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Abstract 
The paper describes a (controller) design problem in the field of suspension 
systems for transport vehicles. A ten degrees-of-freedom model for a tractor- 
semitrailer vehicle is presented, using parameters derived from a real vehicle, 
which should be used for design and verification purposes. Road disturbance 
models, for stochastic as well as for deterministic disturbances, are given for 
use in the controller design and for checking the controller by a representative 
road simulation. Specifications the controlled system should fulfill are formu- 
lated. The specifications follow from the goals of a suspension system and the 
restrictions its environment places on the range of certain variables. To meet 
the specifications, a multiobjective control design seems appropriate. A for- 
mulation is proposed that includes three norm based objectives. These are (I)  
Ez-norm minimization to optimize both driver and load comfort for stochastic 
road disturbances, (2) restricting the C1-norm to prevent exceeding limits on 
designated variables and to reduce peak accelerations, and (3)  bounding the 
E--norm to get robustness. Included in the problem formulation are realiz- 
ability aspects related to power consumption, peak load, instrumentation, and 
controller implementation. 

1. Introduction 
Suspensions play a role in mechanical systems where some system compo- 
nents have to be isolated from vibrations in other components. A suspension 
then acts as a vibration isolator. Normally, it also acts as force or power 
transmitter. 
An everyday example is a transport vehicle, be it a vehicle for passenger trans- 
port or freight transport. Suspensions in these systems often consist of guiding 
frames that provide an orientation of tire plus axle and chassis, a spring, and a 
damper. By choosing the system parameters appropriately, one tries to achieve 
some conflicting goals, namely good vibration isolation, limited suspension 
travel, and guaranteed handling properties, while the system parameters can 
vary, mainly due to differences in load and variability in physical properties 
of system components, e.g., tire or damper properties. 
With almost any suspension the required performance levels can be reached if 
the vehicle speed is not too large. A limited velocity is not practical. For larger 
speed the system components for a passive suspension (damper and spring) 
are chosen to optimize, in some way, the performance. For a given speed the 
chosen design parameters are inevitable optimal for some, but nonoptimal for 
other road types. It may be possible to improve this by not using a passive 
but an active suspension, where damper, and perhaps also spring, are replaced 
by an actuator that can generate a controller-specified force between the two 
relevant system components, axle and chassis. For the active suspension, the 
generated force may be a more complicated function of more variables than for 
the passive one, where only the spring deflection and relative speed between 
axle and chassis are used. With active suspensions one hopes to improve the 
performance in some cases, while not making it worse in others. 
The performance-related objectives can be approximately translated in dif- 
ferent norm bounds on certain transfer functions or impulse responses. This 
makes both the design of a passive suspension, i.e., choosing the spring and 
damper characteristic, and the design of an active suspension prime candidates 
for a multiobjective design problem. 
The design of active suspensions using optimal control theory was proposed 
for the first time already several decades ago [l]. (For an overview of more 
recent work see [ 2 ] ) .  At that time, a realization was not possible for com- 
mercial vehicles, due to the high cost of the necessary equipment and a low 
level of interest for practical application. Nowadays, the situation has changed 
dramatically. Several passenger car manufacturers already provide some type 
of active suspension as options on their models. At the moment, the same 
does not hold true for freight vehicles because there the required peak actuator 
forces and power make a more costly actuation system necessary, while not 
everyone acknowledges the profitability of active suspensions. Nevertheless, 
active suspensions for trucks are developed actively by several manufactures. 
One of them is DAF Trucks BV in The Netherlands. Due to their kind coop- 
eration, the model used in this paper is based on data from one of their recent 
trucks. 
The main contributions of the paper are threefold. First, it provides a non- 
trivial example of a multiobjective design problem with practical significance 
and tangible benefits to industry. Furthermore, it discloses a complete set of 

models (obtained from a real vehicle and red road conditions) that is useful 
in exercising or benchmarking control design methods. Finally, it summarizes 
most aspects relevant for active suspension design and serves as a brief tutorial 
on the issues involved. 
Section 2 gives a short description of the system under consideration. A set 
of vehicle and road models to be used in the controller design and evaluation 
is provided in Section 3. Section 4 specifies the goals of a suspension, while 
Section 5 translates these goals in more precise design specifications. The 
discussion in Section 6 argues that the problem is a potential benchmark for 
multiobjective control. Finally, the Appendix provides a detailed model of the 
tractor-semitrailer vehicle. 

2. Description 
The system considered in this paper is a tractor-semitrailer freight vehicle. 
See Fig. 1 for an example. 

