of the preview interval for unforeseen future obstacles. 

For example, a static equilibrium state can be preferred to a state with large sus

pension compression in combination with a high inward suspension velocity for 
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the end of a preview interval. 

• Preliminary, not reported, simulation results show potential for the semi-active 

system to improve the performance for stochastic road excitations, like brick paved 

roads and motor-ways, compared to the performance of a passive system for these 

roads. Further investigating the possible performance improvement of the semi

active system compared to the performance of a passive system on these road 

surfaces is recommended. After all, it would be advantageous if the switching 

possibility of the damper is useful for all road excitations and not only at incidents. 

• A number of the natura! frequencies of the chassis and the semitrailer in the 

frequency range 0 to 15 Hz are not taken into account by the 3D vehicle model. 

They might deteriorate the performance of the semi-active system. Investigation 

of the infl.uence of these un-modeled dynamics on the performance of the semi

active system is therefore useful. 

• Further development of the proposed semi-active suspension system requires build

ing and testing of a prototype vehicle with this system. It is recommended to build 

a prototype where the controller uses an analog electronic circuit (representing 

a time scaled equivalent of the controller internal model) for determining the 

responses for the possible damper setting combinations (see de Jager [21]) and 

a digital device for the evaluation and comparison of the performances for the 

damper setting combinations. Such a contiguration is fast and relatively cheap 

whereas the fiexibility of the controller with respect to the control objective is 

maintained. Assuming that the accuracy of the reconstructor, used to estimate 

the current state of the vehicle and the preview information, is already optimized 

in tests, actual driving tests with the complete prototype vehicle wil! show the 

effectiveness of the controlled suspension system. Furthermore, the robustness of 

the control loop for measurement noise, for parameter errors (e.g. differences in 

the actual and the estimated vehicle velocity for the oncoming preview interval), 

for disturbances and for un-modeled dynamics wil! reveal. 

• To avoid running in all practical problems related to an implementation at the 

same time, hardware-in-the-loop (HWIL) simulations may be useful as an inter

mediate step (see Vissers [41]). For example, a HWIL set up where the damper 

in the simuiatien model is replaced by a real semi-active damper may reveal un

foreseen time delays and time lags in the control loop and the suitability of the 

damper model in the controller internal model. 

• It might be possible to determine switching rules for the adjustable damper by 

comparison of the calculated optima! damper settings and the responses of the 

semi-active system. These rules might be used to establish a knowledge based 

controller with a small computation time. A first attempt to establish such a 
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controller is described by Soede (34]. 

• The results show that it is important to take the axle guidance into account 

for the impravement of the suspension performance. Reconsideration of the air 

springs is recommended. The farces transmitted by these springs are often larger 

than the forces transmitted by the dampers. Some research on adjustable spring 

stiffnesses is carried out by Benschop (5] . His simulation results show relatively 

large performance improvements fora system with an adjustable spring compared 

to a passive system. 



Appendix A 

Determination of tl1e penalty 

factors in the control objective 

criterion 

The choice of values for penalty factors in a criterion function is often rather difficult. 

Sealing is often used to facilitate this choice. This appendix shows how the penalty 

factors in the criterion function of Section 3.2 can be scaled and how the scaled factors 

can be determined. 

The mentioned criterion (without the term lext) can be written as 

J = . max [a(j) + v1 . b(j) + v2 . c(j) + w . d], 
JE{1,2,-··,C} 

(A.l) 

where 

a(j) li:3(t + jó.hc)l (A.2) 

b(j) c51(t + jó.hc) (A.3) 

c(j) c5u(t + jó.hc) (A.4) 
C-1 1 

d Áhc L t:(Ft(t + jó.hc)) + 26-hct:(Ft(t + Có.hc)). (A.5) 
j=1 

The weighting factors V1, V2 and W can be scaled by writing them as 

v; - v;·. amax 
1 - bmax' 

Tf - IS* • amax 
Y2- > 

Cm a x 

w- w·. amax 
- dmax ' 

