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ABSTRACT

The main purpose of this work was to study the possibilities of using the cab suspension
technique to improve the driver’s environment on an agricultural tractor.

Two simulation models describing the frame-suspension-cab system were developed: A
nonlinear model for studying the characteristics for suspensions with only small con-
strictions on the geometry and on the working principles of the elements, and a linear
model which is a simplified description of the same system including more constraints,
but more applicable when designing and studying performance particularly for active
suspensions. The simulation models were validated against measurements made on a
full-scale cab suspension.

The influence of different passive suspension parameters on vibration damping capacity
and the requirement for free space in the construction were investigated. Particular
emphasis was placed on the effects of passive non-linear suspension elements and
varying locations of the elements.

An optimization model, based on an evolution algorithm, was developed and nsed to
optimize parameters in a passive suspension with different types of generally defined
constraints.

The development and analysis of LQG based active cab suspensions are described. The
vibration damping characteristics of the suspensions are studied. The change in char-
acteristics when the suspension’s configuration or design variables are changed is also
studied.

The results show that an active cab suspension based on linear state feedback must have
time variant adaptive characteristics to be really useful. An adaptive active suspension
controller based on LQG technique has been developed and studied. The principle for the
adaptation is based on the parameters in the penalty matrices being varied so that the
resulting controller always strives to make optimum use of the available travel space.
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1 INTRODUCTION

The driver’s environment in a modern off-road vehicle has numerous drawbacks. High
vibration loads, poor working postures, etc., place stresses on the driver’s health and
cause, in the longer term, incurable damage to exposed parts of the driver’s body.

The stress also decreases the driver’s capacity to register complex information, and to use
the information to give the vehicle a better and more effective adjustment. The work is
therefore performed with a lower degree of efficiency.

The research striving to reduce the driver’s vibration load has mainly concerned different
types of seat suspensions. The possibilities to reduce vibration load in more than one
direction are, however, small using this technique. Relative differences in movement also
arise between the driver and his immediate surroundings, which is why a seat suspension
never can present satisfactory vibration protection.,

Better vibration protection can be obtained if the whole cab is mounted with a suspension
in relation to the rest of the vehicle. The cab suspension’s potential to damp vibrations
also in the horizontal and rotational directions makes it highly suitable for use on agri-
cultural tractors where this type of vibration is particularly common.

The suspension elements used can be passive or supplied with different types of active
functions. Passive suspensions do not require a supply of power, which makes them
simple, inexpensive and reliable. Their potential to reduce vibrations is, on the other
hand, fundamentally limited. Active supensions may use continuous or intermittent
power supply from an external source and permit the use of more general control forces
than are available from passive elements. The vibration damping capacity is better with
active elements, but the complexity and the expense are also increasing. Active suspen-
sions can also be simplified to varying degrees to provide suspensions containing most
of the advantages of fully active suspensions but with reduced complexity and
production costs. .

A cab suspension with springs and dampers is a complex construction with numerous
parameters influencing the vibration damping capacity. Developing an analytic simula-
tion model describing the system, offers possibilities to investigate the influence of dif-
ferent suspension principles and variables in a scientific way. The simulation mode] has
to be designed so that the influence of all the interesting parameters can be exarnined, and
so that agreement with the real system is sufficiently correct.

A soft suspension with low natural frequencies normally offers better vibration damping
capacity than a stiffer one, but needs more travel space to avoid over-travel. The
restricted space is therefore one of the basic constraints when designing effective
Supensions.

A characteristic of agricultural tractor driving is the extremely varying vibration loads
resulting when performing different types of working operations. It is therefore very
important that a suspension works well when driving over all types of surfaces with all
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possible speeds. These characteristics can be improved in a passive suspension by using
nonlinear elements, but an adaptively controlled active suspension has an even bigger
potential.

The main purpose of this work has been to study the possibilities of the cab suspension
technique to improve the driver’s environment on an agricultural tractor.

A study of all possible types of suspension techniques would be too comprehensive for
a work of this type. This study has therefore mainly been directed to the two extremes,
namely the totally passive suspension without any possibilities to adjust parameters, and
the fully active supension with total control of the controller parameters and the actuator
forces.

Two simulation models describing the frame-suspension-cab system have been devel-
oped: A nonlinear model which can be used to study the characteristics for suspensions
with only small constrictions on the geometry and on the elements’ working principles,
and a linear model which is a simplified description of the same system including more
constraints, but is more usable when designing and studying performance for specially
active suspensions.

The simulation models have been validated against measurements made on a full scale
cab suspension. The models have also been compared with each other,

Earlier cab suspension studies, together with the result of this study, have shown that it
is possible to design a suspension that works well for a well-defined normal vibration
Joad. The possibilities to design a suspension with attractive characteristics in all types
of circumstances have been very little studied. Consequently, a major part of this work
has been directed towards different possibilities to achieve these favourable character-
istics.
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2BACKGROUND

The vibration load on the driver of an agricultural tractor has several negative effects.
Besides contributing to physiological changes in the back and joints, the vibrations also
cause other types of discomfort. Further consequences are a lower quality of the per-
formed job and a lower degree of utilization for the machine.

Physiological changes, as for example changes to the lumbar region, are hard to relate to
the vibrations because of the other factors that may cause an influence. As early as 1960,
Rosegger & Rosegger presented a study where drivers of agricultural vehicles showed
an substantially increased frequency of changes in the back and stomach problems. The
reasons reported were vibrations and shocks in combination with the twisted working
postures common in tractor driving. In a later study (Thelin, 1980), tractor drivers were
compared with farmers who had not driven tractors, The tractor drivers ran a five-fold
increased risk to be affected with lumbar disorders as well as hip joint disorders.

The more short range effects on driver health and well-being are easier to study and a
great number of studies have also been published, dealing with, for example tiredness,
nausea and deteriorated power of observation. Wuolijoki (1981) gives a good survey.

The vibrations also affect the driver’s capacity to steer and control the vehicle. McLeod
& Griffin (1988) studied the effects of different vibration €Xposures on a person’s
capacity to perform precision work. The capacity was significantly lowered when the
surroundings were vibrating. The influence was particularly large at vibration fre-
quencies of 4 Hz and higher. The ability to read information from a digital display was
also found to decrease at increased vibration levels.

In many practical situations the driving speed is limited by the vibrations that reach the
driver, whose capacity is then decreased. In some cases, the vibrations also affect the
quality of the' work and the degree of vehicle utilization (Matthews, 1973).

One reason for the vibrations in an agricultural tractor being assumed to be particularly
dangerous are the interactive effects which probably arise when the vibrations are com-
bined with twisted and leaning working postures {Bottoms, 1975). The transmission of
vibrations from the seat through the body to the head have shown a significant increase
when the body is twisted (Bjurwald et al,, 1973). This result supports the statement
above.

Most of the working equipment is situated behind the tractor, which results in the drivers
being forced to assume an extremely twisted posture when controlling the equipment.
When ploughing, the cab also leans sideways, which makes the situation even worse.

In most vehicles, the vibrations in one direction, normally the vertical, dominate the total
vibration load. The driver of an agricultural tractor is loaded by vibrations with high
levels in most directions, also the rotational directions, which may be another reason for
a worsening situation (Matthews, 1973).
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3 OBJECTIVES

The main objective of this study is to reduce the vibration load on the driver of an agri-
cultural tractor, to protect his health and to increase the quality and the quantity of the
performed work.

More specifically, the objective is to study the characteristics for different passive and
active cab suspensions when used on agricultural tractors. In particular the vibration
damping potentials and needs for free available travel space of the suspensions will be
studied.

A further objective is to develop methods, for the different types of suspensions, to
optimize the function with respect to the vibration damping potential, dependent on the
constraints defined,

4 LITERATURE

The survey begins with a description of the positive and negative effects of cab suspen-
sion when used on a terrain vehicle (Ch. 4.1). The theoretical and practical work per-
formed to study terrain vehicle cab suspensions are then discussed (Ch. 4.2).

A terrain vehicle suspension must be effective when driving both on very smooth and on
very rough surfaces. The principle problems that arise, and the attempts to solve the
problems, are described in Ch. 4.3.

Some types of simulation models involve major constraints when different types of
suspension elements and principles are studied. The possibilities for different types of
simulation models to describe the real system in an exact and realistic way are discussed
in Ch. 4.4.

The primary goal for the work is to reduce the vibration load on the driver. The principles
for relating vibration loads in different directions to a measure of the total load on the
driver are described in Ch. 4.5.

The coordinate axes in this study are directed and denoted as shown in Figure 1, with x
positive in the normal driving direction, y positive to the left and z positive upwards. The
axes are mutually perpendicular. The rotational degrees of freedom are denoted x+ (roll},
yr (pitch) and zr (vaw).
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zr (yaw)

Fig. 1. Directions and notations for the coordinate axes.
4.1 Benefits for cab suspension

The benefits obtained by using cab suspensions have been discussed in many studies.
Hilton & Moran (1975) point out the possibilities for damping in 6 d.o.f., elimination of
relative motions between the driver and the cab, and the increased possibilities to reduce
the noise levels. Decreasing levels for the high frequency vibrations at the steering wheel
and the controls when using a suspended cab are also mentioned. Disadvantages
described are the higher costs and the reduced driver awareness in some circumstances.

‘The use of a cab suspension also offers possibilities to design a suspension, striving to
keep the cab horizontal, which is very positive, for example when ploughing (Weigelt &
Gi6hlich, 1985). These authors also discuss the need for better vibration damping on a
future tractor constructed for higher velocities.

4.2 Practical and theoretical studies

A very early cab suspension study was performed by Suggs & Huang (1969), with a
mode] in scale 1:3/8. The suspension used had one d.o.f. (z) with the natural frequency
2.25 Hz. The results indicated that a lower natural frequency would have been preferable
with regard to the vibration damping but that the travel space did not allow it.
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Fig. 2. Cab suspension (Gohlich, 1984),

A more comprehensive study of cab suspensions was performed by Hilton & Moran
(1975), who built a passive experiment suspension with 3 d.o.f. (z, roll and pitch) and
possibilities to change the natural frequency in each direction. The cab was mounted on
an ordinary agricultural tractor. The petformance of different linear suspension char-
acteristics was studied when driving on different test tracks and in ordinary driving
situations. Substantially decreased vibration levels were reached in all three free
directions, with best results on smoother surfaces,

A suspension with 5 d.o.f. was developed in The Netherlands ('t Hart, 1977). A passive
suspension which was assumed to be linear was designed to give natural frequencies
lower than 1.1 Hz in all directions. Large travel space was needed to avoid over-travel
but good vibration damping capacity was provided, especially in the z direction.

Cab suspensions have also been studied in Berlin (Kauss & Weigelt, 1980). The authors
describe an experimental suspension based on vertical gas hydraulic spring elements and
another based on leaf springs, both with three d.0.f. One of these suspensions was also
tested with active elements (Kauss, 1981). The controller was based on traditional vel-
ocity feedback with constant feedback gains and the elements were powered from the
tractor’s standard hydraulic system. Kauss also theoretically studied the characteristics
for active suspensions based on feedback of different parameters.
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Fig. 3. Vibration levels with and without cab suspension when driving on the smooth test
track (SS-ISO 5008) at 12 km/h (after Kauss & Weigelt, 1980).

The vibration damping potential for a passive cab suspension on a forestry machine (a
forwarder) was tested in a Swedish study (Zylberstein, 1981). Both the measured vibra-
tion load and the driver’s subjective estimate of the load decreased when the cab was
suspended. The drivers, on the other hand, also reported a feeling of decreased
interaction with the vehicle in some driving sequences.

On some larger vehicles, such as mining trucks and heavy-duty truck tractors, the prin-
ciple has been accepted and has also resulted in improvements for the driver at reason-
able cost (Rova, 19903,

A variant of passive cab suspension is introduced by Renault in their bigger agricultural
tractor models (Robert, 1988), but the technique is still waiting for the break-through in
the agricultural sector.

Only a few models describing the dynamical system vehicle-suspension-cab are reported
for agricultural vehicles. Other models describing the same systemn for trucks are
reported. However, because of the small horizontal vibration levels in these vehicles, the
models are normally only two-dimensional and therefore only have limited applicability
to terrain vehicles.

Roley (1975) reports on a simulation model for movements in 4 d.o.f. used to compare
the vibration damping capacity for passive linear, semi-active and active cab suspensions
on agricultural tractors (Figure 4). The passive elements studied were simplified to give
the same characteristics in all directions. As expected, the active suspension was the most
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effective one, but little consideration was paid to the requirement of the different sus-
pensions need for free travel space. A similar simulation model, but with 5 d.o.f,, was
developed by Rakheja & Sankhar (1984). This model dealt only with linear simplified
elements.

Fig. 4. Schematic description of a cab suspension (Roley, 1975},

El Madany (1987), after studying a model describing a truck cab suspension, recognized
that the main constraint for the design is the limited space available for suspension travel.
El Madany studied the demands for free available travel space in the z direction for dif-
ferent linear suspensions. Results from studies without any discussion of the different
suspensions’ need for available travel space have been criticized for their limited
practical use (Sharp & Crolla, 1987).

The normal way, when designing cab suspensions, is to reduce the suspension’s natural
frequencies, Besides the need for large available travel space, natural frequencies below
1.0 Hz also resultin large static travel when the vertical payload is varied or when driving
on side-slopes. It is then possible, and in some cases probably necessary, to include a self
levelling system, which typically involves time constants of many seconds, to compen-
sate for static load variations (Sharp & Crolla, 1987). A slowly reacting load leveller can
be built with fairly simple components and with low energy consumption.
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4.3 Suspensions with adaptive and nonlinear characteristics

Most terrain vehicles are designed both for driving on relatively smooth surfaces, and for
driving in the terrain with, in some cases, very high vibration levels. Agricultural tractors
are, for example, both used with trailers as transport vehicles and for driving on very
rough surfaces such as the first tillage operation after ploughing.

Different types of trailers and implements also influence the vibration levels on the
tractor, partly by providing vibrations themselves and partly by affecting the vehicle’s
dynamic properties (Crolla, 1980; Claar & Sheth, 1982). The conclusion must be the
importance of having a suspension system with good vibration damping capacity for all
types of driving and implements.

To avoid over-travel when driving over very rough surfaces, a passive linear suspension
must be very heavily damped. For more normal driving on smoother surfaces, this sus-
pension is too stiff to be optimal, and the vibration damping capacity is reduced (Kar-
nopp & Margolis, 1984). Also for an active suspension, the control setting nsable on
rough surfaces is excessively adjusted to counteract for major travel to be effective on
smoother conditions.