Figure 1: Tractor-semitrailer. Source: DAF Trucks BV. 
Three different parts of the suspension system are distinguished: the front, 
rear, and trailer suspension. It is not really known in advance which paa 
plays the largest role in determining the passenger and load comfort and the 
handling properties. We assume that the r e x  suspension is the critical one, 
which is therefore the prime target for an active suspension system. Another 
consideration is that an active suspension at the rear of the truck will be visible 
from the outside, making it attractive from a marketing point of view. To make 
all three paits of the suspension system active is not expected to be necessary. 
It is also costly. If other suspensions in the truck, e.g., the cabin or the motor 
suspension, are attractive is a subject of current research. 
Because the active suspension will be available as an option, and one does not 
want to make a really different chassis for a truck with active suspension, the 
actuator of the active suspension is meant to replace the damper of the passive 
suspension. See Fig. 2 for a detailed view of the rear suspension of the tractor. 

< ,  
air rpnngs 

Figure 2: Rear suspension system. Source: DAF Trucks BV 

The self-leveling air springs are the same for both active and passive suspen- 
sions, except for a change in stiffness. The only further difference between the 
passive and active suspension is the choice between actuator and damper. Of 
course, the active system requires additional hardware for the controller and 
to power the actuator, but these can be placed somewhere else on the chassis. 
They need not to be placed in the vicinity of the suspension. 

3. Models 
3.1. Vehicle model 
In setting up the vehicle model several assumptions are made to arrive at a 
model that is simple and still represents the main characteristics of the system. 
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For the mechanical part of the vehicle we use a multi-body approach, sepa- 
rating the system in several rigid bodies that are tied together by suspensions 
or stiff connections. The flexibility of the chassis expressed in its bending 
modes, for instance, is not taken into account, although it plays a significant 
role. Another simplification is that only a two-dimensional model is con- 
sidered. Furthermore, the dynamics of the sensors and actuation system are 
neglected. 
All these assumptions are to make the model manageable for control design. 
In principle a more detailed model could be provided for controller evaluation. 
These models are available at the truck manufacturer, but are proprietary and 
cannot be disclosed. Figure 3 gives a common model with ten DOF (degrees- 
of-freedom) used for control design. 

"& 
Figure 3: Truck model with ten DOF 

The model is two-dimensional, the right and left of the truck are lumped 
together. The main inertia components in the model are the 

front, rear, and trailer axles, modeled by point masses, connected to the 
chassis by the respective suspension guide bars, and resting on the road 
via the tires 
tractor chassis and semitrailer, modeled by rigid bodies, connected by the 
kingpin 
driver cabin, modeled by a rigid body, connected to the chassis by suspen- 
sions and a connection preventing movements in longitudinal direction 
engine, also modeled by a rigid body, connected to the chassis by suspen- 
sions and restricted in longitudinal movements. 

The suspensions consist of guiding frames, springs, and dampers. 
The seven components of the vehicle form a multi-body system with 18 DOF, 
if only motions in the vertical plane are considered and if they could move 
freely. Additional assumptions are that only the heave motion for the point 
masses is considered, and only the heave and pitch motion for the bodies, 
except for the semitrailer, eliminating six degrees-of-freedom. This implies 
that the rigid body mode in longitudinal direction of the whole vehicle, which 
is not necessary in our analysis, is not included. Furthermore, the tractor and 
semitrailer are connected by the kingpin, eliminating two degrees-of-freedom, 
one in horizontal and one in vertical direction. The initial 18 DOF are thereby 
reduced to 10. 
A linear model for this system can be derived, assuming that the rotation angles 
for the inertias are small. The ten second order linear differential equations 
of motion are expressed in the degrees-of-freedom q and are given in general 
form by 

(1) M q +  Bq + Kq = B i u  + Bt.w 

where M is the mass matrix, B the damping matrix, and K the stiffness matrix. 
The distribution matrices B: and BC. indicate how the control input U and the 
road disturbances w act on the system. 
The relations between the model parameters and the matrices in (1) are given 
in the Appendix in Section 7. Table 9 in the same appendix presents the 
parameters appearing in the matrices in (I), states their physical meaning, and 
gives their numerical values. Remark that not all parameters appearing in the 
table are indicated in Fig. 3. The values presented are valid for a DAF truck 
model F95 with day cabin. They are slightly disguised (by rounding them) to 
protect the interests of the manufacturer. 
For several parameters two values are presented, the first one is for a loaded 
trailer, the second for an unloaded one. One can obtain parameters for inter- 
mediate loads by linear interpolating between these values. This procedure 
should give a reasonable approximation. Relative load variations in freight 
vehicles are much larger than in passenger cars. It could be the major source 
of model uncertainty. Due to the self-leveling air springs, the air pressure in 
the springs gives a rough indication of the load. This pressure may be used by 
a controller and may alleviate the load uncertainty troubles.. 
Other model errors stem from two sources. First, from the assumptions made 
in deriving the model. This leads to unmodeled statics and dynamics. Second, 
from the uncertain physical characteristics of almost all system components, 
leading to error ranges of approximately 1-30% for the parameters in Table 9. 