(A.6) 

where amax, bmax, Cmax and dmax are estimates for the maxima of respectively a, b, c 

and d and Vt, V2* and W* are factors determining the importance of the corresponding 

penalized quantity with respect to quantity a. The latter is easily seen by writing the 

criterion function as 

J = . max (amax[( a(j)) + Vt · ( b(j)) + V2* · ( c(j)) + W* · (-d -)]) . (A.7) 
JE{1,2,-··,C} amax bmax Cmax dmax 
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Hence, vl, v2 and w can be determined if amax, bmax, Cmax, dmax, Vt, v2· and w· 
are known. It is possible to determine estimates for amax, bmax, Cmax and dmax from 

simulations with a two-DOF vehicle model with a passive suspension. Furthermore, Vt, 

v2· and w· can be determined by looking at the importance of the penalized quantities 

with respect to quantity a. 



Appendix B 

Performance of the 3D vehicle 

model 
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Table B.l: Performance of the laden 3D vehicle model with passive (PASM) and semi-active (ADCC) tractor rear axle suspension. 

standard brick traflic hump scraped road wel! wave 

aspect criterion unit PASM ADCC PASM ADCC PASM ADCC PASM ADCC PASM ADCC 

comfort max liisvl [m/s2
] 8.37 9.36 16.49 16.36 10.20 10.17 20.08 18.40 41.35 55.19 

max liislol [m/s2
] 4.34 5.35 5.11 5.47 2.11 2.13 18.00 15.69 22.73 32.75 

max liislal [m/s2
] 12.14 12.96 0.33 0.40 0.61 0.65 31.45 28.32 2.77 2.93 

max liisv,wl [m/s2
] 2.11 2.27 10.40 10.33 8.23 8.31 12.42 11.57 28.33 43.03 

max liislo,wl [m/s2
] 0.66 0.74 3.58 3.59 1.90 1.91 4.36 3.98 6.32 6.73 

max liisla,wl [m/s2] 1.23 1.16 0.32 0.30 0.25 0.25 3.30 2.92 1.86 1.14 

RMS iisv [m/s2
] 0.86 0.90 4.64 4.54 2.50 2.48 3.10 2.91 10.80 13.02 

RMS iislo [m/s2
] 0.65 0.68 0.89 0.88 0.54 0.55 1.95 1.79 3.34 4.18 

RMS iisla [m/s2
] 1.23 1.27 0.10 0.10 0.12 0.12 2.73 2.57 0.64 0.67 

RMS iisv,w [m/s2] 0.40 0.43 3.26 3.17 1.92 1.90 2.62 2.45 8.08 10.43 

RMS Qslo,w [m/s2
] 0.10 0.10 0.89 0.86 0.62 0.64 0.53 0.50 2.06 2.39 

RMS Qsla,w [m/s2
] 0.16 0.17 0.11 0.10 0.06 0.07 0.78 0.75 0.54 0.36 

VD iisv [m/sl.75] 2.75 2.83 8.74 8.53 5.51 5.42 7.40 6.87 20.05 26.94 

VD Qslo [m/s!.75J 1.81 1.90 2.03 2.05 1.04 1.07 5.76 5.14 7.90 10.81 

VD iisla [m/sl.75] 4.06 4.22 0.18 0.18 0.27 0.26 8.90 8.09 1.31 1.37 

VD iisv,w [m/s!.75] 0.89 0.93 5.86 5.69 4.10 4.08 5.64 5.26 15.62 22.26 

VD iislo,w [m/sl.75] 0.24 0.25 1.76 1.77 1.13 1.14 1.58 1.44 3.56 3.99 

VD iisla,w [m/sl.75] 0.40 0.41 0.18 0.17 0.12 0.12 1.56 1.49 1.07 0.66 

max l"iisvl [m/s3] 588 585 532 514 370 376 1558 1421 1797 2480 

max riislol [m/s3] 494 489 274 307 93 77 1264 1129 1307 2183 

max l"iisla l [m/s3] 881 934 14 17 35 32 1726 1606 146 251 

RMS l"iisvi [m/s3] 61 63 84 81 56 56 164 154 310 416 

RMS l"iisloi [m/s3] 62 64 41 42 15 16 178 162 240 305 

RMS l"iislai [m/s3
] 89 91 4 4 7 7 199 185 30 42 

3 
0 
a.. 
~ 



Table B.2: Performance of the laden 3D vehicle model with passive (PASM) and semi-active (ADCC) tractor rear axle suspension. 