It seems that a suspension must have time variant characteristics to be optimal when the
conditions change. In automatic control terms, such a principle is denoted as "adaptive".
The cab suspension studies described have not discussed possibilities to use adaptively
controlled suspension. In the literature on automobile suspensions, however, there are
some papers discussing adaptive suspension systems.

Car body

Suspension $ T

Wheel

Ground

Fig. 5. Automobile quarter car suspension model frequently used in suspension studies.
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Relatively simple systems with adaptation of the dampers and in some cases also the
springs with respect to velocity, steering angle, etc., are already in production for some
cars. An adaptive system where the springs and dampers in an otherwise passive systerm
can be regulated depending on velocity, steering angle and braking forces was theoreti-
cally studied by Karnopp & Margolis (1984).

At the Royal Institute of Technology in Stockholm, Sweden, a system with high practical
potential was developed (Lizell, 1990). A slowly acting active system compensating for
body motion was combined with adaptively controlled damping for each wheel. The
adaptation of the control gains was based on the frequency content and the amplitude of
the suspension velocity.

Hac (1987) describes theoretically an adaptive control for a fully active automobile
suspension. The contro] is based on LQG-theory and is described for an quarter car
model. The feedback gains were assumed to be precalculated and stored in the control -
ler’s memory. The choice of gains was decided from the velocity and the characteristics
of the surface. The adaptive system can be defined as a Gain Scheduling controller
without feedback. The identification of the variables deciding the gain is not described.
A similar system applied to heavy commercial and military vehicles is described by
Sachs (1979).

Adaptive suspension systems can be sensitive to extreme input from, for example,
potholes in an otherwise smooth surface. The adaptation must, in that case, be rapid but
not so fast that the system becomes instable (Sharp & Crolla, 1987). This characteristic
is normal for most types of adaptive control systems.

The problems appearing when steering large vessels affected by wind and wave dis-
turbances have a lot in common with the suspension problems discussed earlier (Byme
& Katebi, 1988). Similar control strategies can be used.

Another way to develop a suspension with good function on most surfaces is to use
nonlinear passive elements. These elements contribute to the suspension being soft in the
normal working range but harder damped for extreme strokes, in order to reduce the
maximum travel and thereby also the risk for over-travel. The effectiveness of a passive
nonlinear suspension could never be as good as an adaptively controlled active one but
the costs and the reliability problems become smaller.

It is not possible to analyse the characteristics for nonlinear elements with the normal
tools used for linear systerms. The systems have to be analysed in the time domain.

The effects of nonlinear elements with different characteristics in a car suspension were
studied by Mitschke (1969). Both nonlinear springs and dampers were tested.

Nonlinear damping elements were also tested in a one-dimensional cab suspension for
an agricultural tractor designed for commercial use (Lines et al., 1989). A relatively soft
suspension was used to reach good vibration damping capacity, but resulted in over-
travel under rough conditions. The over-travel contributes to very high peak vibration
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values and was experienced as very unpleasant for the test drivers. Better results were
reached when the damping was made progressive with guadratic damping characteristics
(Figure 6). This nonlinear arrangement gave good vibration isolation at normal driving
and completely removed the high peak acceleration loads.

N
2000 ¢

1000 4

50 100

~2000 4

Fig. 6. Damping force vs displacement at constant velocity (0.05 m/s) for a nonlinear
suspension element (Lines et al., 1989),

4.4 Agreement between theoretical models and practical measurements

The reported simulation models describing the vehicle-suspension-cab system are
mainly linear models. Simplifications must normally be performed when describing a
mechanical system as linear, and results in constraints for i.e. nonlinear elements, non-
symmetric elements and co-operating elements.

With a correctly designed simulation model taking care of the nonlinear relations is it
possible to break the described constraints.

Nonlinear models have 10 be, with few exceptions, analysed in the time domain. The
output is then totally dependent on the defined input, and not some kind of average as for
linear models analysed in the frequency domain. This can be a restriction or a favour
dependent on the application.

The models used for simulation of the influence of different suspension parameters on
the vibration load in the cab, either describe the total system made up of ground-tyre-
frame-suspension-cab or just the frame-suspension-cab system, With few exceptions, the
models are not validated against practical measurements (Stayner et al., 1984). The
experience is that the models describing the total system, including the ground-tyre
interaction, shows rather poor agreement with practical measurements. One reason
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reported is the linear spring and damping characteristics used, despite the fact that the
characteristics, especially for the tyres, should be nonlinear and more complex. Also
Deltentre & Destain (1990) report that the linear models are able to predict trends in the
results but no absolute levels.

4.5 Effects of whole body vibratiens

Important variables involved in the measurement of vibration exposures are magnitude,
frequency, direction and duration. These variables do not, however, always adequately
define the severity of the vibrations. There may be differences in susceptibility within
individuals (intra subject variability) and differences between individuals (inter subject
variability). Many studies have been performed to study the influence of the variables,
one at a time or two or more combined.

The result of the studies was an International standard for evaluation of human exposure
to whole body vibrations (ISO 2631, 1974). The standard includes exposure time limits
for humans in vibrating environments. The first edition was subjected to criticism, and
has also been reviewed. Even the reviewed version has been criticized, especially the
evaluation of the time factor (Kjellberg & Wikstrom, 1985).

The British standard (BS 6841, 1987) evaluates the vibration load in a more complete
approach and, in contrast to ISO 2631, includes outlines for evaluation of vibrations in
the rotational dimensions. ISO 2631 evaluates the vibrations measured at the driver’s
seat, while BS 6841 evaluates vibration exposures also on the driver’s feet and at the
back support (Figure 7). BS 6841 has not been accepted as International standard and the
vibration exposures have therefore been evaluated according to the latest Swedish ver-
sion of ISO 2631, SS-ISO 2631 (1982), in this study. This standard is called ISO 2631
throughout the present study.
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Fig. 7. Coordinate system and vibration measurement positions according to BS 6841
(1987).

4.5.1 Measurements and analysis

ISO 2631 evaluates the effects of whole body vibrations with the frequencies 1.0-80 Hz
in the x, y and z directions. The standard is valid for vibrations with Crest factors (the
size of the extreme value in relation to the RMS value) not exceeding 6. The effects when
relative movements appear between the driver’s upper body and feet, as is the case when
using a suspended seat, are not considered.

The vibrations should be measured at the point where they are transmitted to the body,
in an agricultural tractor between the seat cushion and the body. Typical driving situ-
ations should be selected, and the measurement time should not be below 60 s to get
correct values for vibration levels and Crest factors.

The human body shows different sensitivity for vibrations depending on direction and
frequency content. In the vertical direction, the body’s most sensitive range is 4-8 Hz,
while sensitivity in horizontal directions is highest between I and 2 Hz. In general, the
body is also more sensitive in the x and y directions compared to the z direction.

IS0 2631 defines weighting filters (Figure 8) to be connected between the transducer and
the data acquisition unit. The filters reduce signal components outside the areas with
highest human sensitivity. The RMS value of the filtered signal then gives a direct value
for the effects on the human body.
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Fvaluation of the effects of vibration loads with one dominating frequency can be per-
formed in a slightly different way, but since vibrations of this type hardly occur in a
terrain vehicle, the method will not be further discussed.

Woeighting factor

1.0 16 25 4.0 8.3 0.0 16.0 25.0 40.0 £3.0
1.25 2.0 315 5.0 8.0 12.5 20.0 3.6 50.0 B80.G

Frequency (Hz)

Fig. 8. Frequency weighting for vibrations in the x, y and z directions (150 2631).

For vibration loads with substantial effects in more than one direction the effects of the
total load may be bigger than the effects of the components evaluated one at a time. To
make an evaluation of the total load possible, ISO 2631 defines a vector sum (a,,,) as the
weighted sum of the vibration loads in the three linear directions.

a,, =N, 4, P +(1,4a,,) + (@, ¢y

where

a,, = weighted acceleration level in the i direction ({ =x, y,2).

The factor 1.4 (\2) depends on the human body’s greater sensitivity to vibrations in the
% and y directions.

4.5.2 Main criteria for evaluation of vibration effects

The consequences of the vibration load are estimated accorcling to three main human
criteria. These are:

- preservation of working efficiency
- preservation of health and safety

- preservation of comfort.
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The exposure times for varying loads are defined in Figure 9 for the z direction. The
figure also shows the decreasing sensitivity for frequencies outside the 4-8 Hz domain.
For vibration loads in the x and y directions, curves are defined with the most sensitive
area between 1 and 2 Hz. Weighted values for one individual dimension should be
compared to the horizontal part of the curves.
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Fig. 9. Exposure limits for decreased working efficiency in the z direction (ISO 2631},

Figure 9 shows the limits for decreased working efficiency. For decreased comfort, the
curves are lowered 10 dB. For health and safety, the curves are raised 6 dB. The curves
in the figure are defined for one third-octave band analysis with analog bandpass filters
and have to be raised 4-8 dB for digital broad band analysis.

The vector-sum values should firstly be compared to values measured with the same
technique at other working places. According to the standard, it is also possible to
evaluate the values against the horizontal range of the curves for vibrations in the z
direction. The curves then have to be raised 4-8 dB.

The big interval in the recommendations for the changing of the limits when the
measurement technique is varied, makes it hard to safely relate a measured vibration
value to a defined exposure time limit. The logarithmic base for the limits, however,
makes it possible to estimate the relative relation between two loads, without calculation
of exact exposure time values.
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5 METHODOLOGY

This chapter describes two simulation models for the frame-suspension-cab system. The
nonlinear model can be used to study the characteristics for suspensions with only small
constrictions on the geometry and on the working principles of the elements. The linear
model is a simplified description of the sarne system but is of greater applicability when
designing and studying the performance for particularly active suspensions.

5.1 Nonlinear time domain simulation model
5.1.1 Demands at the model

A simple model, described for simulation in the frequency domain, may be sufficient for
a study of basic cab suspension principles. A more complete study of the characteristics
and possibilities requires a more detailed model, based on as few simplifications and
restrictions as possible.

Among the demands for a simulation model to study the influence of important factors,
special mention can be made of the following:

- possibilities to simulate movernents in 6 d.o.f. for each solid body

- possibilities to study the effects of passive, semi-active and active suspension
elements

- possibilities to simulate suspensions including digital controllers

- no constrainis included for elements relating to locations and directions

- possibilities to analyse time histories and extreme values for the variables involved
- possibilities to use input signals measured during real driving situations

- possibilities to combine the model with an optimization algorithm.

5.1.2 ‘The simulated system

A model for studying different types of cab suspensions can describe the whole vehicle
including the ground-tyre interplay or just the frame-cab interplay.

The possibilities to describe, with reasonable precision, the transmission of ground
irregularities through the rubber tyres to the frame are small. Incomplete knowledge of
the tyres’ dynamic properties and of the ground-tyre interaction are contributory causes
(Stayner et al., 1984; Crolla, 1981). More recent work on tyre dynamics have resulted in
the errors decreasing, but even better tyre dynarmic descriptions are required (Lines et al.,
1992).

The simulation model is defined only to describe the frame-cab system. Accelerations
measured at the vehicle frame when driving over representative surfaces can then be used
as input to the model. A linear model describing this system is also directly suited for
implementation in an active cab suspension controller, which hardly is the case for a
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model also describing the ground-tyre interplay. The cab’s mass is then assumed to be so
small, in relation to the rest of the vehicle, that cab movement does not affect the
movements of the rest of the vehicle.

A free body in space may move in 6 d.o.f,; three linear directions and three rotational.
Measurements have shown that the tractor’s and the cab’s angular vibrations around the
z axis can be negligible. Nonetheless, this dimension is included in the model, since it
only slightly increases the complexity. Some of the tested suspension configurations may
also induce vibrations in the sixth dimension,

3.1.3 Simulation program principle

To meet the defined demands, the simulation model has to be designed for time domain
simulation.

The algorithm is based on differential equations, describing the cab’s movements when
influenced by defined forces and moments. The cab and the frame are assumed to be
solid bodies without elasticity. The principle for the algorithm is schematically described
in Figure 10.

|Calc. of cab accelerations | {Read frame accelerations |
[Integ. of cab velocities | lInteg. of frame velocities |
linteg. of cab positions | Integ. of frame positions |
Calc. of the elements’ Calc. of the elements’

cab end points frame end points

!

Cale, of the elements’
momentary lengths,
relative velocities

and bending angles

Calc. of magnitudes and
directions for the elements’
forces

}

Summation of foreces and
moments acting on the cab

L

Fig. 10. Simulation model description.

Assume that t=t; and that the sums of the forces and moments influencing the cab are
known. For the motion of the cab’s ¢.0.g., the following is valid:
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where

ig, = €,0.g coordinate in the i direction (i =x, y,2)
LF, = total force in the i direction (i =x,y,2)

m = cab mass.

The cab is assumed to be symmetric in relation to the coordinate axes through the c.0.g.
with the products of inertia (I, I, ... ) = 0. Buler’s simplified formulas for the

angular movements of a solid non-elastic body can be used if the deviations from the
balanced position are assumed to be small:

e M, -, 1) yr-zr (5
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where

ir = angle of rotation in relation to the i axis (i = x, y,2)
TM, = total torque around the i axis (i =x,y.2)
I, = cab moment of inertia (f =x,y,z).

Integration then gives the cab velocities in relation to a coordinate system fixed in space,
for t=t+At where At=the integration time step.

The coordinates at t=t, for the endpoints of the elements must be defined as inputs to the
model. For a point located in the cab moving in space, the following are valid:

2=k~ (¥ =y (2 g oy (8)

P = Vo — @ —zg ok + (2 - x)er ©)
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where
i = the coordinate in the i direction for the point (i =x,y,z) (Symon,1971).

The frame accelerations in 5 d.o.f. are read from an input file, The same integration
technique as for the cab’s movements is then used to calculate the position of the frame
and the frame endpoints of the suspension elements at t=ty+At. The cab movements are,
as mentioned earlier, assumed not to influence the frame movements.

With the coordinates for the suspension elements’ cab and frame endpoints calculated for
t=ty+AL, the formulas in Chs. 5.1.5.1.2 and 5.1.5.2.2 are used to calculate the magnitudes
of the forces from each element. More complex relations for the force magnitudes, when
using active elements, are described in Ch. 9. The calculations to decide the forces’
directions are described in Chs. 5.1.5.1.1 and 5.1.5.2.1 for the element types simulated.

The components for one force are:

F =F,-D_ (1
F,=F,:D, (12)
F.=F, D, (13)
where

F, = axial force from one element (positive for pressure)
F, = force component in the i direction ( =x, y,z)

D, = component in the i direction for the normalized direction vector (direction cosines)
(i=x,y.2).