Simplified models with six, four, or two DOF are also available. They may be 
of advantage in the initial stages of controller design. It is advised that the ten 
DOF model is used to test if the design specifications are met.' 
3.2. Road models 
Besides models of the system to be controlled, models for the main disturbance 
input, here the road irregularities, are necessary. 
At least two approaches for looking at the road characteristics are used. Both 
approaches do not concern themselves with an exact description of the road 
surface, but only consider some characteristic properties of the road. 
In the first approach this is normally done by using a stochastic point of 
view. In that case one considers the height of the road as a stochastic process. 
The specific realization of this process is not important, only its probability 
distribution for the amplitude (spatial domain) and its power spectrum for the 
time related properties (time or frequency domain) are. 
The second approach does only concern itself with incidental or determinis- 
tic road irregularities, as caused for instance by pot holes and damaged road 
surfaces. These irregularities are of modest concern for normal highway oper- 
ation of the vehicle, but are important for lower quality back roads or roads in 
countries with a less than perfect state of the roads. Also in this case, an exact 
representation of irregularities is not normally used, but a set of standardized 
road profiles is, with rounded pulses as commonly used examples. 
From the stochastic point of view, tbe road height is characterized often by a 
Gaussian probability density function for its amplitude and a power spectral 
density @, as a function of spatial frequency Q (or also of wave number), for 
its spatial characteristics, like [3] 

with @& = @ ~ ( l )  > 0 and k parameters that depend on the road type. 
Below R = 0.1 [radm], corresponding with a wave length L of 2d0 .1  = 
62.8 [m], normally no is specified. Waves of these and larger lengths are 
not considered part of the road irregularities, but of the nominal road profile. 
Using the vehicle speed v, (2) can also be written as a function of temporal 
frequency w ,  and then represents the temporal characteristics of the road 
disturbance, by using the relation between the spatial frequency and temporal 
frequency, w = vQ, and by scaling the power spectral density with lh, so the 
signal's power does not change by this argument transformation [3] 

From this relation and because in general k > 1, it is clear that driving faster 
will increase the disturbance input's power spectral density. 
Table 1 presents common values for two different types of road. Figure 4 
presents @Q as a function of R for these road types. 

Table 1 : Road power spectral density parameters 
Type of road k 

Minor road 18.8. lo4 2.5 

- - 10% 
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Figure 4: Road power spectral densitles F a r  motorway: - Minor road: - - 

For low frequencies the coherence between the road disturbance at the front, 
r e 9  and trader suspension is close to 1, so normally these signals are taken 
equal except for a shift in t". 
For the deterministic road mgulanties several signals, none of them very 
representative, can be used There is still discussion going on which type of 
profile is the most relevant for design and evaluation. In our point of view this 
discussion makes no sense One should avoid specific signals and use instead 
a class of signals that is relevant for the problem at hand, is large enough 
to cater for most situations, and fits well in the control design methodology 
employed We come back to this point in Section 6 

1. A MATLAB program 10 generate the models is available from the author 
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A commonly used signal is a step input, but the most popular ones are rounded 
pulses, where the road height qr is defined as a function of the horizontal 
position r by 

(3) 

with r = 0 at the start of the rounded pulse. The parameters qmax and Id can be 
used to have (3) represent commonly encountered road irregulaxities. The road 
profile as a function of time r depends on the two parameters and the vehicle’s 
longitudinal speed v. For constant speed Y, it holds that r = vt, with f = 0 at the 
start of the rounded pulse, and then the road profile q r ( f )  is parameterizdby 
qmax and &fh only. For models with only one disturbance input, only these two 
parameters are of interest. For a tractor-semitrailer, where the road disturbance 
at the rear and trailer suspension is normally a delayed copy of that at the front 
suspension, also the forward velocity Y is of importance because, together with 
the wheelbase, it determines the delay. Incorporating the delays in the vehicle 
model and using a road disturbance input for the front suspension alone may 
be advantageous for controller design [4]. 
Table 2 presents characteristic, or better nasty, values for the rounded pulse 
parameters, see the discussion in [SI, computed so that at least one of the 
performance variables, to be discussed in Section 5, hits its limit. Figure 5 
gives the five corresponding profiles as functions of time. 

Table 2: Critical values for rounded pulse parameters 
Rounded pulse qmax ld/v 

‘Iiny 0.0695 0.0116 
Small 0.0315 0.049 
Medium 0.0909 0.237 
Large 0.1216 0.500 
Huge 0.1886 1.ooO 
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Figure 5 Crihcal rounded pulses 
The differences in amplitude, smaller for “fastez‘ pulses, are charactenshc for 
road megulanties encountered in prachce The smaller the “nse hme” of the 
disturbance is, the lower in general its amphtude is. There is an eXCephOn to 
t h s  rule in Table 2 for very steep road lrregulanhes where the suspension can 
be regarded as ngid and the h m t  is set by the hre compression bounds 