standard brick traffic hump scraped road wel! wave 

aspect criterion unit PASM ADCC PASM ADCC PASM ADCC PASM ADCC PASM ADCC 

load max liikvl [m/s2] 2.36 2.38 8.23 7.92 8.07 7.14 5.24 5.55 40.63 44.49 

max liicvtrl [m/s2] 4.10 3.99 9.05 8.57 10.14 9.05 7.17 7.29 48.01 53.82 

max liicvrrl [mjs2] 7.34 7.14 8.98 8.50 10.25 9.18 8.17 7.54 47.70 54.12 

PM iicv{f [-] 2.52 2.04 1.51 1.23 1.31 1.33 74.04 45.65 165.29 378.01 

PM iicvrf [-] 0.91 0.73 1.45 1.19 1.28 1.28 30.98 17.98 158.43 374.74 

PM iicv{r [-] 0.00 0.00 0.43 0.21 0.16 0.10 0.18 0.16 1603.32 2519.76 

PM iicvfr [-] 0.01 0.01 0.41 0.20 0.16 0.10 0.19 0.13 1396.73 2190.23 

deflection nr bound hits fr [-] 0 0 0 0 0 0 0 0 2 5 

nr bound hits fr [-] 0 0 0 0 0 0 0 0 1 4 

max l~ciirl at bounds [m/s] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.96 1.35 

max l~cifr I at bounds [m/s] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.09 0.79 

RMS ~qir [10-2 m] 0.17 0.18 3.67 3.53 1.75 1.86 1.02 0.93 7.89 8.36 

RMS ~Qfr [10-2 m] 0.29 0.26 3.65 3.50 1.79 1.87 0.61 0.58 7.88 8.41 

handling tire lift-off i r [s] 0.000 0.000 0.000 0.000 0.038 0.035 0.075 0.060 0.337 0.514 

tire lift-off fr [s] 0.000 0.000 0.000 0.000 0.036 0.033 0.000 0.000 0.341 0.388 

<75% stat tire force fr [s] 0.033 0.033 0.232 0.295 0.082 0.086 0.108 0.100 0.819 0.884 

<75% stat tire force fr [s] 0.000 0.000 0.214 0.289 0.076 0.082 0.035 0.035 0.816 0.850 

RMS dyn tire force fr [103 N] 5.85 5.98 15.06 13.19 10.22 11.01 18.48 17.24 47.76 52.25 

RMS dyn tire force fr [103 N] 1.11 1.46 14.96 13.10 10.32 11.01 5.08 5.30 48.07 53.02 

damage road damage all tires [1020 -] 4.72 4.71 1.13 1.12 1.37 1.43 23.65 22.08 67.06 71 .11 

road damage rear tires [1020 -] 1.11 1.08 0.24 0.22 0.12 0.18 2.70 2.10 8.40 13.02 



Table B.3: Performance of the un-laden 3D vehicle model with passive (PASM) and semi-active (ADCC) tractor rear axle 

suspension. 

standard brick traffic hump scraped road well wave 

aspect criterion unit PASM ADCC PASM ADCC PASM ADCC PASM ADCC PASM ADCC 

comfort max liisvl [m/s2
] 5.88 6.15 17.34 17.89 10.56 9.89 12.20 12.76 47.35 46.09 