For the torqgue the following are valid:

M, =F (2}, ~ )+ F 3]~ ¥5) (14)
M, = F,(x, ~x0)+ F, (2~ 25) (15)
M = F g~y )+ F\ (e~ x5) (16)
where

M, = torgue in relation to the i axis through the cab’s c.0.g. (i =x,y,z)
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i = coordinate for the cab end point of the element (i =x, y,2).

The total force and torque at t=ty+At are calculated by summing the components from
each element. The results are used to calculate the parameter values for t=t,+2At and the
simulation continues.

The simulation program is based on 5 parts (Figure 11}.

INPUT [FRAME

CONNECTING

FORCE| |CAB

Fig. 11. The simulation program.

The INPUT part deals with the connection with the input file containing the frame
acceleration values. The FRAME part handles the calculations of the parameters
included in the frame movement, and the CAB part handles the cab movements.

The FORCE part calculates the forces from the different elements. For a passive sus-
pension this part is very simple and included in the CAB part. When a digitally controlled
active suspension is used, the FORCE part is more complex. To manage the cooperation
between the different parts, a CONNECTING part is used.

5.1.4 Integration algorithms

The Simnon software package has been used to solve the differential equations describ-
ing the cab’s movements (Elmgvist et al., 1986). Simnon is especially designed for
simulation in the time domain, with several integration algorithms implemented. A
Runge-Kutta algorithm of order 4/5 gave acceptable execution times with small errors.

One part of the simulation model was also programmed in a program language without
any built-in integration algorithms (Matlab). The integrations were then performed with
a predictor method started up with a simple Euler algorithm (Gustavsson, 1989). The
calculation errors became about the same comparted to the Simnon algorithm, but the
execution times were greatly increased, which is why this technique was not used further.
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The choice of integration time step, together with the choice of algorithm, has a major
influence on the accuracy of the calculation. Depending on the approximations of the
parameter values between the calculation time instants, large time steps may give unac-
ceptable error Jevels. Too large time steps may also cause a stable system to become
unstable in simuiation.

The accumulated round up errors, depending on the computer’s finite word length,
increases when using small time steps. The local contributions in each step are inde-
pendent of the time step. The total error then increases with the number of steps and
therefore with decreasing time steps. The round-up errors are nonmally not critical, so the
time step choice is a question of priorities between calculation time and accurateness.

The input signals describing the frame motion were recorded with 200 Hz sample fre-
quency. A time step bigger than 0.005 s would not use the total information in these
signals, When no frequencies above 6-10 Hz were present in the signals, a maximum
time step of 0.005 s was considered as quite sufficient, and has been used for the reported
simulations.

Simnon has a built-in step length adjustment, decreasing the time steps when too large
errors are indicated. The small value for the defined maximum time step relative to the
frequency contents in the input made this function inactive in the simulations shown. The
value defined as maximum time step was therefore also the one used.

3.1.3 Operation principles for suspension elements

The types of element used make it possible to construct a 6 d.o.f. suspension with
approximate linear characteristics in the horizontal and vertical directions. The results
from the study can then be converted to all types of suspension configurations and also
nuch easier to understand.

Two principally different types of suspension elements are used in the simulations. The
first type has its two end points constructed as frictionless ball joints. The reaction forces
from these elements are directed in the axial directions. The characteristics can be pass-
ive or with some type of active control.

The other type of element is mounted elastically in the frame with a torque transferring
bushing or spring. The connection between the element and the cab is defined as a fric-
tionless ball joint. The torque from the elastic mounting results in a force influencing the
cab in the radial direction of the element.
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bushing

©

Fig. 12. Suspension element with a: axial and b: axial and radial working principles.
5.1.5.1 Axially working elements

A suspension element with end points constructed as frictionless ball joints is shown in
Figure 12. A characteristic of this element is that the reacting force is directed exactly in
the length direction of the elements. The force can be a function of many factors:

F=fl, I l, Z’e Ty m, g, ...) (1'hH
where

[, = sugpension element length

1, = element length in balanced position
T, = temperature

m, = element mass

g, = hydraulic flow from external source.

5.1.5.1.1 Calculation of force components

The direction of the force from an element with axial working principle acting on the cab
is defined by the positions of the element’s end points.

The direction cosines are calculated from:

X =Xy (18)
D =i

* !

e
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i; = coordinate for the element’s frame endpoint (i = x, y,7)

5.1.5.1.2 Linear and nonlinear passive elements

For an ideal linear spring, the following is valid:

F=k-(ly,-1) )
and for a linear damper:

F=—-], (24}
where

k = spring constant

¢ = damping constant.

Perfectly linear elements are not common in practice but allow the use of analytical
methods for the analysis of suspension characteristics.

A nonlinear element has a characteristic that in any way differs from the linear one.
Besides nonlinearities planned in the construction, other factors such as ship stick and
hysteresis also give nonlinear effects. Elements with oil and gas normally also have
temperature dependent characteristics,

The working principle for the nonlinear dampers used in the simulations can be described
by:

F=—()-1, 5)

where the damping constant is time variant:
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L -1, (26
c(le) = Co(l + |Fk—"§ |PK2CJ )
(27

R() = CO/ Cc
¢, = damping constant in the balanced position (1, = L)

R, = degree of damping in the balanced position

¢, = damping constant at critical damping (see Ch. 5.1.5.1.3)

PK 1, = progressivity constant 1

PK?2, = progressivity constant 2.,

PK1, can be defined as the deviation from the balanced position where ¢ is twice as high

as for I, =1,,. PK?2, describes the shape of the curve. PK2, =2 defines a quadratic curve,
etc. (Figure 13). In the report, PK1,, , PK2,, and Ry, have been used to describe the
characteristics for vertically working elements and PK1,;, PK2,, and Ry, for horizon-

tally working elerents.

10

| | PK1=.03 PK2=1
PK1 i'.(,)ws F_’._K2=3

PK1=.09 PK2=1

C/Co

.05 0 0.05 041 G.16

Deviation from balanced position (m)

Fig. 13. The damping constant ¢ for different PK1, and PK2,.

5.1.5.1.3 Frequency characteristics

A suspension with a linear element with one degree of freedom can be described as in
Figure 14 where m = the mass of the suspended cab. The suspension element is assumed

to be a combined spring and damper.
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Fig. 14. Linear suspension with one d.o.f.

Assume that the body is moved from the balanced position. The differential equation
describing the body’s return to the balanced position (x? = 0) becomes (Harris, 1988}

mi? +exd 4 kxf=0 (28)

where

x¢ = deviation from the balanced position.

The solution is dependent on the size of the damping constant ¢ relative to the critical
damping constant ¢,

o =Em (29)

defining the damping degree R:
R=clc, 30

For R= 0 the body will oscillate with unchanged amplitude with the frequency £, the
undamped natural frequency:

1 k (31
=2 Nm

If0 <R <1,0 the solution becomes:

x$ =™ ""(A sin(epyr) + B cos(@,t)) (32)
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where

A =x%0, whent =0 (33)
B=x"whent=0 (34)
wbzco,,m = damped natural frequency. (33)

The damping is so small that the mass will oscillate around the balanced position before
returning to equilibrium.

The solution can also be written:

x4 = Ce™"™" sin(e,?! +6) (36)
where

C=VA?+B? (37)
0 =tan " (B/A) (38)

When ¢ = ¢, and thereby R = 1 the solution becomes:

x! = (A +Bt)e ™" (39)
which means that the mass is reaching the balanced position in the fastest way possible,
without any oscillations occurring.

When ¢ > ¢, and R > 1 the solution becomes:

<

5= e-—cz.Qm(Aemn FonY B R"’—n) (40)
which means that the body is moving, without oscillations, asymptotically closer to the
balanced position.

Assume instead that, for the system in Figure 14, the foundation b is oscillating with the
angular velocity ® and the amplitude A,

xf = A, sin(et) 41)
When the oscillations dependent on the initial conditions have been damped out, the
body’s motion can be described by:

x =TA, sin(ot - ¢) (42)



where

1+QRw/@,? |°

@ 2
(E‘E) +(2Rw/m, )

2R (v, )

= Fa -t 2
o=Tan, = + 4R e}
Q

where
T = transmissibility

¢ = phase shift.
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(43)

(44)

The transmissibility T defines the relation between the body’s and the foundation’s
movements, but the curves are valid also for the transmission of velocities and acceler-

ations.
10
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Fig. 15. Transmissibility vs @/,

Figure 15 shows the transmissibility as a function of /e, for different degrees of

damping. This type of curve is further described as the amplitude characteristic for a
system. The figure shows that foundation vibrations with frequencies close to the sus-
pension’s natural frequency become highly amplified, particularly for low damped sys-
tems. The transmissibility is higher than one for frequencies lower than v2 -£,.
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Phase shift (rad)

Fig. 16. Phase shift vs w/®,

¢ represents the phase shift in the system (Figure 16). This type of curve is further
described as the phase characteristics of a system.

The theory described above is valid not only for a signal including one single frequency,
but also for signals with a broad frequency content. Each frequency component is then
amplified and phase shifted according to the described formulas.

It is not possible to obtain formulas such as the ones described above for the amplitude
and phase characteristics of nonlinear systems. The response from the system is ampli-
tude dependent and the differential equations cannot be solved analytically. Approxi-
mative solutions can be found by stepwise linearisation for some of the simpler nonlinear
systems. In general, however, time domain simulation is the best tool when investigating
nonlinear system characteristics.
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Fig. 17. Amplitude characteristics for a suspension with nonlinear spring characte-
ristics (Harris, 1988).

Figure 17 shows the amplitude characteristics of a system with a nonlinear spring
becoming stiffer against the end positions. The natural frequency and its amplitude
dependency is marked with a dashed line. In one area, three different transmissibility
values are possible for the same frequency, which further accentuates that no exact sol-
ution can be found.

5.1.5.2 Radially working elements

The radially working elements (Figure 12) are mounted elastically in the frame. The
elastic mounting confributes to a torque being needed to bend the element from the bal-
anced position. The torque affects the cab with a force in the element’s radial direction.
The connection between an element and the cab is defined as a frictionless ball joint.

The radially working elements used in the simulations normally also have a spring and
damping function in the axial direction. The influence from the element at the cab then
becomes the resultant of the radial and axial force. The forces are asswmed to be inde-
pendent of each other and can then also be calculated separately. The characteristics for
elements which are rigid in the axial direction, with a suspension working only in the
radial direction, are studied in the following parts.

The relation between the bending angle and the resulting torque depends on the design
of the elastic bushing. A robust rubber bushing, a coil spring, etc., can be used.

The resulting torque is normally independent of the bending direction. In the calculations
below, and in the simulation model, the bushings are assumed to be indefinitely stiff in
the axial direction. It is also assumed that the torque produced in the bushing is frequency
independent, and that the bushings work without energy dissipation.

The position of the element’s mounting point in the frame is defined to be in the middle
of the bushing, at the element’s rotation centre when radially loaded.
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5.1.5.2.1 Calculation of force components

A radially working element influences the cab with a force perpendicular to the element
and towards the unloaded position.

A help point Py, is defined to be located 1.00 m from the element’s frame end point, in

the unloaded direction of the element. This point follows the frame movements and
shows therefore momentarily the element’s untoaded direction (Figure 18).

P
H1
Vs
Faa o

1.00m

Fig. 18. Radially working element with the bending angle o relative to the unloaded
position.

The vector H is directed from the element’s frame mounting point to Py,. H'S direction
cosines can be calculated from:

D =x5 %, (45)
Dyy=yi— s (46)

D=2~ @7)



where

ifm = help point coordinate in the i direction (i = x, y,z)
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For the element’s angle o in relation to the vector H the following is valid (Spiegel,

1968):

o=cos (D, Dy +D, Dy +D,- D)

The magnitude of the force influencing the cab is:

where

g = bending constant

The lengths 7, and [, (Figure 18) can be calculated from :
L=l tano

i

(4

1=
7 cosaL

The element’s radial force is directed against P,,, whose coordinates are:

e __ ¢

Xy =Xy i Dy
¢ _ e
yHZ_yb+i4'DyH
Zg=zy iy Dy

Fy's direction cosines can now be calculated from:

¢

D focfz_xc
xR~ i
3

(48)

(49)

(50
(51

(52)

(53)

(54)

(55)

(56)

(57
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When the directions and the magnitudes of the radial forces are calculated, the resulting
forces and torque influencing the cab can be calculated with the same formulas as for
axially working elements.

5.1.5.2.2 Linear and nonlinear passive elements

For the relation between the bending angle « and the torque M, the following is valid:
M=o g (58)
The value of g is constant for a linear suspension.

The torque can also be described by a nonlinear function. The nonlinearities can be
described in many different ways. The nonlinearities used in the simulations are based
on the same principle as for the axially working elements described earlier. The bending
constant g is defined by:

59
g{o) = q{{l +] 1-9"%{“ |PK2°,] (39)

where
¢, = bending constant in the unloaded position.

5.1.5.2.3 Frequency characteristics

A schematic suspension with two radially working elements is shown in Figure 19.
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Fig. 19. Body suspended with two radially working elements. In b the body is moved Al
sideways from the balanced position.

To study the frequency characteristics for a suspension of this type, assume that the body
is moved Al sideways, so that the elements are bent at the angle o from the balanced
position. A radial force from each element then strives to return the body to the original
location:

My g (60)

=7

For small angles o. can be approximated as Al//, and the forces of inertia depending on
the body’s vertical movements be neglected,

F,'s components then become:

(61)

:,] *COs L

Mg | (62)
3 cSINg

Al
Fep=Fy-cosO=

Fry=Fp sino=
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Al

Fig. 20. Forces at each element.

For the forces, the following is valid:

63
FAV“%"'FM:O ©3)
Foy=Fag=Fyc (64)
where

F,;=F,’s horizontal component
F,,=F,’s vertical component

Fy = horizontal resultant force on the cab

_mg Al-g (65)
F. 2 _m(le)z sino
Fop=F,, tanc (66)
Al g mg Al-g (6T
Fue=Fouy—Fay =-a}--cosa—(~2—w 0y : Sin&)tana
For small angles:
coso =1 and sino = o= Al/l, (68)

and thus
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NAl-qwm-g~Al+(Al)3vq (69)

F. =
oy 24 .

. : i’
If cuis small, ‘?i is also small and %)— =0

e

and thus

Al-g m-g-Al (70
TR 2

2

In the terminology used for the elements with axial working principle, the force striving
to return the body to the balanced position is described by:

F=k-Al (71)

which results in:

Al g m-g Al (72)

[w“zaj”“

or

24 _m-g (73)
L

The k value can be used in the formulas describing the characteristics for a system with
one d.o.f (Ch. 5.1.5.1.3) to calculate the suspension system’s horizontal natural fre-
quency:

(kY 1 2 gY* (74)
ﬂﬁm"ﬁ%(?ﬁ} Toamlmay L

The same calculation technique can, of course, also be used when more than two
suspension elements are used.