4. Goals 
The man goals of a suspension system are to 
1 position two or more system components with respect to each other or to 

the environment (connection goal) 
2 prevent the transmission of vibrations between the components (isolahon 

goal) 
These goals are by definihon conflichng The best isolation (no transrmssion 
at all) occurs if the components are not connected, and the best connection 
(an infinitely stiff one) does not isolate from vibrahons at all It i s  common 
practice to solve t h s  conflict by stressing connechon at low and isolahon 
at high frequencies For a vehcle suspension ths IS quite clear small steep 
bumps in the road should not be transmitted to dnver or cargo, hut the vehcle 
has to follow the road profile in case of gradual ramps or hlls, etc 
For a vehicle, the connection goal normally translates to linutatlons on the 
dynamic tire forces (for vehicle handling and safety and for longiivety of 
the road) and on the suspension deflemons (for constructive reasons) The 
isolation goal translates to low levels of acceleration orjerk on dnver and cargo 
(for comfort and limited packagmg requlrements) Technical considerations 
also favor low accelerahon levels, because they extend the hfe time of the 
mechanical parts of the system, especially the axles and chassis 
The three m a n  goals of a suspension system for vehicles are therefore 
1 low levels of acceleration and jerk throughout the vehcle, but especially 

for dnver and cargo 
2 limited vanation in suspension deflections 
3 limited vanation in dynamic tlre forces 

These goals should be obtamed despite disruptive actions of the envlronment 
on the vehicle 

It is clear that the level of the signals that occur in practice depends on the 
road disturbances or profile, on steering, and on vehicle speed. In the following 
we assume the vehicle to drive along a straight line, in agreement with the 
assumption that atwo-dimensional model is sufficient. Therefore, the influence 
of steering can be dropped. The other aspects, namely road disturbances and 
vehicle speed, have been discussed previously. 
In the following, a detailed assessment of the three goals and of additional 
considerations is presented. 

5. Specifications 
5.1. Introduction 
First we discuss the three main goals of a suspension system related to: 
acceleration and jerk, suspension deflection, and dynamic tire force. After 
this, we eI&rate on some aspects related to the realizability of a suspension 
control system if implemented on digital hardware, using a limited number of 
measurements. 
5.2. Comfort 
The comfort, both for the human driver and cargo, is improved with lower 
levels of acceleration and jerk. An overview of methods for human comfort 
assessment is given in 161. IS0 guideline 2631 [7] establishes the (frequency 
dependent) acceleration levels for humans that are acceptable for a certain 
amount of time, both for longitudinal and transverse (anteroposterior and 
lateral) acceleration (assuming a right up seated position of the driver this 
is equivalent with buttocks-to-head vertical and fore-and-aft and right-to-left 
side horizontal acceleration), but not for rotational acceleration. The frequency 
dependency is caused by the differences in human sensitivity for acceleration 
at different frequencies, which again is caused by the eigen frequencies of 
intemal organs, etc. 
Three types of levels are distinguished in IS0  2631. The exposure limit, the 
fatigue-decreased proficiency boundary, and the reduced comfort boundary. 
The second one is the most relevant one for the working efficiency of ve- 
hicle drivers, while the last one is used for passengers. All levels are only 
usable for stochastic type road disturbances. See Table 3 and Fig. 6 for the 
fatiguedecreased proficiency boundary levels for both vertical and horizontal 
acceleration during an eight-hour working day and for a one hour exposure. 

Table 3: IS0 fatigue-decreased proficiency boundary data 
Frequency Acceleration (RMS values) 

8 h  l h  

1 63 2.63 
Longitudinal (vertical) 

4 .315 1.18 
8 .315 1.18 
80 3.15 11.8 

1 224 85 
Transverse (horizontal) 

2 ,224 .85 
80 9. 33.5 

Fatigue-decreased proficiency boundaries 
-7 ’=E-] 

Frequency [Hz] 

Figure 6 IS0 fatigue decreased proficiency boundary. Longitudinal: 8 h: -, 
1 h: - -_ Transverse: 8 h: . . . , 1 h: - . - 
Remark that the table is only an excerpt of the IS0 recommendation, giving 
only the comer frequency data of the characteristic. The IS0 guideline 2631 
presents data for each one-third octave frequency band. The exposure limit is 
given by the data in the table multiplied by 2, the reduced comfort boundary 
by dividing by 3.15. According to IS0 2631 the characteristics may not be 
extrapolated outside the range of 1-80 [Hz] that is given in the table, although 
it is stated that constant sensitivity in the range 0.63-1 [Hz] has been tentatively 
assumed for some applications. This is confirmed in [8] where the region of 
validity is extended downwards to 0.5 [Hz]. 
Furthennore, although agreement seems to exist about the sensitivity for trans- 
verse vibration, the sensitivity for longitudinal (vertical) vibration recom- 
mended in IS0 2631 is disputed. An altemative has been proposed in [XI, 
where also the range of validity is extended upwards to 100 [Hz], for trans- 
verse as well as for longitudinal vibration. The altemative tries to remove 
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some shortcomings of IS0 2631, e.g., the male biased experiments where- 
upon the IS0  guidelines are based. The comer frequencies of the asymptotic 
approximation of the sensitivity contours for vibration are given in Table 4 
while their shape, together with those for the IS0 recommended sensitivities, 
is shown in Fig. 7. Remark that the sensitivity contours are normalized at one 
for the frequencies with largest sensitivity and their shape is the inverse of the 
I S 0  boundaries in Fig. 6. 