max liistol [m/s2
] 7.13 7.36 14.90 14.14 2.84 2.74 6.70 5.78 10.10 10.83 

max liistal [m/s2
] 9.85 9.67 1.51 1.47 1.31 1.41 9.28 9.48 4.89 4.93 

max liisv,wl [m/s2
] 1.76 1.86 11.16 11.49 7.56 7.58 8.12 8.19 32.51 31.29 

max liisto,wl [m/s2
] 0.78 0.85 4.10 4.13 2.42 2.06 1.83 1.61 3.80 4.12 

max liista,wl [m/s2
] 0.91 0.86 0.92 0.90 0.44 0.45 1.98 1.99 3.56 3.71 

RMS iisv [mjs2] 0.72 0.74 4.65 4.67 2.60 2.53 1.77 1.72 11.46 11.44 

RMS iisto [m/s2
] 0.99 1.02 2.03 1.92 0.60 0.54 0.95 0.89 1.45 1.47 

RMS iista [m/s2
] 0.92 0.95 0.31 0.34 0.28 0.29 1.30 1.29 1.09 1.11 

RMS iisv,w [m/s2
] 0.40 0.42 3.27 3.30 1.95 1.89 1.56 1.51 7.33 7.32 

RMS iislo,w [m/s2
] 0.26 0.26 1.20 1.17 0.56 0.53 0.26 0.25 1.34 1.33 

RMS iista,w [m/s2
] 0.13 0.13 0.27 0.27 0.13 0.12 0.42 0.42 0.85 0.88 

VD iisv [m/sl.75] 1.95 2.01 8.96 9.10 5.66 5.46 4.42 4.43 22.05 21.81 

VD iislo [m/sl.75] 2.63 2.68 5.12 4.87 1.28 1.16 2.45 2.26 3.49 3.78 

VD iisla [m/sl.75] 3.00 3.11 0.65 0.68 0.53 0.55 3.44 3.45 2.43 2.49 

VD iisv,w [m/st.75] 0.86 0.89 5.92 6.00 4.05 3.96 3.53 3.50 14.63 14.34 

VD iislo,w [m/sl.75] 0.39 0.40 2.19 2.17 1.21 1.08 0.69 0.63 2.39 2.44 

VD iisla,w [mjsl75] 0.30 0.29 0.51 0.51 0.23 0.22 0.93 0.93 1.87 1.94 

max riisvl [mjs3] 425 388 449 493 344 324 827 812 1613 1485 

max riistol [m/s3
] 680 690 1210 1132 124 96 583 585 439 475 

max riistal [m/s3) 601 667 84 89 68 106 690 703 200 227 

RMS riisvl [m/s3] 48 49 83 86 58 54 84 82 224 220 

RMS riistol [m/s3
] 94 97 149 141 28 23 85 79 70 72 

RMS riistal [m/s3
] 67 69 16 18 18 19 87 87 36 36 

3 
0 
a. 
<D 



Table B.4: Performance of the un-laden 3D vehicle model with passive (PASM) and semi-active (ADCC) tractor rear axle 

suspension. 

standard brick traffic hump scraped raad wel! wave 

aspect criterion unit PASM ADCC PASM ADCC PASM ADCC PASM ADCC PASM ADCC 

laad max liikvl [m/s2
] 8.83 7.78 16.45 16.18 11.65 12.73 6.55 6.76 12.08 12.11 

max liicvtrl [m/s2
] 9.98 8.47 18.20 18.93 12.79 15.48 9.13 9.49 11.61 12.32 

max liicvrrl [m/s2
] 13.03 12.59 18.29 18.84 12.81 15.69 6.61 6.63 12.56 12.47 

PM iicv{f [-] 0.14 0.25 1.16 1.16 0.50 0.48 0.91 1.73 63.11 62.08 

PM Qcvrf [-] 0.02 0.02 1.01 1.01 0.46 0.44 0.37 0.55 59.62 58.01 

PM iicv{r [-] 0.18 0.07 11.26 9.38 0.96 3.37 0.48 0.34 1.21 1.50 

PM Qcvfr [-] 0.35 0.24 11.06 9.39 0.97 3.72 0.10 0.08 1.51 1.57 

deftection nr bound hits {.,. [-] 0 0 0 0 0 0 0 0 0 0 

nr bound hits fr [-] 0 0 0 0 0 0 0 0 0 0 

max l~<lirl at bounds (m/s] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

max l~<lrrl at bounds (m/s] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

RMS ~qir (10-2 m] 0.25 0.22 1.87 2.02 0.92 0.75 0.49 0.46 2.39 3.02 

RMS ~qrr (10-2 m) 0.38 0.29 1.94 2.02 1.02 0.74 0.44 0.34 2.68 3.24 

handling tire lift-off [.,. (s) 0.034 0.029 0.270 0.272 0.091 0.084 0.096 0.080 0.000 0.000 

tire lift-off fr (s) 0.000 0.000 0.222 0.207 0.084 0.077 0.000 0.000 0.000 0.000 

<75% stat tire force [.,. (s) 0.060 0.088 0.379 0.401 0.140 0.159 0.117 0.110 0.536 0.528 