Shock absorbers can be used to damp the horizontal movements, If the dampers are Iinear
with known damping constants and symmetrically located, the approximate frequency

The simplifications necessary to make the formulas linear contribute to the phase shift
and transmissibility curves only showing approximative solutions. The approximation
errors also increase when the suspension travel and angle deviations are increased.

Up to now the discussion has only dealt with motions in one horizontal d.o.f. If the elastic
bushings or springs are symmetrical, the above described formulas are valid for motions
in both the x and y directions.
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The calculations above are valid when the suspension elements are vertical in the bal-
anced position and symmetrically mounted. The simulation model also provides an
opportunity to study the effects of nonsymmetrically mounted elements. The calculations
of the suspension’s frequency characteristics then become very complex and in most
cases impossible to perform.

5.2 Linear model

A linear model of the frame-cab-suspension offers better possibilities to design and study
the performance and stability of different active suspension techniques. A linear model
also makes it possible to analyse frequency characteristics for different suspension
principles, even passive ones, in a more effective way.

The construction of a linear model is normally based on some simplifications and con-
straints relating to the real system. It is very important that the errors introduced when
snaking the model linear are as small as possible and, in addition, it is important that the
constraints introduced should not prevent study of an important parameter.

3.2.1 Equations of motion

Consider a completely rigid body, elastically supported on n points by linear springs that
have three mutually perpendicular stiffnesses k,, k,, and k,, for i =1,...,n. The springs
are mounted at the coordinates x5, v, and z%. The coordinate axes are fixed in the body
parallel to these directions, through an origin at the cab’s c.0.g. The equations of motion
for small free vibrations can be placed in the form:

M/ +Kx! =0 (75)

where % is the body displacement vector:

x? (76)

The first three elements describe the linear displacements and the second three describe
the angular displacements (Harris, 1988).

The matrices K and M are syminetric square time invariant matrices:
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K= (77
'E' g 0 0 0 E'] ke N E} e
0 i§1 Ky 0 B .-§1 y e 0 .E'] kyix:;
0 0 >k, % &,y -2k 0
i=] izl P
2 R " . n ! I 7 . e n . e
0 - ,.%] ky;‘zci i§] kziyci iﬁm:l{kyizd -+ kzl'yci) - ;E} kzrxdyci - ,-gl kyrxc‘-zci
_?;1 L 0 - § ke, - E,l kxS »Zl(kz,-x‘;z + kx,.zf:) - 'Ea k vzt
n . n n . n e n 2 g
_Ei kYo (_5:11 kX 0 - E‘,l k2 - E,I kvize z.'.‘( M +kyixc,.]
M= (78)
m 0 0 0 0 0
0 m O 0 0 0
0 0 m G G 0
0 ¢ 0 I - L, -1,
0 0 O - I’O’ I}'y - ]yz
0 0 0 -7, - I, I,

If the axes are the principle axes of inertia, the products of inertia terms vanish and no
inertia coupling is present.
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Then assume that » external forces are influencing the body with the components F, F,;
and F,;(j=1,...,n)at the coordinates x7, y; and z;.

The equation then becomes:

Mg+ Kx? =F (79)

where F = (80

kP
Ne!

.

“
~x
=

e CE e
o

.

jél(F)’izE" + sz ¥ Jg )

"
& [4
EI (Fyptpy+Foyzp)

n
5 R+ Fy)

Observe that F normally is time variant while both M and K are approximately time
invariant.

5.2.2 Equatigns of motion for the suspended cab

The formulas in the previous chapter might perhaps seem rather complicated, but
become easier to understand when used in an application.

Assume a schematic cab suspension such as that in Figure 21
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Fig. 21. Schematic cab suspension.

As described earlier, the cab’s angular motion around the z axis can be neglected, which
decreases the order of K, M and F to five.

In a real suspension are there more than one horizontal element mounted to dampen the
motions in the x and y directions (see for example Figure 33 or Figure 50). With no
motion around the z axis, however, the total force in the x direction from the horizontal
elements can be summed up in one single element (element 1). The same can be done for
the y direction (element 2).

The cab is standing on four elements with combined radial and axial working principles
(elements 3-6). The axial function then mainly influences the vibrations in the z direction
and the angular vibrations around the x and y axes. The radial function of elements 3-6
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influences together with elements 1-2 the transmission of vibrations in the x and y
directions. With & =0, the angular motions around the x and y axes are also influenced
by elements 1-2 and the radial forces of element 3-6.

Elements 1-2 are located in the cab’s symmetrical plane, which is why y;, =x,=0,

x¢, =4, and y5,=-1,. Assume that the vertical elements 3-6 are symmetrically located.
Then x5 =—x8 =5 =x5=1, and —yS=-35= yis=y=1. Assume also that all the
elements’ cab end points are located at the same height, thus

Y-S Y - JENNY - RN S
T T R = Ty = 2 T Tgs = Zeg =R

Elements 1-2 only influence the cab in one dimension each and thus
k,, =k, =k, =k, =0. The axial function of elements 3-6 decides k., k.4 ks and kg,
when k., ko ko ke kg K ks and kg are decided by the radial function (see
Ch. 5.1.5.2.3). The springs are assumed to be linear.

The suspension elements are influencing the cab with forces additional to the spring
forces. These forces can be dependent on the elements’ damping characteristics or per-
haps by an active suspension controller. In a practical application these forces are nor-
mally only able to apply in the element’s axial directions. Still calculating with smail
amplitude vibrations, it is then valid that the only force components separated from zero

canbe F,, F, Fp F,u Fsand F The external forces influence the cab at the

same points as the other forces from the suspension elements, and thus x7, =x7,, yi =¥,
etc.

5.2.3 State space description
5.2.3.1 System dynamics model

The frame-suspension-cab system studied above can be described in the standard form
for linear time invariant differential equations, the state space representation:

X =AX +Bu,+Byv, (8L

where

x, = the state vector

u, = the control input vector

v, = the disturbance input vector

) = (82)
8 X x x oxDoxi X xy Xy Xjp X, Xn Xy Xy 9=

d 4 4 -4 d . d =4 4 ] d d d d o
(x X yc Yo % 2y Xr, Xr, yrc ¥re xb Yo % xrb yrb)
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The foundation displacement vector x{ describes the three linear and two angular

displacements of the frame. x{ is measured relative to the same system as the cab
displacement vector x?,

x! (83)
d
Ve
a _ d
X =%
d
xr,
4
YFy
A, = (84)
6 1 0 o ¢ o0 ¢ 0 9 0 0 0 0 o 0
4k 4k 3 4k h
"0 0 0 o 0 o ZE g 2= g g 0 gt
" L m mn
6 0 0 1 0 ¢ 0 0 0 0 0 0 0 0 0
Ak, ~4k,h 4k, e
0 0 -~ 0 0 0 — ¢ 0 6 0 =2 0 —g4ei- 0
m n n m
0 ¢ 0o ¢ o 1 0 0 0 0 9 0 0 0 0
13 3
9 0 0 0 —* 9 9 0 0 0 0 0 - ¢ 9
m m
60 0 0 0 0 0 0 1 0 0 0 ¢ 0 0 0
~4k, ~4k, 1} dlh? e b 412 dkh?
R "y o " " o
G0 0 0 0 0 0 0 1 o 0 o ¢ 0
Ak 6 o o0 o o 0 0 ~dk P Ak h? 0 ~dk o o 0 4k,£f+4kxh2
I}’Y ‘r?J' I.‘O' IW [Y? I)’)’
00 ¢ 6 0 0 0 0 G e 0 0 ¢ 0 0
06 0 0 0 0 0 0 o 6 0 0 0 0 0
9 0 0 o0 0 0 0 0 o ¢ 0 0 0 0 0
0 0 0 0 9 0O 9 0 0 0 0 0 0 0 0
9 0 0 0 0 O 0 ¢ 0 0 0 0 0 0 0



52

(85)

o~ 8 o

o —~lgoe o <

i_m =] ..r.uv.,wrlno

(86)

:(Fxl Fy’.’. Fz3 FM Fzﬁ Fzﬁ}

(Ba)ri(Fl F, F, F, F; Fy

(87)

¢ 00 00
006000
00000
0 0000

6 00 00
0606 00
000060

¢ 0 0 00
00000
0 0000

10000

10 0 0

0

¢c 0010
0 00 01

v.—
o =

B

(88)

A oud d ad
(x5, ¥y 2y Ay ¥y

(VG)T

(89)

where
kx

kx:i - kx4 - kxs = kxé
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by =k = kg = ks = kg (90)
ko =ky=ky=ks=kg 1)

The first parts in A,(2,15) and A, (4, 14) depend on the components of the cab’s weight

striving to move the cab in the direction it is leaning when the cab and frame are inclined
(Figure 22). All the other expressions in the system matrices can be derived from the
formulas in Ch. 5.2.1.

Fig. 22. Forces when the cab and frame are inclined.

When using the system states in a state feedback controller, they must be able to measure
or be possible to estimate by an observer. The system description above contains states
describing the cab’s and the frame’s absolute levels. These states were found to be very
difficult to measure or to estimate with an observer.

To avoid the difficulties, the system can be described slightly differently. Three new
states forx? —xf, v~y and z? - z{ are introduced. These states are very easy to measure
with length transducers at the suspension elements.

The system then becomes
%= A xS +Bla, +Blv, with: (92)

oI ol d 4 d 44 od d Ld d d 4 i ad d Ld d d
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Note that the disturbance input vector now contains the frame accelerations in the x, y
and z directions.

From the state space model, the accelerations (vibrations) in the cab can be defined as
outputs, For the vector including the accelerations at the cab’s ¢.0.g. (¥%) the following is
valid:

wd o o
#=Cx+Du, (99)
where
eds T _ oad  d d od cad 100
(Xf) - (xc Yo L, X, yrc) ( )
C,= (101)
4k, dkh 4k h
0 6 000 0 e 0000 o g~
m m m
~~dk ~&k b E}
60 —Z 0 0 00 — 0 0 9000 wg+»—~ﬁ 0
m m m
~4k,
0 0 = 000 0 0 0000 o 0
-4k ki by Ak R Akl Ak
0 !,“ 0 G 0 T~ fn 0 0 0 00 ¢ "*i;'""“"l‘"';r";""" 0
akh 4k 12 Ak Bt Ak 2 dk Rt
- 0 0 000 0 e 00 ¢ el
1}7 [)'}' » !Y)‘ 'rI!‘
D, = (102)
1
- 0 0 0 0 0
b
1
0 = 0 0 0 0
i
1 1 1 11
0 0 — - - —
m m m m
o kb b L L b
I, I, L, L, I,
A . T .3
I)‘Y [yy I)’)’ Iw I)’J’

The accelerations at other locations in the cab can easily be calculated from %7

5.2.3.2 Model with frequency weighted outputs

ISO 2631 shows that the human body is variably sensitive to vibrations dependent on the
direction and the frequency content. In the BS 6841 standard, the transfer functions for
the weighting filters defined in ISO 2631 are described in a format that can be converted
to state space format. The second order transfer functions are very good approximations
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of the curves defined in the ISO standard (Figure 23). The approximations are non-
unique, and in view of the subjective nature of the the weighting factors, any reasonable
approximation will be acceptable.

1.2

BS 6841 Wd
1 N , S S BS 6841 W
' N 180 2631 %, y

&
™

Transmissibility
(=2
[+>]

0.4

0.2

g 5 10 15 20
Frequency (Hz)

Fig. 23, Frequency weighting filters defined in I1SO 2631 and BS 684 1.
The filters in the x direction are described by (Wd in BS 6841}

(fmJ _ [ ~19.9 1){&21] .\ (12.57}# (103)
i, \—1579 0jly,) \157.9)°

X (104)
¥ =(1 0){ i ‘}

H2
where
#¢ = weighted acceleration value in the x direction
X,  Xip = help states.

The filter transfer functions are identical in the x and y directions:

(%}_{—19.9 z)[y,il}[iz.sv)yd (105)
v, L1579 o)y, 1579
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s (106}
yi=( O)[y’j‘}
Y

For vibrations in the z direction, the filter can be described (Wg in BS 6841):

[iiﬂ _(—48.93 1)[2;3;}(49.42% (107)
2, \-1108 0fizr |7 14658/

s (108)
#= 0) (zf ‘]

ZH2

The frequency weighting filters from the standard can be included in the model to get
outputs directly describing the effects on the human body.

g‘:? = A“’X‘V +B:‘Pil}11 + B:’VVW (109)
where
T T s s s 5 110
(x,) ﬂ((xi) Xt Xy Yo Ymr an) (110
el ) ar
Awp% Awpz
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No filters are defined for the angular vibrations so this output can be calculated directly
from ¥°.

3.2.3.3 Partition into uncoupled models

The dynamic models above describe the movements of the frame and the cab in 5 d.o.f.
The models become rather complex and result in complex active suspension controllers.
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By assuming some constraints for the suspension geometry, it is possible to uncouple the
movements in the different dimensions, which enables the model to be partitioned into 5
smaller models. The theory can then also be used for a suspension with free motion just
in one or a few d.o.f., which is very valuable for the practical application of the results.

The cab’s movements in the z dimension can be described in the state space model:

0 1 -1 0 0 0 (122)
4k, |
0 0 0 0 —~ 0
1 m 0
o= 0 0 0 o o, o | L
vk, - 49.42 aafw |
el 00 ~4893 1 B 0
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If the suspension elements’ cab end points are located at the same height as the cab’s
c.0.g. (h =0), also the movements in the other dimensions can be described in smaller
models.

For the x dimension motion the following is valid:

0 1 -t 0 0 0 0 (126)
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For the y dimension motion the following is valid:
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For the angular motions around the x axis the following is valid:
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For the angular motions around the y axis the following is valid:
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where
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5.3 The input te the models

The simulation models need an input describing the tractor frame movements when
driving on surfaces representative of normal working operations.

The research to find out standardized surfaces for vibration testing of agricultural tractors
resulted in two different test tracks being developed at NIAE in the United Kingdom
(SS5-ISG 5008, 1981). The tracks were designed to correspond to surfaces commonly
found in agriculiural tractor work. Analysis of whether these tracks are also representa-
tive under Swedish circumstances, or how to make a more representative track, is an very
comprehensive task and impossible to include in the present study. Consequently, the
tracks were used because they are well known, reproducible, and because no important
criticism has been raised against them.