Table 4: Simplified human sensitivity contour data for vibration [8] 
Frequency RMS of vibration magnitude 

Longitudinal Transverse 
[Hzl [ds21 w21 
0.5 0.4 
2.0 0.4 1 
5.0 1.0 
16.0 1.0 
100. .I6 .02 

Sen$ivity in longitudinal and transverse directions 

Frequency [Hzl 

Figure 7: Simplified human sensitivity contours for vibration. Longitudinal, 
I S 0  2631: - -, [8] : 
Because generally accepted contours for rotational vibration sensitivity are 
not known, this can best be represented by translatory vibration alone. This 
is possible if the center of rotation is far enough away from the exposed 
body, which is often true. Besides acceleration, also its derivative, jerk, is of 
influence. There is no data available that specifies the acceptable levels ofjerk. 
This aspect is thus neglected. 
Due to the lack of knowledge of several aspects that influence comfort, it is 
not uncommon to use only the inverse of the acceptable acceleration levels, 
or the sensitivity contours, for longitudinal and transverse acceleration as 
weight functions in the controller design 191. It seems that for this purpose 
the sensitivity contours in Fig. 7 from [SI should be used. First, their range of 
validity is larger than those derived from IS0 2631 (0.5-100 [Hz] instead of 
1-80 [Hz]). Second, they seem to be based on more recent and representative 
data. Nevertheless, the pitch motion, best represented by the cabin rotation, 
has a major influence on the comfort of the driver, and should be reduced as 
far as reasonable. 
For cargo, a frequency dependent sensitivity, based on the same reasoning 
as for humans, is also applicable. Because cargo and packaging vary widely, 
nothing can be said about the dominant eigen frequencies of the cargo, so in 
general a frequency dependent acceptable acceleration level is not used. 
The acceptable levels recommended by the IS0  are only relevant for stochastic 
type road disturbances, because they use RMS values. For deterministic road 
irregulatities, or incidents, perhaps embedded in noise like vibration, they 
cannot be used without modification. If the crest factor, the ratio of peak to 
RMS, is larger than six they are not applicable at all [IO]. To remedy that, more 
recent publications than the IS0 norm, e.g., [11, 121, suggest using not the 
RMS but the RMQ (root-mean-quartic ($ &Tat.(t) dt)'14) of the frequency 
weighted acceleration signal aw(t), or a so-called VDV (vibration-dose-value (s,' at.(t) dt)'14), while still using the same frequency dependent sensitivities 
[13]. When using these measures there seems to be no limitation on the crest 
factor. In [ 131 it is stated that for severe shocks the peak-to-peak acceleration 
also correlates well with human sensation and the differences in correlation 
for RMS and RMQ, or dose values based thereon, are not significant. 
Presumable, it is not easy to incorporate RMQ or VDV based measures in 
a controller design method, so the peak acceleration together with the RMS 
seem to be more acceptable targets. By trying to minimize the peak of the 
frequency weighted acceleration, one also minimizes the forces acting on the 
driver. The same holds for the cargo. Lower forces are likely to cause less 
damage. So for cargo, low levels of peak acceleration often are the preferred 
control system targets. Remark that by using the peak of the unweighted 
acceleration for cargo, one neglects the transfer from vehicle acceleration to 
the acceleration the cargo is subjected to. 
5.3. Limits 
Constructively, the suspension deflection is restricted. If the deflection exceeds 
its limits, it will reach stops and any further compression or extension will 
be prohibited, leading to appreciable variations in acceleration levels and 

Transverse, IS0  2631: -, [8] : . . . 

potential damage to the suspension, which should be avoided as much as 
possible. 
The suspension working space is, for each type of truck, a given quantity 
that depends on the geometry of the suspension system. Here, the division of 
the working space between compression and extension is independent of the 
load, at least for the rear suspension, because the air springs are self-leveling. 
The allowable axle suspension deflection is not symmetric. The main reason 
is, that by limiting the compression more than the extension the maximum 
height of the vehicle in steady state can be reduced by some centimeters, or 
better, given a maximum allowable vehicle height, the room for cargo can 
be increased. Maximum cargo volume, within the outer vehicle limits set by 
govemment or EC regulations, is a main selling argument. Table 5 presents 
the allowable variations, which should preferably not be exceeded. 