<75% stat tire force fr (s] 0.065 0.090 0.317 0.323 0.124 0.135 0.098 0.101 0.511 0.484 

RMS dyn tire force [.,. (103 N] 5.56 5.81 9.87 9.89 5.73 5.46 6.02 5.52 6.39 6.66 

RMS dyn tire force fr [103 N] 1.71 2.09 9.29 9.32 5.33 5.15 3.29 3.34 7.73 8.02 

damage raad damage all tires [1020 -] 1.76 1.74 0.20 0.19 0.10 0.09 0.84 0.82 2.09 2.13 

raad damage rear tires [1020 -] 0.33 0.37 0.04 0.03 0.02 0.01 0.03 0.02 0.00 0.00 



114 Performance of the 30 vehicle model 



References 

[1] Aa, M.A.H. van der, Optimal control of semi-active suspension systems with pre

view, Master thesis, Eindhoven University of Technology, Dept. of Mechanica! En

gineering, Report No. WFW 94.100, 1994. 

[2] Bellman, R., Dynamic Programming, Princeton University Press, Princeton, N.J ., 

1957. 

[3] Bekkers, F .P.J., Modular based vehicle modelling. 3D modular based tractor

semitrailer models to predict the dynamic behaviour on handZing and deterministic 

mad irregularities, Master thesis, Eindhoven University of Technology, Dept. of 

Mechanica! Engineering, Report No. WFW 95.078, 1995. 

[4] Bender, E.K., Optimum linear preview control with application to vehicle suspen

sion, Trans. ASME Joumal of Basic Engineering, 213-221, June 1968. 

[5] Benschop, P.B., The optimal control of an adjustable spring stiffness in a semi

active suspension system with preview, Eindhoven University of Technology, Dept. 

of Mechanica! Engineering, Report No. WFW 95.14, 1995. 

[6] Butsuen, T., Hedrick, J.K., Optimal semi-active suspensions for automotive vehi

cles: the 1/ 4 car model, Advanced Automotive Technologies- 1989, A.M. Karmel, 

E.H. Law, and S.R. Velinsky, eds., 305-319, ASME Winter Annual Meeting, San 

J<rancisco, CA., Dec 10-15, 1989. 

[7] CADSi, DADS reference manual, revision 7.5, Vol. 1-2, Computer Aided Design 

Software Inc., Coralville, 1993. 

[8] Clocquet, R.C., A semi-active damper with DG controller in a 3D DAF95 model, 

Master thesis, Eindhoven University of Technology, Dept. of Mechanica! Engineer

ing, Report No. WFW 96.022, 1996. 

[9] Foag, W., Regelungstechnische Konzeption einer Aktiven PKW-Federung mit 'Pre

view', VOl-Verlag, 1990. Fortschr.-Ber. VDI Reihe 12 Nr. 139, ISBN 3-18-143912-6. 

[10] Göktan, A., Mitschke, M., Raad damage caused by heavy duty vehicles, Interna

tional Joumal of Vehicle Design, 16(1) :54-70, 1995. 

[11] Griffin, M.J., Whitham, E.M. , Discomfort produced by impulsive whole-body vibra

tion, Joumal of the Acoustical Society of America, 68(5):1277-1284, 1980. 

[12] Griffin, M.J ., Evaluation of vibration with respect to human response, SAE paper 

115 



116 References 

860047, Institute of Sound and Vibration Research, University of Southampton, 

England, 1986. 

[13] Haé, A., Youn, 1., Optima[ semi-active suspension with preview based on a quarter 

car model, Trans. ASME Joumal of Vibration and Acoustics, 114:84-92, 1992. 

[14] Haftka, R.T. , and Gürdal, Z., Elements of structural optimization, Kluwer, 1992 

[15] Haug, E.J., and Arora, J.S. , Applied optimal design, John Wiley & Sons, 1979. 

[16] Hoberock, L.L., A survey of longitudinal acceleration comfort studies in ground 

transportation vehicles, Trans. ASME Joumal of Dynamic Systems, Measurement, 

and Control , 99(2) :76-84, 1977. 