Measurements have to be made in 6 d.o.f. to get a complete description of the frame
movements. Premeasurements showed that the angular vibrations around the z axis were
very small and could be neglected. The movements were therefore measured in 5 d.o.f.

Five accelerometers were used to measure the frame movements, One triaxial transducer
measured hinear vibrations in the x, y and z dimensions. An accelerometer measuring in
the z direction was mounted immediately laterally of the triaxial transducer. The differ-
ence between the two signals was divided by the distance between the transducers to get
the angular accelerations around the x axis in rad/s*, The angular vibrations around the y
axis were measured and calculated in the same way, using a fifth accelerometer signal.
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Fig. 24. Transmissibility for a sixth order Butterworth highpass filter with a cutting
frequency of 0.3 Hz.

The measured acceleration time series were integrated to get the frame’s momentary
velocities and positions. The integation also amplified very small measurement and
calibration errors which made it necessary to filter the signals with a sixth order Butter-
worth highpass filter with a cutting frequency of 0.3 Hz (Figure 24). When filtering the
signals twice, with changed direction the second time, the phase was not changed. The

signal’s power contents under 0.5 Hz were very small, so the filtering had insignificant
effects on the real movements.



63

6 VALIDATION

It is of course very important that the developed simulation models can calculate the
movements in a real frame-suspension-cab system as correctly as possible. This chapter
describes some studies performed to study the correctness of the simulation models.

In the first part, the vibration transmissibility curves obtained with the nonlinear simu-
lation model have been compared with the theoretical curves. In the second part of this
chapter, results from the nonlinear simulation model are compared with the results
obtained from measurements on a full-scale suspended cab. In the last part, results
calculated with the linear and the nonlinear simulation model are compared in order to
study the agreement between the two theoretical models.

6.1 Theoretical investigation of amplitude characteristics and coherence

For a linear suspension with one degree of freedom, the frequency characteristic for the
transmission of accelerations between the cab and the frame can be determined if the
suspension’s natural frequencies and damping degrees are known. Ch. 5 describes how
this can be carried out in a suspension shaped like the basic suspension described earlier.

In a suspension with more than one degree of freedom the transmission of vibrations in
one direction is normally affected by the movements in other directions. The calculations
therefore become more complex and no analytical solutions can normally be found.
Neither is it normally possible to get an analytical solution in a suspension with one or
more nonlinearities.

The vibration transmission can thus be determined analytically for some simplified
cases. By defining such a case for the simulation program and comparing the amplitude
characteristics carried out with the theoretical one, the program’s algorithm can be con-
trolled and verified.

By also studying the amplitude characteristics when the suspension and frame move-
ments are three-dimensional, it is possible to get a measure of the influence of movement
in other directions on the vibration transmission in the primarily studied dimension. The
defined suspension elements must still have linear characteristics in order to prevent the
influence of further nonlinearities.

The coherence between the input and output from the model has also been analyzed to
get a measure of how well the studied system interacts with the perfect linear one and at
which frequencies the results differ.

6.1.1 Vertical movements
6.1.1.1 Assumptions

The amplitude characteristics for vertical movements in a suspension like the one
described in Ch. 7.1 have been studied. The vertical suspension elements have been
defined to have linear characteristics with a natural frequency of 2.0 Hz and the degree
of damping = 0.2.
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In the one-dimensional studies, the accelerations of the frame in the vertical direction
have been defined as the vertical accelerations immediately below the cab’s c.0.g. when
driving on track 1 at a speed of 12 km/h.

Acceleration values in the vertical direction for the frame and for the cab’s c.0.g. were
then used to calculate the amplitude characteristics and coherence for frequencies
between 0-5 Hz. The simulated driving time was limited to 20 s and gave data records
with approximately 4 000 values. To obtain good accuracy with the FFT-algorithm, with
many points in the interesting range, four data records were combined into one with a
length of approx. 16 000 values. When combining the records, a Hanning window was
used to minimize the edge effects.

The parameters required were then calculated with assistance of the Matlab software
package’s Spectrumn function, set to use a 8 192 points window with 4 000 points overlap
in the calculations.

The same analysis was also performed on a simulation with three-dimensional frame
movements from track 1 with a driving speed of 12 km/h. The vertical natural frequency
was unchanged at 2.0 Hz and the damping degree at 0.2. The horizontal natural fre-
quency was 1.0 Hz with a damping degree of 0.5. As a measure of the frame’s move-
ments in this study, the imagined movements of the cab’s c.0.g. if all suspensions were
locked was used.

0.1.1.2 Results

Figure 25 shows the transmissibility of the suspension when the foundation was only
vibrating in the vertical direction. The coherence for the same simulation is shown in
Figure 26. The results of the simulations with the frame’s movements in three dimen-
sions are shown in the same figures,
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Fig. 25. Transmissibility for the transmission of vibrations in the 7 dimension Jor a
suspension with a vertical natural frequency of 2.0 Hz and a damping degree of 0.2.
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Fig. 26. Coherence for the transmission of vibrations in the 7 dimension for a suspension
with a vertical natural frequency of 2.0 Hz and a damping degree of 0.2.
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6.1.1.3 Conclusions

The transmissibility corresponds very well to the theoretical curve and the coherence
shows only small differences from the optimal value of 1.0 when the frame only vibrates
in one direction.

As expected, the curves show larger differences when the foundation moves in three
dimensions, depending on the movements in other directions introducing more nonlinear
effects. The differences can also be observed at the coherence curves. Compared to the
one-dimensional curves, these curves have lower values, especially below 1.5 Hz.

An area with lower coherence is found around 1.0 Hz, possibly resulting from interaction
with the vertical suspension, which has a natural frequency of 1.0 Hz.

6.1.2 Horizontal movements
6.1.2.1 Assumptions

A study similar to the one for vertical movements was also performed for horizontal
movements. The parameters influencing the horizontal characteristics were defined to
give a horizontal natural frequency of 2.0 Hz and a damping degree of 0.2.

The movements of the foundation were defined as the movements in the y dimension for
a point placed as high as the cab’s c.0.g. when driving on track 1 at the speed of 12 km/h.
The movements in the other directions were defined to 0. The analysis of the results was
done in the same way as for the one-dimensional vertical movements.

The same simulation was also performed with the three-dimensional movements
measured on track 1 at a driving speed of 12 km/h as input. The horizontal natural fre-
quency was unchanged = 2,0 Hz. The vertical suspension was defined to have a cha-
racteristic with a natural frequency of 1.0 Hz and a damping degree of 0.5.

6.1.2.2 Results

Figure 27 shows the transmissibility for simulations with frame vibrations only in the y
dimension together with the theoretical curve.

The coherence for the same data are shown in Figure 28. The results for the simulations
with three-dimensional foundation movements are found in the same diagrams.
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Fig. 28. Coherence for the transmission of vibrations in the y dimension for a suspension
with a horizontal natural frequency of 2.0 Hz and a damping degree of 0.2,

6.1.2.3 Conclusions

The transmissibility and coherence correspond very well to the theoretical curves when
simulating only one-dimensional movement. The differences, however, are somewhat
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larger compared to the study of vertical movements, probably because the formulas for
calculation of the suspension’s horizontal natural frequency are based on the assumption
on small deviations from the balanced position, and are therefore not exact.

The transmissibility and coherence show, just as for the vertical study, larger differences
when the frame’s movements are three-dimensional, but still correspond relatively well
to the theoretical curves.

6.2 Validation against practical measurements

In order to examine the cab suspension principle described earlier, a full-scale model of
the cab and the suspension was built. The full-scale model was also used in the validation
of the simulation model. The cab model was built as a shell construction loaded with lead
weights located so that the cab’s mass and moments of inertia correspond to the same
values for a normal tractor cab. The cab was mounted with a suspension in a surrounding
foundation analogous to a vehicle frame (Figure 29).

Fig. 29. Model of the cab and the suspension used for the validation measuremenis. The
horizontal dampers are not set out.

The cab and the suspension were placed on a hydraulically operated vibrating platform
with possibilities to control the movements in the x, y and z directions and the rotational
movements around the x and y axes.
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The connection between the cab and the "frame" was constructed so that most of the
parameters could be varied. The majority of the cab parameters were also adjustable,
since the positions of the lead weights could be changed.

The vibrations at the cab and at the "frame" were recorded during a time period when the
system was placed on the vibrating platform. Afterwards, all the parameters in the sus-
pension were measured and described for the simulation program.

The movements of the frame together with the measured parameters were used as inputs
to the simulation model. The model was then programmed to calculate the vibrations
transmitted to the cab. Comparing the measured vibrations in the cab with the corre-
sponding results from the simulation model, offered a possibility to examine the cor-
rectness of the simulation program.

The object of the measurements was to validate the simulation model. Therefore, the
suspension parameter choice was not optimized when the measurements were per-
formed.

6.2.1 Measurements of cab characteristics

The cab used for the validations was constructed with the CAD program CATIA. The
program also estimated the mass and the moments of inertia. Since some changes in the
original construction were made, and as a control, the cab’s mass, c.0.g. position and
moments of inertia were measured after the validation measurements bad been carried
Out,

The cab’s mass was measured with a potentiometer. Because of the symmetry, the
locations of the ¢.0.g. in the x and y dimensions were exactly in the middie of the cab.
The moments of inertia (I, I, and L) were measured by suspending the cab as a
pendulum and recording the oscillation time (Figure 30) (Harris, 1988).

0

C
/ // ,\4’/
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A
B

Fig. 30. Measuring of the moment of inertia in relation to an axis through the c.o.g.
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The moments of inertia in relation to an axle C-C through the body’s ¢.0.g. is described
by:

_ % V(g (138)
Iccmml{(%) (7‘)*]]

7, = oscillation time
I = distance between 0-0 and C-C

The accuracy depends on the precision in the measurement of I Performing a second
experiment with another support axle 0’ —0” with I’ =+ Al and the period 7, makes it
possible to describe [ as a function of Al:

(e24n?) (g/60) - 1 (139)

A (@~} (g/an) - 1

The calculated [ value is then used in the first formula. The value can also be used to
determine the z coordinate for the cab’s c.0.g.

The moments of inertia became:

=392 kgm®
2
1, =469 kgm
1,=274 kgm’
and the mass
m=640kg.

6.2.2 Suspension principle and geometry

The experimental suspension used in the performed measurements was mainly con-
structed according to the principles examined in the theoretical part.

6.2.2.1 Characteristics of vertical springs and dampers

The cab’s vertical suspension was carried out with four vertically positioned elements
connected in pairs to two gas accamulators (Figure 31).
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Fig. 31. Principle for two connected vertical suspension elements.

The two front elements were connected to one accumulator and the two rear elements to
another. If the cab’s c.0.g. is located lower than a plane through the cab end points of the
vertical elements, the cab strives to keep itself horizontal according to rotations around
the frame’s x axis. The suspension is unusable if the ¢.0.g. is located above the described
plane.

Since two elements are connected to a common accumulator, the spring force from each
element depends on the total length of the two elements. Depending on the gas com-
pression, the function becomes nonlinear. The gas and oil volumes could be changed to
give the elements changed characteristics.

The damping in the vertical elements was decided by a restriction in each element’s
hydraulic connection to the accumulator and with an inner restriction.

6.2.2.2 Characteristics of horizontal springs and dampers

When the validation measurements were performed, the vertical elements were mounted
in the frame with rubber bushings allowing the elements to change the angle against the
foundation (Figure 32). When the elements are moved from their balanced positions they
influence the cab with radial forces. The force amplitudes depend on the angles of the
elements in relation to the balanced positions.



Fig. 32, Vertical suspension element.

To damp the movements in the x and y directions, four standard shock absorbers were
mounted horizontally approximately at the same level as the cab end points of the vertical
elements. Two absorbers were mounted at the front and two at the rear, with an angle of
45° towards the driving direction, to get symmetrical damping (Figure 33).
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Fig. 33. Horizontally acting shock absorbers (seen from above),

6.2.3 Element end point coordinates

The coordinates for the elements’ end points measured in relation to the cab’s c.0.g. are
shown in Table A. The measurements were performed with the cab in a balanced posi-
tion. More than one setting of the elements was tested but the reported values describe
the setting when the validation was performed.

Table A. ~ The coordinates for the cab and frame end points of the suspension elements

Element Cab Frame
X v z X v 7z

(m} (m) (m) (m) (1m) (m)
1 -0.93 0.48 0.45 -0.95 0.48 .18
2 0.95 0.48 0.45 0.95 0.48 0.18
3 0.95 -0.48 0.45 0.95 -0.48 0.18
4 -.95 -(0.48 0.45 -(1,95 -0.48 0.18
5 -0.85 0.11 0.53 -1.17 043 0.46
6 0.85 0.11 0.53 1.17 0.43 0.46
7 0.85 -0.11 0.53 1.17 -0.43 0.46
8 (.85 -0.11 0.53 -1.17 -0.43 0.46
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6.2.4 Measurements of spring and damper characteristics

The simulation model needed a complete description of all parameters in the suspension
used, to be able to calculate the transmission of vibrations from the frame io the cab.

6.2.4.1 Vertical elements

The vertical elements were connected in pairs to a common gas volume, and thus the
static force was dependent on the total length of the two elements. The damping in one
element was, on the other hand, approximately independent of the position and move-
ment of the other.

A measurement arrangement as shown in Figure 34 was used. The element tested was
connected to a hydraulic piston pushing and pulling the element depending on the oil
flow to the piston. The hydraulic flow was controlled by an electrically controlled pro-
portional valve mounted at a hydraulic power unit (Hansson, 1989). Between the piston
and the tested element a force transducer was mounted to momentarily measure the force
between the piston and the element. A potentiometer was also mounted to measure piston
displacement.

Potentiometer Hydraulic piston Force transducer Susp. element

e (B N E

I &, | I 1|
l |

Fig. 34. Arrangement to measure spring and damper characteristics.

The force transducer and the potentiometer were connected to a computer for data

acquisition, When performing the dynamic measurements, the computer controlled the

voltage to the proportional valve and and thereby the oil flow to the piston. The piston

was controlled to have a reciprocating movement. It was also possible to adjust the oil
flow manually.

The spring characteristic for the element was measured by placing the piston in different
positions and recording the force as a function of the total length of the two clements
(Figure 35).
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Fig. 35. Static force vs 1otal length of two connected elements.

The dynamic force was calculated by reducing the total force when the piston was
moving with the static component calculated as described above. The potentiometer
signal enabled measurements to be made of the element velocities and the relations
between the damping forces and the velocities (Figure 36). The shock absorbers used
were designed to be linear in the normal working range but with progressive damping
towards the end points. When performing the validation measurements, however, only
the linear area was used.