Table 5: Suspension deflection limits 
Suspension Working space Extension Compression 

Front 0.23 0.14 -0.09 
Rear 0.23 0.14 -0.09 
Trailer 0.23 0.14 -0.09 

0.10 0.05 -0.05 Cabin front 
Cabin rear 0.10 0.05 4 . 0 5  

[ml [ml [ml 

Remark that the suspension deflection in steady state is normalized to zero, 
and its sign is positive for extension and negative for compression. The same 
holds for the tire deflection. Note also that for simplicity the data for all three 
axle suspensions are taken equal to that of the rear suspension and that the 
load variability of the trailer suspension, that is not always equipped with 
self-leveling air springs, is neglected. 
Tire forces should be restricted also. The limitation based on vehicle handling 
properties will be discussed in the next section. Here, the road and tire damage 
aspects are considered. 
Damage to the road is closely related to axle load, not only the static load due 
to gravitational forces, but also the dynamic load caused by axle movements 
relative to the road [1421]. Because the relation between road damage and 
axle load is quite steep, a fourth order exponent on the tire force is commonly 
used, it is advantageous to limit the damage by limiting the peak tire force. 
Given the tire stiffness, this is equivalent to limiting the peak tire compression. 
Furthermore, there is a physical limit to the tire compression. The distance be- 
tween the wheel rim and the road for an unloaded but inflated tire is 0.206 [m]. 
To avoid damage to the tire, its maximal compression is limited to half of that. 
i.e., to 0.103 [m]. That is, the tire compression (a negative deflection) should 
not exceed a lower bound on the deflection, or, related to the steady state, the 
relative deflection may not be larger than the bound minus the static deflection. 
See Table 6 for the absolute values of the static tire compression for the three 
suspensions and the limits for the tire deflections. 
5.4. Handling 
Handling of the vehicle, be it steering or braking, requires sufficient contact 
forces with the road to prevent skidding. Because a two-dimensional model is 
used, steering is not relevant, but braking is. 
The contact forces between vehicle and road are equal to the tire forces 
perpendicular to the road. Braking is possible if at least for one axle the tire 
force is nonzero. Having several axles flying is mostly not acceptable, so one 
would like to guarantee that for all three axles simultaneously the tire forces 
are positive, or, to create a safety region, to be larger than a preselected limit. 
The limit depends on the driving conditions and road characteristics, e.g., for 
a slippery slope the contact forces should be relatively large. Given the tire 
stiffness, the tire force can be expressed in the tire deflection whose extension 
should therefore not exceed the values given in Table 6.  

Table 6 :  Handling limits for the tire forces and limits for tire deflections 
Suspension Tire force Extension Compression 

Front 0 0.034 -0.069 
Rear 0 0.024 4.079 

. 

[NI [ml [ml 

Trailer 0 0.020 -0.083 

Remark that in the table the tire force limits are set to zero. Taking larger 
(positive) values will give a larger safety margin but will decrease the accept- 
able values of the tire extension. Data for a better selection of the force limit 
is not really available because it depends strongly on driving conditions. The 
extension limits are equal to the static tire compression, are computed with 
the data in Table 9, are specific for this model data, and assume a fully loaded 
vehicle. The compression limits are equal to the maximal tire compression of 
0.103 [m] minus the static compression. 
5.5. Realization 
For a practical implementation, several additional constraints have to be ful- 
filled. They are related to the actuation system, the measurement setup, and 
the controller hardware. 
The actuation system should require not too much (average) power. It also 
should not dissipate too much power, to avoid cooling problems and to make 
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the system more efficient. Remark that the power dissipated by the actuator 
or damper has to br gcnerated by the motor. Reference points for the average 
power requirements are given in [5]  for stochastic road surfaces, both for 
power supplied as well as for power dissipated. These values are in Table 7. 
Besides average power, the peak power and peak force asked for by the 
controller should be limited to avoid too large equipment costs. No detailed 
data is available at the moment. Some data for the peak power, based on several 
rounded pulses, are reported in [5] and listed in Table 7. For the peak force 
one could use the maximum force generated by the conventional damper for a 
nasty incident, e.g., the medium rounded pulse, because that gives the largest 
peak in saspension deflection speed. An upward rounded value for the peak 
damper force in that case is given in Table 7. 

Table 7: Power and force limitation of actuation system 
Road type Power dissipated Power supplied Peak force 

[kwl [kWl [W 
Minor road 8.98 0.01 
Fair highway 0.22 = O  
Rounded pulse 235 8 -100 

Remark that Table 7 presents average values, except for the rounded pulse 
were peak values are used. 
Four measured signals are available for control, namely the front and rear 
suspension deflection, and the acceleration of the front and rear axle. The 
measurement data is available with 12 bit accuracy inside the measurement 
range, so care should be taken of quantization and clipping. In addition the 
static axle loads and forward velocity v are available. 
The control system has to be implemented on a dedicated digital hardware 
system with limited computing capabilities. The maximum allowable sample 
time T, = .01 [SI. Lower values of T, could be used to advantage, but this is 
limited by the order of the controller. The following relation between sample 
time and controller order can be used as a rough approximation 