[17] Howarth, H.V.C., Griffin, M.J., Subjective reaction to vertical mechanica/ shocks 

of various waveforms, Joumal of Sound and Vibration, 147(3):395-408, 1991. 

[18] Hrovat, D., Applications of optima/ control to advanced automotive suspension 

design, Trans. ASME Joumal of Dynamic Systems, Measurement, and Control, 

115:328-342, 1993. 

[19] Huisman, R.G.M., A controller and observer for active suspensions with preview, 

Ph.D. thesis, Eindhoven University of Technology, 1994, ISBN 90-386-0274-X. 

[20] ISO 2631/1-1985(E), Evaluation of human exposure to whoie-body vibration - part 

1: general requirements, International Organization for Standardization, 1985. 

[21] Jager, R.R.W. de, Simulation of quarter-car model by analogue electronics, Master 

thesis, Eindhoven University of Technology, 1997. 

(22] Karnopp, D., Crosby, M.J., Harwood, R.A., Vibration control using semi-active 

force generators, Trans. ASME Joumal of Engineering for Industry, 619-626, May 

1974. 

[23] Karnopp, D., Active damping in raad vehicle suspension systems, Vehicle System 

Dynamics, 12:291-316, 1983. 

(24] Kjellberg, A., Wikström, B.-O., Subjective reactions to whoie-body vibration of 

short duration, Joumal of Sound and Vibration, 99(3):415-424, 1985. 

[25] Land, A.H., Doig, A.G., An automatic method for solving discrete programming 

problems, Econometrica, 28:497-520, 1960. 

[26] Margolis, D.L., The response of active and semi-active suspensions to realistic 

f eedback signals, Vehicle System Dynamics, 11:267-282, 1982. 

[27] Mitschke, M., Dynamik der Kraftfahrzeuge (Band B: Schwingungen), Springer Ver

lag, Berlin, 1997. 

[28] Miwa, T., Evaluation methods for vibration effect, Part 7: The vibration greatness 

of pulses, Industrial health, 6:143-164, 1967. 

[29] Muijderman, J.H.E.A., Veldpaus, F.E., Kok, J.J., A semi-active suspension system 

based on dynamic programming, Proc. of the Int. Symp. on Advanced Vehicle 

Control1994 (AVEC'94), 177-182, Tsukuba City, 1994. 



References 117 

[30] Muijderman, J.H.E.A., Veldpaus, F.E., Kok, J.J., Heek, J.G.A.M. van, A general 

criterion controller with preview for a semi-active truck suspension, Proc. of the 

Int. Symp. on Ad vaneed Vehicle Control 1996 (AVEC'96), 63-75, Aachen, .1996. 

[31] Newland, D.E., An introduetion to random vibrations and speetral analysis, Long

man, 1975. 

[32] Segel, L., Ervin, R., Fancher, P., The mechanics of heavy-duty trucks and truck 

combinations, Proc. of the Int. Assoc. for Vehicle Design, course notes. Aston 

Clinton, UK, September 1981. 

[33] Snowdon, J.C., Vibration and shock in damped mechanica[ systems, John Wiley & 
Sons, lnc., 1968. 

[34] Soede, M.J., A semi-active suspension of a tractor-semitrailer combination with 

preview, Master thesis, Eindhoven University of Technology, Dept. of Mechanica! 

Engineering, Report No. WFW 95.171, 1995. 

[35] Suresh, S., Fatigue of materials, Cambridge Solid State Science Series, Cambridge 

University Press, 1991. 

[36] Tomizuka, M., Hedrick, J.K., Advanced control methods for automotive applica

tions, Vehicle System Dynamics, 24:449-468, 1995. 

[37] Tseng, H.E., Yi, K., Hedrick, J.K. , A comparison of alternative semi-active control 

laws, Advanced Automotive Technologies- 1991, DE-Vol. 40, 1991 ASME WAM. 

[38] Tseng, H.E., Hedrick, J.K., Semi-active control laws - optimal and sub-optima[, 

Vehicle System Dynamics, 23:545-569, 1994. 

[39] Vael, G., The nature and origin of suspension related dynamic phenomena in 

tractor-semitrailer combinations, DAF Trucks N.V., The Netherlands, personal 

communication, 1993. 