Element velocity {m/s)

Fig. 36. Damping force vs velocity for tested element (single measurements and
regression lines).

For negative velocities the equation became:
F=9022-242,6 |, (140)
and for positive velocities

F=-808-2819 | (141)

L

when pushing forces are defined as positive and I, = the time derivative of the element’s
length.

The relatively large spread of the measurement points together with the fact that the
damping diverges from zero for low velocities, indicates that some uncontrollable fric-
tion and so-called "slip stick” occurs in the elements.

6.2.4.2 Horizontally working elements

The bending constant for the rubber bushings deciding the elasticity in the horizontal
directions was measured according to the principle shown in Figure 37. The bushing was
loaded with different bending moments and the divergencies from the balanced position
were measured. It can be assumed that the bending characteristics change when an axial
load is present. The bushing was therefore loaded with 25 % of the cab’s weight (m1)
straight downwards. The extra load was hung up in the centre of the bushing so as not to
influence the results in other aspects.
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Fig. 37. Outline of the arrangement to measure the bending constant of the rubber
bushings.

After each measurement the rubber was unloaded for 60 s, to avoid the influence of any
creep tendencies in the bushings. The bending angle as a function of the loading torque
is shown in Figure 38,

0.12

01

o

o

&
7

0.06 -

0.04 [~

Bending angle (rad)

0.02 -

6 i ! i : i : { .
0 20 0 50 80 166G

Torgue (Nmj)

Fig. 38. Bending angle vs bending torque for the tested rubber bushings.

The shock absorbers used for the horizontal damping were normally standard elements
from a car manufacturer. The characteristics of the absorbers were measured by a
manufacturer and the result is shown in Figure 39,



78

1,600

1,000 &~

500 [~

Force (N)
<

500

1,000

_3.500|‘I»I‘!»E.F.i.i.!»!|l»l!l
-6 -5 -4 -3 -2 -1 0 1 2 3 A B B

Velocity (m/s})

Fig. 39. Damping characteristics for horizontal shock absorbers.

6.2.5 The vibrating platform

The foundation with the suspension and the cab was placed on a vibrating platform
(Figure 40). Five powerful hydraulic pistons were used to move the platform in five d.o.f.
The oil flows to the pistons were controlled by a Nord-100 computer.
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Fig. 40. The vibrating platform.

The platform movements could be programmed in each degree of freedom for different
synthetic signals, for example sinus vibrations, frequency sweeps and ramps, It was also
possible to simulate driving sequences with a defined vehicle driving on a defined sur-
face. In this case, the computer used recorded accelerometer signals from the driving
sequence, together with the accelerometer’s coordinates, to calculate the platform
movements.

Potentiometers were placed on the five hydraulic pistons. The potentiometer signals were
used as feedback by the control computer. The signals were also used to momentarily
calculate the positions for a defined point at the platform together with the platform angle
inrelation to the x and y plane. A D-A card in the computer gave as output analog signals
proportional to the computed values. These signals were used to describe the foundation
movements for the simulation program.

The total mass of the cab and the foundation was about 900 kg, which was also the
vibrating platform’s approximate capacity. Therefore the possibilities to present high
vibration loads at higher frequencies than 3-4 Hz were limited. The signals used to
describe the movements of the platform for the simulation model were based on the real
values and not the desired values and thus that restraint has no effect on the results of the
validation.
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The vibrating platform has characteristics that made it very suitable for the performed
measurements and also most suitable for further product development.

6.2.6 Data acquisition

The validation required signals describing the movements of the cab and the foundation
in five d.o.f. each. The description of the platform’s movements in the X, y and z direc-
tions were available from the controlling computers D-A card as described earlier. The
foundation’s inclination in relation to the x and y axes were measured by a two axial
airplane gyro transducer. The signals described distances and angles and have to be
derived twice to get acceleration values, Treating the foundation as a solid body gave
possibilities to compute the movements for points located anywhere at the foundation.

Five accelerometers were used to measure the cab’s motions, one measuring in the z
direction, two in the x direction and two in the y direction. The signals from the trans-
ducers gave possibilities to calculate the accelerations in the x, v and z directions, and the
angular accelerations around the x and y axes, for every point in the cab.

After amplification, the ten signals were connected to a computer with a 12 bits A-D
card. The computer sampled the signals with 200 Hz sample frequency and stored the
time series in its memory. Before the signals were sampled they were filtered with a 10
Hz anti-alasing low pass filter.

6.2.7 Changes of the measurement system

If the foundation is assumed to be a non-elastic body, it is possible to calculate the
motions for any point on the body from the signals measured at the vibrating platform.
The first preliminary studies showed that the construction was too weak. The elasticity
in the foundation affected the vibration transmission from the platform to the points
where the suspension elements were mounted. The elasticity was most marked for fast
movements in the y direction, which resulted in torsion in the foundation.

The cab and the foundation were therefore strengthened with extra stabilising steel
beams. The strengthening improved the stability considerably, but it was not possible to
get rid of all the elasticity in the y direction.

An extra transducer, measuring in the y direction, was placed near the points where the
suspension elements were mounted onto the foundation, in order to get an almost exact
and nondistorted input to the simulation model (Figure 41). The signal from the extra
accelerometer was connected to an extra D-A computer input channel. The measure-
ments then included eleven signals.
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Fig. 41. The location of the extra transducer.

6.2.8 Experiments and apalysis

The described measurements system was used for experiments using different simulated
platform movements. Initially, the control computer was programmed for platform
movements in only one d.o.f. The motions simulated were sinus waves, sinus with
sweeping frequency and randomized noise with defined band width. Then the option to
simulate earlier recorded driving sequences with five d.o.f. motions was used. Even some
of the signals used in the theoretical simulations performed in this study were tested.
Finally, also synthetic signals combined to give a 5 d.o.f. synthetic movement were
tested.

Each experiment lasted for approximately 35 s and resulted in records with about 7000
values for each channel.

After the experiments, the values describing the foundation’s displacement were con-
verted to acceleration values and defined as input signal for the simulation program. The
signal from the extra accelerometer measuring in the y direction was used to describe the
foundation’s y acceleration. This signal was also used, together with the signal describ-
ing the platform’s displacement in the y direction, to calculate the foundation’s angular
movements around the x axis. That value was estimated to be more exact than the value
from the gyro transducer, because the gyro was mounted on the platform with no possi-
bilities to correct for any torsion in the foundation.
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When the suspension elements’ characteristics were measured and programmed in the
simulation model, the model was able to calculate the vibration transmission from the
foundation to the cab. The calculated vibrations could then be compared with the vibra-
tions measured in the cab,

6.2.9 Results

The agreement between the measured acceleration values and the values calculated by
the simulation model was studied for the linear dimensions x, y and z.

Eigures 42-44 show the calculated curves together with the measured ones, calenlated for
a point 1.10 m over the cab’s floor, for an experiment where the foundation motion was
collected from a real driving sequence. The 10 s shown in the figures was chosen because
they include both driving on a smooth surface with low vibration levels, and at a rougher
surface with higher levels. The same tendencies as in the figures were characteristic for
most of the analysed measurements.
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Fig. 42. Measured and simulated accelevation in the x direction for a point located
vertically above the cab’s c.0.g. at 1.10 m above the cab floor.
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Fig. 43. Measured and simulated acceleration in the y direction for a point located
vertically above the cab’s c.0.g. at 1.]10 m above the cab floor.
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Fig. 44. Measured and simulated acceleration in the z direction for a point located
vertically above the cab’s c.0.g. at 1.10 m above the cab floor.

The signals” frequency contents were also analysed to get a deeper understanding of how
well the simulated signals were correlated to the measured ones, The whole 35 s data
record from the measurement where the 10 s shown in Figures 42-44 were collected was
used to get better accuracy.
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Fig. 45. PSD for measured and simulated acceleration in the x direction for a point
located vertically above the cab’s c.o.g. at 1.10 m above the cab floor.
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Fig. 46. PSD for measured and simulated acceleration in the y direction for a point
located vertically above the cab’s c.0.g. at 1.10 m above the cab floor.
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Fig. 47. PSD for measured and simulated acceleration in the z direction for a point
located vertically above the cab’s c.o.g. at 1.10 m above the cab floor.

6.2.10 Conclusions

The possibilities of the simulation model to accurately calculate the vibration trans-
mission are, of course, dependent on the input signal being correct.

In the y direction, the extra accelerometer located as in Figure 41 contributed to the input
probably being fairly correct. The agreement between calculated and measured values is
also good, which indicates that the model is able to calculate the vibration transmission
in that direction well and that the measurements of the influencing suspension parameters
were performed with small errors.

The same suspension parameters and algorithms in the simulation program were used to
calculate the vibration transmission in both the x and y dimensions. The calculations of
the transmission in these two directions would therefore logically have the same accu-
racy.

The input signals in the x dimension were, however, measured at the platform, with no
possibilities to correct for undesirable torsion in the foundation. The agreement in the x
dimension was not as good as in the y dimension, which indicates that some undesired
elasticity was, in fact, present.

Figure 44 shows that the model calculates the transmission of vibrations in the z direction
relatively well for low vibration levels, but that the agreement decreases when the loads
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get higher. A probable reason is that the foundation can not exactly transmit the vibra-
tions from the platform to the mounting places of the suspension elements on the upper
part of the foundation. Slip stick effects in the elements, as indicated in Figure 36, are
also possible reasons for the difference.

Figure 47 shows that the measured vibrations in the z dimension are smaller than those
simulated in the 1.0-2.0 Hz frequency range but bigger around 2.0-3.5 Hz. A possible
reason is that the measurements of the vertical elements’ damping characteristics gave
too low values, and therefore influenced the vibration transmission. However , the small
differences in the curves above 3.5 Hz do not support that hypothesis. An increased
damping should have influenced the curves also in this frequency area. A more probable
reason is that the elasticity in the foundation also has an influence in that direction.

The results indicate that the simulation model is able to calculate the transmission of
vibrations fairly accurately when the input can be exactly measured and described. It
must, however, be stated that the measurement accuracy was not so good that a smaller
error in the simulation model would be possible to detect. If the measurements were to
be repeated it would probably be possible to get better results if the foundation’s move-
ments were measured closer to the mounting locations of the suspension elements.
Another possibility to get more accurate results would be to use a small scale model of
the cab and the suspension, whereby it would be possible to make the construction less
elastic, and also easier for the vibrating platform to handie.

6.3 Comparison between the linear and the nonlinear model

The linear simulation model described in Ch. 5.2 is a simplified description of the non-
linear one described in Ch. 5.1. The effects of the simplifications can be studied if the
same suspension geometry, element characteristics and frame movements are used in a
simulation with each model, and the results compared.

6.3.1 Assumptions

A linear passive suspension with a natural frequency of 1.0 Hz and a degree of damping
of 0.5 in the x, v and z dimensions is defined both in the linear and the nonlinear model.
The spring and damping constants of the elements are calculated with the formulas in Ch
5.

The passive linear suspension. was simulated in the linear model by using the feedback
matrix K:
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The system is then described with the angular velocities around the x and v axes instead
being added as states 22-23 to the continuous time model described in Ch. 5.2.3.2. The
fact that states 22-23 are the derivatives of states 14-15 is used for the connection
between these states in the model matrix.

The nonlinear model was integrated with Simmon’s Runge Kutta algorithm of order 4-5
while Matlab’s "LSIM" function was used for the linear model. Also a Runge-Kutta
algorithm of order 2-3 was used in Simnon, but the results were very similar and are
therefore not shown in the diagrams.

The suspension geometry used in the nonlinear model is the same as described in Ch. 7.1.
The geometry used in the linear model was the simplified version (described in Ch. 5.2.2)
of the same suspension with [, = 1.00 m and [, = 0.60 m. Simulations were performed
both with all elements mounted on the cab at the same height as the cab’s c.0.g. (h=0.00)
and with the elements mounted 0.40 m under the cab’s c.o.g. (h=0.40).

The input used is measured when driving on track 1 with the speed of 12 km/h and is
further described in Ch. 9.7.

6.3.2 Results

'The weighted accelerations in the x, y and z dimensions measured at the cab’s c.0.g.
simulated with the linear and the nonlinear model with the assumptions described above
are shown in Figure 48 for h=0.00 m. Figure 49 shows the same valaes but for h=0.40 m.
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using the same passive linear suspension characteristics and other assumptions calcu-
lated with the linear and nonlinear simulation models (h=0.40 m).

6.3.3 Conclusions

The figures show that the curves calculated with the linear model differ very little from
the ones calculated with the nonlinear model. The differences are somewhat larger with
h=0.40 m, specially in the y dimension, but are still small, showing that the linear model
is a good description of the nonlinear one, and that the assumptions necessary for the
linearization have little effect on the results.
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7 SUSPENSIONS WITH PASSIVE ELEMENTS

The characteristics for different types of passive suspensions with linear and nonlinear
elements are studied. The nonlinear time domain model is used for the simulations.

The geometry for the suspension used in the studies is first described, followed by the
characteristics for the input signals used. The following chapters contain the assumptions
and the results for each study.

7.1 The suspension’s geometry and basic characteristics

The characteristics of a suspension are influenced by many factors. If the influence of one
or more of the factors (parameters) is to be studied, it is important that none of the others
are changed. The results then become much easier to interpret and understand. The
described simulations are performed using the approach that, from a basic suspension
configuration, different parameters are varied and the effects of the variations are then
studied.

6 2b 3
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Fig. 50. Schematic view of the basic suspension seen from above.

The basic suspension is described in Figure 50. In principle the geometry is the same as
for the suspension described in linear state space format in Ch. 5.2 (Figure 21). The cab
is standing on four elements with combined radial and axial working principles (elements
3-6). The axial functions then mainly influence the vibrations in the z dimension and the
rotational movements around the x and y axes, Horizontal damping elements {elements
1a, 1b, 2a and 2b in Figure 50) are used, together with the radial functions of elements
3-6, for the suspension in the horizontal directions.
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All the suspension elements have a length of 0.40 meter in the balanced position. The
coordinates for the suspension elements’ cab and frame end points in the balanced
position are found in Table B. As can be seen in the table, all the cab end points of the
elements are located at the same height as the cab’s c.0.g.

Table B. The coordinates for the cab and frame end points of the elements in the basic
suspension measured relative to the cab’s c.o.g.