T, 2.002 + . m n :  (4) 
with n, the order of the controller, which, given the upper bound on T,, is 
therefore limited to n, = 14, but may be chosen smaller, with a corresponding 
decrease of Ts according to (4). Here, we assume that the controller has no 
special structure that could be used to simplify the computations, i.e., by using 
another and more economical parameterization instead of the ubiquitous full 
Ac,  B,, C,, and Dc matrices of the standard state space representation, a smaller 
sample time Ts could be used without overloading the computing element. A 
smaller sample time is also profitable to prevent violating the rule of thumb 
that WbTs << 1, with o b  the bandwidth of the closed loop, imposed so a 
continuous time design can be used in a sampled-data system after a simple 
discretization without hampering performance. 
Besides the limited sampling frequency, care should also be taken of the delay 
caused by the controller output computation. This computation introduces a 
delay of one sample interval between the acquirement of the measurement 
data and the availability of the control output based on these measurements. 
The delay can be included in the model or be regarded as a high frequency 
model error of the form (Tustin back transform of a delay Ts) 

1 - 2 U  

1 + $0‘ 
6. Discussion 

The problem posed and specified in the preceding sections can be profitably 
solved by a multiobjective controller design. The translation of the design 
specifications in transfer function norm minimization or norm bounds is quite 
natural. Several norms are applicable for this problem. 
An 7-12-norm is applicable for the transfer function matrix from road distur- 
bance to cabin and trailer acceleration for a stochastic road type. In this case 
the disturbance can be represented by a band filtered white noise signal, i.e., 
a signal with bounded power spectral density feeds the filter. The output of 
interest is the RMS, i.e., the square root of the average power, of a filtered 
(frequency weighted) acceleration signal. So, the filtered acceleration should 
be limited in (average) power over the range of frequencies of interest. This 
naturally leads to the use of an Xz-norm, because that is the norm relating in- 
put signals with bounded spectral density to output signals of bounded power. 
The same norm is also relevant for the actuator power limitation. For this the 
derivative of the suspension deflection is used as output in case of a passive 
suspension. 
An ,C I -norm is applicable for the impulse response matrix of road disturbance 
to acceleration in the case of a deterministic road profile causing a crest factor 
larger than six in the acceleration. This assumes that an =-norm bound on 
the height of the road is available and an -norm bound on the acceleration 
is required, because the 1-norm of the impulse response relates bounded 
input to bounded output signals. The bound on the road input can be catered 
for by modeling deterministic road disturbances by filtered bounded input 
signals. The low-pass filter relates the amplitude of the peak in the signal to 

its steepness, expressed in its frequency contents. From the discussion of the 
rounded pulses it follows that this approach is reasonable. An --bound on the 
(frequency weighted) accelerations is indeed what is wanted. The same norm 
is also relevant for limiting the peak actuator force. 
For two other impulse response matrices of interest, road disturbance to sus- 
pension deflection and tire force, a I-norm bound is also applicable. The main 
reason is that with stochastic road disturbances the limits on the suspension 
deflection and tire force are. normally not exceeded. So only the deterministic 
road disturbance is relevant and leads to the use of the 1 3 1  -norm. 
The variability in the system parameters and errors in the structure of the model 
may lead to the use of %--norm or p-bounds on certain transfer functions. 
Initially this aspect may not be necessary in the design, but should at least be 
checked in the evaluation. It may be possible that the specifications are met 
without explicitly accounting for robustness. 
A major problem may be the realizability of the controller. This places re- 
strictions on the available time for controller output computations and so on 
the order of the controller. It is not clear beforehand if it is better to design 
a continuous time controller for the full model and reduce and discretize the 
controller afterwards, or to reduce the system model, and perhaps also dis- 
cretize it, before the controller design. In the light of recent developments in 
the robust identification and robust model reduction areas, the first mentioned 
approach will probably be the preferred one. 
Solutions for other problems are also still not clear cut. The selection of 
measurements may not be optimal. At least, for a passive suspension the set 
of “measurements” used by the system is different, because the derivative of 
the suspension deflection is used and not the axle acceleration. 
Despite these uncertainties, it is expected that a design that exploits criteria 
that are closely connected with the specifications will improve on the current 
design methodologies, and will at least end the debate on the subject of 
representative road disturbances. 
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7. Appendix: Truck model 
In the model the variables in Table 8 are used. Remark that COM is used to denote the 
center-of-mass of a rigid body and that the indices ch, f ,  ch, and m denote the chassis, 
trailer, cabin, and motor respectively. 
All the variables mentioned in Table 9 are zero in steady state, so are expressed relative to 
the value they have due to gravitational forces. It is therefore not necessary to introduce 
these forces in the equations of motion. If necessary, e.g., for the tire force computation, 
the gravitational field should be taken into account explicitly, as was done to setupTable 6.  
The translational DOF are positive in the upward direction and the rotational DOF in the 
counter clockwise direction. The deflections are positive for extension and negative for 
compression. All variables in the model are expressed in standard SI units. 
The assumptions under which the model is derived are stated in the main text. The mass 
matrix M, damping matrix E ,  and stiffness matrix K for ( I )  are now as follows 

KI = d M k q  + ksf,  krr + k5r, krr + ksr) 