[40] Venhovens, P.J.Th., Optima[ control of vehicle suspensions, Ph.D. thesis, Delft 

University of Technology, The Netherlands, 1993. 

[41] Vissers, J.H.G., Real-time implementation of a preview-based control strategy fora 

semi-active truck suspension, 2nd Phase Master thesis, Stan Ackermans Instituut, 

Eindhoven University of Technology, 1997. 

[42] Wirsching, P.H., Paez, T.L., Ortiz, K., Random vibrations: theory and practice, 

John Wiley & Sons, Inc., 1995. 



118 References 



Samenvatting 

De veersystemen in een trekker-oplegger combinatie zijn in belangrijke mate verant

woordelijk voor het comfort van de inzittenden, de wegligging, de benodigde veerwegen, 

de belasting van het wegdek en de belasting van de lading en van componenten die aan 

het chassis bevestigd zijn. De prestatie van deze veersystemen kan worden verbeterd 

door het toepassen van geregelde, snel schakelbare dempers. 

Gangbare ontwerp methoden voor regelingen gaan uit van kwadratische criteria, 

die het doel van de regeling weergeven, en lineaire modellen, die het systeem gedrag 

karakteriseren. De ontwikkeling van regelingen voor schakelbare dempers wordt be

moeilijkt door het niet beschikbaar zijn van geschikte mathematische uitdrukkingen 

voor begrippen als comfort en wegligging. Verder zorgen de demper dynamica en de 

niet-lineaire karakteristieken van de schakelbare demper voor een verdere complicatie 

bij het ontwerpen van regelingen m.b.v. de gangbare methoden. 

In dit proefschrift worden model-gebaseede regelconcepten beschreven voor snel 

schakelbare dempers, die lijken op 'Model Predictive Control' concepten. Die con

cepten kunnen een groot scala van criteria aan en kunnen rekening houden met niet

lineariteiten in het veersysteem. Zij gebruiken de demper hetzij als continu variabele 

demper hetzij als demper met meerdere discrete standen. Alle voorgestelde regelcon

cepten gaan er vanuit dat het wegdek tussen de voor- en de achterwielen van de trekker 

op ieder moment bekend is. Deze zogenaamde preview informatie kan door reconstructie 

worden verkregen uit metingen aan de trekker. Het tijdsinterval waarvoor het wegdek 

bekend is, het preview interval, wordt verdeeld in een aantal gelijke subintervallen. De 

stand van de demper, d.w.z. de kracht-relatieve snelheid karakteristiek, wordt steeds 

constant gehouden over zo'n subintervaL 

Om een verdere uitwerking van de regelconcepten mogelijk te maken en de verschil

lende geregelde veersystemen onderling en met een conventioneel passief veersysteem te 

kunnen vergelijken, wordt één doelstelling en één model met twee graden van vrijheid 

als intern voertuig model voor de regelingen gekozen. De gekozen doelstelling behelst 

het minimaliseren van de maximale absolute chassis versnelling, onder de voorwaarden 

dat de band niet loslaat en de grenzen van in- en uitvering niet worden bereikt. In

dien het loslaten van de band niet kan worden voorkomen, dient de tijd van loslaten te 

worden geminimaliseerd en indien het bereiken van de grenzen aan de veerweg niet kan 
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worden voorkomen, dienen de botskrachten zo laag mogelijk te blijven. 

Een simulatiemodel met twee graden van vrijheid en één gekozen regelconcept wor

den gebruikt om geschikte lengtes te bepalen voor de subintervallen en het interval 

waarna de preview informatie wordt geaktualiseerd. Uit dit onderzoek blijkt dat een 

betere prestatie voor het semi-actieve systeem dan die voor het passieve systeem alleen 

verkregen wordt als de lengtes van de subintervallen kleiner zijn dan of gelijk zijn 

aan de kleinste eigentrillings-periode van het gelineariseerde model. De lengtes van 

de subintervallen worden daarom iets kleiner gekozen dan deze eigentrillings-periode. 