Element Cab Frame
X y z X y Z
{m) (m) (m) (m) (m) (m)
la 0 0.60 0 0,40 0.60 0
ib 0 -0.60 0 -0.40 -0.60 0
2a -1.00 0 0 -1.00 0.40 0
2b 1.00 0 0 1.00 0.40 0
3 1.00 -0.60 0. 1.00 -0.60 -40
4 -1.00 -0.60 ] -1.00 -0.60 -40
5 -1.00 0.60 0 -1.00 0.60 -.40
6 1.00 0.60 0 1.00 0.60 -40

The relatively symmetric suspension geometry is used because it offers possibilities to
calculate approximate natural frequencies and degrees of damping in the different
dimensions. As mentioned above, the results obtained may then also be useful when
designing suspensions based on other types of suspension element principles, which is
very important.

The axial function of elements 3-6 is defined to reach a vertical natural frequency of 1.0
Hz and a nonlinear damping with Ry, = 0.4, PK1,, = 0.06 m and PK2,, = 2 (quadratic
damping progressivity). The elastic mountings of elements 3-6 in the frame are worked
out for a natural frequency of 0.75 Hz in the x and y dimensions. The horizontal dampers
(elements la, 1b, 2a and 2b) are defined as linear and with the damping constants
calculated for a damping degree of 0.8.

The characteristics for the cab used were:
I, =444 kgm?*
1, =506 kgm*
L, =213 kgm*

m = 580 kg
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The cab’s c.0.g. position was:

x: 0.60 m in front of the rear axle
y: at the tractor’s symmetry line
z: 1.50 m above the ground.

The cab’s characteristics are adjusted for the influence of the driver. It is assumed that
the driver follows the cab’s movements.

7.2 The simmulation model inputs

The input signals used to describe the frame’s movements are measured as described in
Ch.5.3.

Two input signals are used. The first signal is measured when driving along the smoother
test track (track 1) described in $S8-ISO 5008 at the prescribed velocity of 12 km/h. This
track can be described as the average tractor driving surface. The second input used is
measured when driving along the rough test track (track 2) described in the same stan-
dard. To get extreme vibration values, the speed was increased from the prescribed 5
kmvh to 6 km/h. The resulting vibration load was defined as the highest that the
suspension should be able to manage without over-travel. The vibration load was so high
that the driver was almost losing control over the vehicle on the test track.

The tractor used in the measurements was a Volvo BM T-650, a 75 hp tractor with 2 WD
{(more tractor data in Table C). Measurements have to be made in 6 d.o.f. to get a com-
plete description of the tractor’s frame movements, Premeasurements showed that the
angular vibrations around the z axis were very small and could be neglected. The
movements were therefore measured in 5 d.o.f,

The RMS values for the input signals used are described in Table D. The vibrations are
calculated for a point located in the tractor’s symmetry line, 1.50 m above the ground and
(1.60 m in front of the tractor’s rear axle.
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Table C. Tractor data

Model Volvo BM T-650
Mass 3900 kg
Length 3.680m
Height 2.580m
Wheel base 2.440 m
Track width front 1.570 m
Track width rear 1.745m
Tyres front 10.00-16/8
Tyres rear 18.4-34/8
Inflation pressure front 0.25 MPa
Inflation pressure rear 0.14 MPa

Table D. The input signals RMS values calculated for a point located in the tractor’s
symmetry line, 1.50 m above the ground and 0.60 m in front of the tractor’s rear axle

Vibration level RMS (m/s* rad/s?)
Track 1 Track 2
Direction ISO 2631 Not weighted ISO 2631 Not weighted
X 0.79 1.11 1.87 2.02
y 1.03 1.68 1.34 1.92
Z 1.76 2.16 3.06 4.07
Xr - 1.92 - 2.33
yr - 1.47 - 1.88
vector sum 2.52 - 4.44 -

'The frequency contents are shown in Figures 84-85 for similar signals measured when a
more modern 4 WD tractor was driven on the same tracks.
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7.3 Parameters influencing the vertical suspension

7.3.1 Linear springs and linear dampers

The purpose was to study in what way different vertical linear spring and damping cha-
racteristics influence the suspension’s vibration damping potential.

7.3.1.1 Assumptions

The spring constants for elements 3-6 was defined so that the vertical natural frequencies
0.75-1.50 Hz were reached. Each natural frequency was simulated with the damping
constants defined for the degrees of damping 0.2, 0.5, 0.8 and 1.0. The suspension
geometry and the other suspension parameters were defined as described in Ch. 7.1.
Simulations were performed with inputs measured when driving on track 1 at a speed of
12 km/h and on track 2 at a speed of 6 km/h.

7.3.1.2 Results

The weighted acceleration values in the x, y and z directions, the angular accelerations
around the x and y axes, the ISO 2631 vector sum and the maximum travel for the cab’s
c.0.g. in the X, y and z directions were analysed. The results are shown in Appendix 15.1.

The diagrams in Figures 51-55 show the weighted acceleration levels and the maximum
travel in the z direction for the two tracks. The angular vibrations around the x axis are
also shown. The angular vibrations around the y axis show approximately the same
tendencies as those around the x axis and are therefore not described in the diagrams.
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Fig. 51. Weighted vibration levels in the z direction for different vertical natural fre-
quencies and degrees of damping when driving on track I at 12 km/h.
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Fig. 52. Weighted vibration levels in the z direction for different vertical natural fre-
quencies and degrees of damping when driving on track 2 at 6 km/h.
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Fig. 53. Maximum travel for the cab’s c.0.g. from the balanced position in the z divection
Jor different vertical natural frequencies and degrees of damping when driving on track
1 ar 12 km/h.
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Fig. 55. Levels for angular vibrations around the x axis for different vertical natural
frequencies and degrees of damping when driving on track 1 at 12 km/h.
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7.3.1.3 Conclusions

The simulations show, as expected, that the suspensions with lower vertical natural fre-
quencies offer a better vibration damping potential in the z direction when driving both
on smooth and rough surfaces.

On the smooth track, suspensions with a damping degree of 0.2 offer the best vibration
protection. The best damping potential on the very rough track 2 is reached with the more
damped suspensions.

Also the angular vibrations around the x and y axes decrease when using softer spring
elements. These vibration levels become much lower for damping degrees of 0.5-1.0
than for a damping degree of 0.2.

The cab’s maximum travel from the balanced position in the z dimension increases when
the suspension’s natural frequency and degree of damping are decreased. Also the
maximum travel in the x and y dimensions are influenced for the softest suspensions.

The simulations show that it is necessary to have a vertical natural frequency as low as
0.75-1.0 Hz in order to reach a good potential for vibration damping in the z dimension,
Such a suspension must be damped very hard to avoid the travel becoming too large
when driving on very rough surfaces. A high degree of damping decreases the vibration
damping potential and thus the choice of linear suspension characteristics must be a
compromise. To avoid too large static deviations when the static load is varied, is it also
probably necessary to include a slowly reacting self levelling system, at least with the
natural frequency as fow as 0.75 Hz.

1.3.2 Linear springs and nonlinear dampers

The purpose of the simulations was to study how different nonlinear damping elements
affected the suspension’s vibration damping characteristics.

7.3.2.1 Assumptions

The characteristics of the vertical dampers were defined as in Ch. 5.1.5.1.2. The para-
meters describing the dampers’ hardness as a function of the strokes from the balanced
position are the vertical natural frequency (f,,), the damping degree in the balanced
position (Ry,) and the progressivity constants (PK1,, and PK2,,). To get soft suspensions
with high vibration damping potentials, f,, was chosen to be 0.75. The damping degree
in the balanced position was chosen to be 0.4 while PK 1., and PK2,,, were varied in order
to study the effects of different types of progressivity. PK1,, was varied between 0.03
and 0.09 m and PK2,, between 1 and 3. The other parameters were defined as in the basic
suspension in Ch. 7.1. Simulations were performed with inputs measured when driving
on track 1 at 12 kny/h and on track 2 at 6 kmv/h.
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7.3.2.2 Results

The same parameters as in Ch. 7.3.1 have been analysed and the results are shown in
Appendix 15.2.
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Fig. 56. Weighted vibration levels in the z dimension for suspensions with varying
vertical nonlinear damping characteristics when driving on track I at 12 km/h.
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Fig. 57. Weighted vibration levels in the z dimension for suspensions with varying
vertical nonlinear damping characteristics when driving on track 2 at 6 km/h.
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Fig. 58. Maximum travel from the balanced position in the z dimension for suspensions
with varying vertical nonlinear damping characteristics when driving on track 1 at 12

km/h.
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Fig. 60. Levels for angular vibrations around the x axis for suspensions with varying
vertical nonlinear damping characteristics when driving on track 2 at 6 ke/h.

7.3.2.3 Conclusions

The results show, in general, that nonlinear vertical damping elements can be used to
reach a good vibration damping potential, without unreasonable demands on travel
space, in a vertical suspension with low natural frequency.

The effects of the progressivity constants PK 1., and PK2,, on the travel and the vibration

transmission in the z direction depend on the level of the input signal. On track 1, where
the mean suspension travel is relatively small, a big PK2,, results in lower vibration
levels in the z dimension than a small PK2,,, which depends on lower average damping.
On track 2, where the travel often exceeds PK'1,,, a big PK2,, results in harder average
damping and higher vibration levels in the cab.

The vibration levels for the angular vibrations around the x and y axes show approxi-
mately the same tendencies when PK 1, and PK2,, vary as the z dimension vibrations do
on the same track.

One property for suspensions with high progressivity is that the safety against over-travel
becomes higher at vibration loads higher than those used in the rating calculations. A
further increase of the input vibration level increases the maximum travel much less
when using nonlinear progressive dampers, because they are much harder than the linear
elements when travel is large. This contributes also to the possibility to decrease the
safety margin in the design work.
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7.4 Parameters influencing the horizontal suspension

The simulations were performed to study how different suspension parameters influence
the horizontal vibration transmission in the basic suspension described in Ch. 7.1. The
spring function in the horizontal disnension is mainly decided by the bending constant
(g) for the vertical elements {elements 3-6 in Figure 50). The damping characteristics in
the x and y directions are mainly influenced by the horizontally directed damping
elements 1a, 1b, 2a and 2b in Figure 50.

The parameter values corresponding to the approximate natural frequencies and degrees
of damping in the horizontal directions have been calculated with the formulas in Ch. 5.
The other parameters have been defined as in the basic suspension and kept constant.

7.4.1 Linear springs and linear dampers

The purpose was to study how different types of linear horizontal suspension characte-
ristics influence the vibration damping capacity.

7.4.1.1 Assumptions

Simulations were performed as previously, with inputs measured when driving on track
1 at 12 km/h and on wack 2 at 6 ke/h. The same parameters were analysed as in the
previous studies. All values were measured at the cab’s c.0.g. An analysis of values
measured at other points than the c.0.g. would have been interesting in some cases. The
simulation model output also included such values, but a further increase in the already
large amount of analysed variables was considered only to complicate the work.

7.4.1.2 Results

The detailed results are described in Appendix 15.3. The diagrams in Figures 61-64 show
the weighted acceleration levels and the maximum travel in the x dimension for the two
tracks. The vibrations and travel in the y dimension show with few exceptions the same
tendencies as in the x dimension and are therefore only described in the Appendix.
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Fig. 61. Weighted vibration levels in the x direction for different horizontal natural
frequencies and degrees of damping when driving on track 1 at 12 km/h.
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Fig. 62. Weighted vibration levels in the x direction for different horizontal natural
frequencies and degrees of damping when driving on track 2 at 6 km/h.
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7.4.1.3 Conclusions

The acceleration levels in the x and y directions decrease, as expected, when the hori-
zontal natural frequencies are decreased. The maximum travel increases at the same time.

The suspension’s vertical degrees of damping have a large influence on the cab’s maxi-
mum travel and the vibration levels. At natural frequencies over 1.0 Hz the best vibration
damping potential is reached with damping degrees as high as 0.8-1.0. These degrees of
damping also result in the smallest maximum travel from the balanced position.

The low ISO 2631 weighted vibration levels for the relatively high degrees of damping
in the x and y dimensions can partly be explained by the frequency weighting factors in
these directions being highest for signals with frequencies below 2.0 Hz. At the low
natural frequencies studied, a high damping degree decreases mainly the transmission of
vibrations with frequencies in the most sensitive domain for humans. At the same time,
a higher damping degree increases the transmission of higher frequencies. The I1SO
weighting, however, results in the total load not being particularly influenced.

Suspensions with horizontal natural frequencies of 0.5 and 0.75 Hz offer good vibration
damping potentials on both smoother and rougher surfaces. The maximum travel with a
suspension of that kind becomes, however, relatively high, but is decreased when the
damping degrees are increased. To avoid too large static deviations when driving on
slopes, horizontal suspensions with such low natural frequencies must probably also
include a slow reacting self levelling system.

In most studies, the vibrations in the z direction and the angular vibrations around the x
and y axes are very little influenced by the suspension’s horizontal natural frequencies
and degrees of damping. The suspensions with low degrees of damping become, how-
ever, jerky and unstable, which results in increased vibration loads also in the dimensions
normally not influenced.

71.4.2 Linear springs and nonlinear dampers

The purpose of the described simulations was to study how different nonlinear horizontal
damping characteristics influence the suspension’s vibration damping potential.

7.4.2.1 Assumptions

The results from the simulations in the previous chapter show that a horizontal natural
frequency as low as 0.5-0.75 Hz is needed to reach a good vibration damping potential.
Such suspensions result in large suspension element strokes and a need for large avail-
able travel spaces to avoid over-travel. Elements with nonlinear characteristics can be
used to reduce the maximum travel.

Simuiations have been performed with PK 1, for the horizontal dampers = 0.03, 0.06 and

0.09 m and with PK2 ; =1, 2 and 3. Ry, was placed at 0.4 to get soft damping around the
balanced position. The bending constants ¢ for the vertically standing elements were
chosen to be constant in order to reach a linear spring function in horizontal directions.
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q is defined so that the natural frequencies in the x and y directions are 0.5 Hz according
to the formulas in Ch. 5. The vertically working suspension is defined as in the previous
study.

7.4.2.2 Results

The detailed results are described in Appendix 15.4. Figures 65-68 describe the influence
of varying PK1,, and PK2_, at the weighted vibration levels and the maximum travel in
the x dimension when driving on the two tracks. The corresponding values for the y
dimension show approximately the same tendencies and are therefore not shown in dia-
grams.
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Fig. 65. Weighted vibration levels in the x dimension for suspensions with varying
horizontal nonlinear damping characteristics when driving on track 1 at 12 km/h.
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Fig. 66. Weighted vibration levels in the x dimension for suspensions with varying
horizontal nonlinear damping characteristics when driving on track 2 at 6 km/h.