Kz = [-k5j- -bks, 0 ] K4 = ["I k44 ceksr 

k41 = ksf + k5r + k5r + kcf + kcr + kmf + kmr 
k42 = -ak,f + bksr + cksr - hkcf - ik,, - jkmf - kkmr 

k44 = a2k5f + b2ksr + c2ksr + h2k,f + i lkcr + j2kmf + k2k,  

-ksf 41 0 

-kst -ckst -eksr 

1 k,, lkcf - mk,, -kmf - kmr nkmf - okmr 
ikcr -hlkc.f + imkcr j k m ,  + kkmr -jnkmf + kok,, 

0 0 0 

where all three matrices M, E ,  and K are symmetric. Matrices M and K are positive 
definite. Because the damping in the tires is neglected, so bq = brr = brr = 0, matrix B 
is positive semi-definite with three eigenvalues equal to zero. Remark that the stiffness 
matrix has exactly the same structure as the damping mamx and that there is additional 
structure in these matrices beside the symmetry. 
The distribution matrices E,* and E t .  are equal to 

assuming that the only input is an actuator force at the rear suspension. 
By stacking the DOF y and their derivatives q in a statex as [ i] the following state-space 
model can be derived 

i = Ax + BUu + Btiw 
y = Cx+ D u u +  Dt iw 
z = Ex+ Fuu+ Ftiw 

The matnces needed t o  relate thc measurements I and the pertormanse vanable< L to the 
state and inputs are mortl) composed ot squations appearing in the difterential equalion 
( 5 )  and Ne not detailcd here. 
The model parameters arc presented in 'Fdble 9 
Using these panmeters the imun chxactcnstics of the model werr computed Space 
limitations prevent the inilusion of thrss results 

Symbol 

41 
42 
43 
44 
45 
46 
47 
48 
aa 

Table 8: List of variables 
Description 
degrees-of-freedom 
displacement front axle mass 
displacement rear axle mass 
displacement trailer axle mass 
displacement of 
rotation around COMch 
rotation trailer around kingpin 
displacement of COM,b 
rotation around COMch 
disolacement of COM, *, 

410 rotition around COM,' 
actuator input 

U I  force between chassis and rear axle 
disturbances 

w1 road height at front 
w2 road height at rear 
w3 road height at trailer 

)'I 
y2 rear suspension deflection 
n front axle acceleration 

measurements 
front suspension deflecuon 

I _  

y4 rear axle acceleration 
performance variables 

LT cabin vertical acceleration 
z2 cabin rotational acceleration 
23 trailer rotational acceleration 
z4 front suspension deflection 
zg rear suspension deflection 
zg trailer suspension deflection 
27 front tire deflection 
zs rear tire deflection 
zg trailer tire deflection 

Table 9: Model pameters 
Parameter Value Unit Meaning 

Spring stiffnesses and damper coefficients 
2.5 MN/m front tire stiffness 
5.0 

10.0 
0.5 
0.5 
1.5 

0.05 
0.1 
1 .0 
2.0 

50.0 
50.0 

100.0 
6.0 
6.0 
2.0 

MNIm 
MN/m 
MNIm 
MNIm 
MNIm 
MNIm 
MNIm 
MNIm 
MNIm 
kNs/m 
kNs1m 
kNs/m 
kNs1m 
kNs1m 
kNs/m 

rear tire stiffness 
trailer tire stiffness 
front suspension stiffness 
rear suspension stiffness 
trailer suspension stiffness 
front cabin stiffness 
rear cabin stiffness 
front motor stiffness 
rear motor stiffness 
front suspension damping 
rear suspension damping 
trailer suspension damping 
front cabin damping 
rear cabin damping 
front motor dampinp, . -  

3.0 kNs/m rear motor damping bmr 

mnc 1.0 ME front axle mass 
Masses and inertias 

I 

mur 
mar 
Mch 
Mr 

Mcb 
M m  
Jch 
Jr 

Jch 

1.5 
2.0 
4.0 

30.0, 1.6 
1 .o 
2.0 
7.5 

300.0, 16. 
0.5 

rear axle mass 
trailer axle mass 
chassis mass 
trailer mass 
cabin mass 
motor mass 
chassis inertia 
trailer inertia 
cabin inertia 

Jm 0.7 Mgm2 motorinertia 
Geometric parameters 

R 0.9 m front chassis to COM,h 
b 

d 
e 
f 
g 
r! 
i 
k 
1 

m 

C 

n 
0 

2.6 m 
2.0 m 
4.7 m 
7.5 m 
2.3 m 
0.1 m 
2.2 m 
0.8 m 
1.5 m 
0.3 m 
0.7 m 
0.7 m 
0.7 m 
0.5 m 

rear chassis to COMch 
kingpin to COM& 
kingpin to COMr 
kingpin to rear trailer 
height kingpin to COMr 
height kingpin to COMch 
front cabin to COMch 
rear cabin to COM,h 
front motor to COMch 
rear motor to coMch 
front cabin to cOM,b 
rear cabin to 
front motor to COM, 
rear motor to COM, 
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