Verder neemt de prestatie van het semi-actieve systeem sterk af indien het interval 

waarna de preview informatie wordt geaktualiseerd langer is dan de genoemde kleinste 

eigentrillings-periode. De lengte van dit interval wordt daarom gelijk genomen aan de 

lengte van een subintervaL 

Het simulatie model met twee graden van vrijheid wordt eveneens gebruikt om 

de geregelde veersystemen te vergelijken. Uit dit onderzoek blijkt dat het systeem 

waarin de dempers twee discrete standen hebben te prefereren is boven het continu 

variabele demper systeem aangezien het vrijwel gelijke prestaties geeft bij een veel 

lagere rekeninspanning. 

Tenslotte wordt de prestatie van een uitgebreid 3D model van een trekker-oplegger 

combinatie met conventionele dempers vergeleken met dat van een 3D model waarbij 

in de ophanging van de achteras van de trekker zowel aan de linker als aan de rechter 

zijde een demper met twee discrete standen is geplaatst. Deze dempers worden aange

stuurd door afzonderlijke regelingen, die elk een intern voertuig model met twee graden 

van vrijheid gebruiken. Dit interne voertuig model beschrijft het gedrag van de linker 

of rechter achterzijde van de trekker. Iedere regeling krijgt als preview informatie het 

wegdek tussen voor- en achterwielen van de trekker aan de zijde van de te regelen 

demper. Vergelijking van de resultaten voor het conventionele voertuig en het voer

tuig met geregelde dempers laat zien dat het geregelde systeem in staat is om aan de 

achterzijde van de trekker de loslaattijd van de banden en een aantal hoge pieken in de 

chassis versnellingen te reduceren, zowel voor symmetrische als asymmetrische inciden

tele wegdek aanstotingen. De reductie van de pieken in de chassis acceleratie aan de 

linker en rechter achterzijde van de trekker leidt wel tot een reductie van de pieken in de 

belasting op de lading voor symmetrische wegdek aanstotingen en tot een reductie van 

de vermoeiingsbelasting op de chassis componenten aan de achterzijde van de trekker, 

maar niet automatisch tot een beter comfort in de cabine en ook niet automatisch tot 

een reductie van de pieken in de belasting op de lading voor asymmetrische wegdek 

aanstotingen. Uitgebreidere interne voertuig modellen zullen nodig zijn voor de rege

laar om de prestatie van het ontwikkelde semi-actieve veersysteem te verbeteren met 

betrekking tot deze twee laatstgenoemde aspecten. 
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STELLINGEN 

behorende bij het proefschrift 

Flexible objective controllers for semi-active suspensions with preview 

1. Het is vaak moeilijker een operationele formulering voor een technisch probleem te vin

den dan een oplossing voor een goed gedefinieerd technisch probleem. (dit proefschrift) 

2. Het voertuiggedrag op deterministische wegdekken zou eigenlijk op een stochastische 

manier moeten worden onderzocht. (dit proefschrift) 

3. De mogelijkheid tot praktische implementatie van op preview gebaseerde semi-actieve 

systemen met een flexibel regeldoel wordt sterk vergroot door het combineren van 

analoge en digitale electronica. (dit proefschrift) 

4. De effectiviteit van verkeersdrempels wordt sterk gereduceerd door toepassing van (semi-) 

actieve veersystemen. (dit proefschrift) 

5. Wetenschappers zijn door de publicatiedwang teveel bezig met rapporteren en daardoor 

te weinig met het vinden van nieuwe methoden en technieken en met het praktisch 

toepasbaar maken ervan. 

6. De invloed van klimatologische omstandigheden op de ontwikkeling van derde-wereld

landen wordt onderschat. 

7. De problemen in o.a. België, het Verenigd Koninkrijk, de voormalige Sovjet-Unie en 

voormalig Joegoslavië zouden moeten leren dat een verenigd Europa, met landen die 

verschillen in taal en cultuur, zeer waarschijnlijk zalleiden tot grote interne spanningen. 

8. Mensen die altijd druk zijn met hun werk dienen zich af te vragen of zij niet te veel aan 

hun carrière en te weinig aan hun toekomst denken. 

9. Fouten vormen ons beter en leren ons meer dan successen. 

10. Een promotie onderzoek begin je als vrije vogel en eindig je in een zelf gebouwde kooi. 

Hans Muijderman 

Eindhoven, oktober 1997 