Q.11

01

0.09

0.08

Maximum travel (m}

0.08

0.05 bt : L
1 2 3

PK2

Fig. 67. Maximum travel from the balanced position in the x dimension for suspensions
with varying horizontal nonlinear damping characteristics when driving on track I at 12
km/h.
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Fig. 68. Maximum travel from the balanced position in the x dimension for suspensions
with varying horizontal nonlinear damping characteristics when driving on track 2 at 6
kmn/h.

7.4.2.3 Conclusions

The results show that it is possible to reduce the demands for available travel space also
in the horizontal directions by using damping elements with nonlinear characteristics.

A suspension with high progressivity increases the vibration levels more on the rougher
surface where the elements more often work with strokes in the area with higher damp-
ing. The increase of the vibration loads is very small on the smoother surface when
damper progressivity is increased.

The vibration loads in the other dimensions are very little influenced when the cha-
ractetistics of the horizontal dampers are changed.

71.4.3 Nonlinear springs and linear dampers

The purpose of the simulations was to study the effects of different horizontal nonlinear
spring characteristics.

7.4.3.1 Assumptions

The characteristics of the horizontal spring function are decided by the elastic mounting
in the frame of the vertical elements (¢ for elements 3-6 in Figure 50). The elastic
mountings have been defined to be relatively soft (with small g,) for small deviations and
then exponentially stiffer for increased deviations.
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g, was defined to give the horizontal natural frequency of 0.5 Hz in the balanced position,

calculated with the formulas in Ch. 5. The damping degree in the horizontal directions
has been defined to 1.0 referring to g,, When the elements are bent from the balanced
position, ¢ increases, and thus the damping degrees decrease. This is because the
dampers are linear and the damping constants therefore do not increase with increasing
strokes.

Simulations were performed with PK'1, = 0.075-0.225 rad which correspond to g being

doubled for the horizontal deviations 0.03-0.09 m if the elements are 0.40 m long. PK?2,

has been varied between 1, 2 and 3 corresponding to linear, quadratic and cubic pro-

gressivity, The parameters not mentioned have been defined as in the basic suspension
“configuration described in Ch. 7.1.

7.4.3.2 Results

The same parameters as in the previous study were analysed. The detailed results are
described in Appendix 15.5. The influence of varying PK1, and PK?2, on the weighted
acceleration levels and at the maximum travel for the cab’s c.0.g. in the x dimension are
shown in Figures 69-72.
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Fig. 69. Weighted vibration levels in the x direction for suspensions with varying non-
linear mountings of the vertical elements when driving on track I at 12 kim/h.
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Fig. 70. Weighted vibration levels in the x direction for suspensions with varying non-
linear mountings of the vertical elements when driving on track 2 at 6 km/h.
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Fig. 71. Maximum travel for the cab’s c.o.g. in the x direction for suspensions with
varying nonlinear mountings of the vertical elements when driving on track I at 12 km/h.
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Fig. 72. Maximum travel for the cab’s c.0.g. in the x direction for suspensions with
varying nonlinear mountings of the vertical elements when driving on track 2 at 6 km/h.

7.4.3.3 Conclusions

The simulations show that it is possible to decrease the horizontal travel by using sus-
pensions with nonlinear horizontal spring functions.

Figures 69 and 70 show, however, that highly nonlinear spring characteristics result ina
substantial increase in the vibration load, especially when driving on the very rough
surface. The decrease for the maximal deviations is obtained at the expense of a high
vibration load increase. The previous study showed that it is possible to get the same
decrease in maximum travel with a smaller increase of the vibration loads if nonlinear
horizontal dampers were used.

7.5 Effects of the vertical locations of the suspension elements

An important factor in the design of a cab suspension is the locations of the suspension
elements. The purpose of the study was to show the influence of the vertical positions of
the suspension elements on the vibration damping characteristics.

7.5, 1 Assumptions

All the cab end points of the elements are assumed to be located at the same vertical
height in the balanced position. This height has been varied between 1.0 m below and 1.0
m above the cab’s ¢.0.g. All other parameters have been defined as in the basic suspen-
sion (Ch. 7.1). As in previous simulations, the inputs have been from the two test tracks
and the analysed parameters are also the same as before.
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1.5.2 Results

The complete results are shown in Appendix 15.6. The results from the simulations with
input from track I are also shown in Figures 73-75. The results for the very rough track
2 show about the same trends and are therefore only shown in the Appendix. The
vibration levels and deviations from the balanced position are measured at the cab’s
c.0.8.
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Fig. 73. Weighted vibration levels in the x, y and z directions for suspensions with
elements located at varying heights when driving on track 1 ar 12 kn/h.
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Fig. 74. Weighted vibration levels (ISO 2631 vector sum} and angular vibrations around
the x and y axes for suspensions with elements located at varying heights when driving
on track 1 at 12 km/h.
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Fig. 75. Maximum travel, measured at the cab’s c.0.g., in the x, y and z directions for
suspensions with elements located at varying heights when driving on track 1 at 12 km/h.
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7.53.3 Conclusions

The mounting heights of the suspension elements have significant effects on the sus-
pension’s vibration damping characteristics.

The angular vibrations are increased when the mounting heights of the elements are
increased above the cab’s c.0.g. The reason is probably that the suspension becomes
unstable with pendulum tendencies. The oscillation centre is then located approximately
at the same height as the cab mounting heights of the elements. The angular vibrations
around the x axis increase more than the vibrations around the y axis. This can be
explained by the distance between the elements only being 1.2 m in the y dimension
while the distance in the x dimension is 2.0 m and thereby results in greater stability for
angular movemenis around the y axis.

The accelerations in the z dimension are very little influenced by the mounting heights
of the elements. The acceleration Jevels in the x dimension are relatively unaffected by
mounting heights when driving on the smoother track. The levels on the rougher track
show the same tendencies as the y dimension vibrations with decreasing values when the
distance between the mounting plane of the elements and the cab’s c.0.g. is increased.
The results using the two different input signals otherwise show the same trends but at
different levels.

A low element mounting height results in an decreased total vibration load measured at
the cab’s c.0.g. The maximum deviations from the balanced position, and thereby the
demands on travel space in the design, are increasing at the same time. The lowest
maximum travel is reached with the elements mounted slightly above the cab’s c.o. g

7.6 Effects of the horizontal locations of the suspension elements

The characteristics of a suspension with springs and dampers such as the one described
in Ch. 7.1 are dependent on the locations of the vertically working elements in the x and
y dimensions. The main reason is that the natural frequencies for angular movements
around the x and y axes are directly affected by the distance of the elements from the
cab’s c.o.g.

1.6.1 Assumptions

Simulations have been performed to study how the parameters mentioned affect the
weighted vibration levels in the x, y and z dimensions, the angular vibrations around the
x and y axes and the maximum angular deviations between the cab and the frame when
driving over the test tracks. Since the parameters varied mainly influenced the angular
movement, the angular deviations were considered to be more interesting to analyse than
the linear deviations.

The distance between the vertical elements, which were placed symmetrically and
mounted on the cab at the height of the cab’s ¢.0.g., has been varied in the x dimension
between 0.6-3.0 m and in the y dimension between 0.6 and 2.0 m (Figure 76). When the
distance in the x dimension was varied, the distance in the y dimension was kept constant
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= 1.20 m. When the distance in the y dimension was varied, the distance in the x
dimension was kept constant = 2.0 m. These values were chosen because they are rea-
sonable to use in a real application.

The four horizontal shock absorbers were also moved corresponding to the movements
of the vertical elements, but the locations of these elements influence the characteristics
of the suspension very little as long as they are symmetrically mounted.

The characteristics of the suspension elements have been defined in the same way as for
the basic suspension described in Ch. 7.1. In the same way as in earlier simulations, the
two input signals measured on test tracks 1 and 2 have been used.
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Fig. 76. The cab, seen from above, with the studied vertical suspension element positions
shown,

7.6.2 Resulis

The complete results are shown in Appendix 15.7. The angular vibration levels and the
maximum angular suspension deviations when driving on track 1 at 12 km/h are shown
in Figures 77-80.
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distance in the x dimension between the vertical suspension elements when driving on
track I at 12 km/h.
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Fig. 78. Angular vibration levels around the x and y axes for a suspension with varying
distance in the y dimension between the vertical suspension elements when driving on
track 1 at 12 km/h.
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7.6.3 Conclusions

When the distance in the x dimension between the elements is varied while the distance
in the y dimension is held constant, only the transmission of angular vibrations around
the y axis is influenced. The transmission of movements in the other degrees of freedom
becomes almost constant,

A small x dimension distance between the elements decreases the natural frequencies for
angular movements around the y axis, which gives softer suspensions and decreasing
vibration levels. In the studied suspension geometry, with all elements mounted at the
same height as the cab’s c.0.g., the natural frequency becomes proportional to the dis-
tance between the elements. The distance 0.60 m corresponds to a natural frequency
below 0.5 Hz, which may explain the low levels for angular vibrations around the y axis
for such a suspension.

When the angular vibration levels decrease with decreasing distance between the
elements, the maximum angular deviation between the cab and the frame is increasing at
the same time. The big angular deviations give rise to big demands for travel space and
can also be assumed to reduce the driver’s feeling of security.

'The changed characteristics of the suspension when the horizontal distance between the
elements in the y dimension follows the same trends as when the x dimension distance is
varied but with the angular vibrations around the x axis as the variable influenced.

A comparison between the results on the two different test tracks shows that the ten-
dencies are about the same but with higher levels for the angular vibrations on the
rougher track. The maximum travel is surprisingly not much larger on the rougher track,
probably because the nonlinear damping characteristic of the vertical elements limits the
angular suspension deviation.

Simulations were also performed where the distances both in the x and y dimensions are
varied at the same time. The results show, just as for the simulations shown above, that
the transmission of angular vibrations around the x axis is almost only dependent on the
y dimension distance, and the reverse.
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8 OPTIMIZATION OF PASSIVE SUSPENSIONS

An optimization model has been developed to optimize suspension parameters with
respect to specially defined conditions and constraints. Examples of constraints may, for
example, be the maximum amount of free space at different places and restrictions on the
{ocations of the elements. The vector sum (ISO 2631) measuring the total vibration load
at the driver has been used as objective function.

The optimization model is based on an evolution algorithm. The strategy, as the name
indicates, is based on the biological evolution with mutations and selections.

3.1 Evolution strategy

Let p individuals be parents to A children. Choose the | best individuals among the
children and let them be parents to the next generation of A children. The number of
children must be more numerous than the number of parents. The best individuals can be
selected among both parents and children or just among the children. To select the next
generation among both children and parents may cause the evolution to reach a standstill.

A special case adaptable to technical optimization is obtained if the best individual
becomes the only parent for the next generation. This strategy can be used as a search
algorithm in an optimization problem when deciding a vector P=[p, p, ... pl
minimizing f(P) under defined constraints.

The evolution is started by stating an initial estimate P,. Then a new generation of esti-
mates P, is built up from

P =P+Z x=1273,.,A (144)
where

7=(z 2z, ... z,) n=numberofparameters (145)
z,=N(0,5% (146)

The estimate P, giving the best value for the function is selected as P, for a new

generation of estimates. The procedure is repeated until f(P) has been optimized with
necessary precision (Rechenberg, 1973).

Choosing the standard deviation s may cause problems. A small s can cause the algo-
rithm to stop at a local minimum and a big s may increase the convergence time. It is
logical to assume that the optimum solution is getting closer after some evolution
generations and therefore s should decrease when the optimum is assumed to be closer.

An appropriate measure of the algorithm’s effectiveness is a value describing how fast
the estimates are getting closer to the optimum. Rechenberg defines ¢, as the expected
value for the local advance in the direction of the gradient for each generation.
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The expected value (¢, ;) is naturally dependent on how f(P} is defined. In the following,

i3 it assumed that the values for the optimized function are equal for all points in the
parameter space having the same distance to the optimum, In a multi-dimensional func-
tion, that assumption can normally be a sufficiently good approximation (Muth, 1982).
The calculations will be different for other types of functions but the values for ¢,
correspond relatively well (Rechenberg, 1973).

ns? (147)
=C,, 85—
qu,?\. LA 2. RL‘
R = P,~P,, | the estimate’s distance to the optimum. (148)
2 A ("™ e . (149)
=\ 355 ze - en) s
where
2 (e 150
erfl(z xﬁL o (150
R 1s not known and must be estimated.
Numerical values for C,, with A=1-32 are found in Table E.
TableE. C, vs A for A=1-32
A Cia A Cia A Cia A C
1 0 9 1.485 17 1.794 25 1.965
2 0.564 10 1.539 18 1.820 26 1.982
3 0.846 11 1.586 19 1.844 27 1.998
4 1.029 12 1.629 20 1.867 28 2.614
5 1.163 13 1.668 21 1.889 29 2.029
6 1.267 14 1.703 22 1.910 30 2.043
7 1.352 15 1.736 23 1.929 31 2.056
8 1.423 16 1.766 24 1.948 32 2.070
With normed quantities:
o-n (151)
£ i
& i,
geoson (152)
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(153)

. 1
$2=Ciy 5’*‘“2“3*2

; ,/A describes the relation between the convergence speed and the number of calcula-
tions in each evolution step. Figure 81 shows ¢, /A as a function of s*.
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Fig. 81. &, /h as a function of s* for different ) (Muth, 1982).

Figure 81 shows that for A > 1 an area can be found where new estimates, on average, are
getting closer to the optimum (¢; , > 0). This area is called the evolution window. The
figure also shows that the optimum convergence speed is reached for A=3~9.

The optimum evolution step varies and therefore s has to be variable. One usable
approach is to create 1/3 of the new generation with s,,, =a.- s, 1/3 with s, =5, and 1/3
with s,, , = s/0. The value for s, , | giving the best estimate is then chosen as s, for the next
generation. This theory is not theoretically supported but has shown good practical

qualities. For o, values between 1.1 and 2.0 can be suitable.
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‘The convergence speed is highly dependent on the choice of the standard deviation for
the first generation (s,). According to Muth, pre-experiments may be appropriate to find
an optimum s, A value useful in practice is:

Cys (154)

So=M- 6-n

2l

where

M = the assumed median value of the deviation of the system parameters from the opti-
mum value.

8.1.1 Adaptation of the algorithm

The evolution method has shown good convergence behaviour, particularly for
multi-dimensional optimizations, and has also been reported as easy to describe in
computer software (Rechenberg, 1973, Muth, 1982, and Ahlén et al., 1982). Also other
optimization methods, for example the gradient method, should have been possible to
use. The evolution method was, however, mostly dependent on its capacity for optimiz-
ation in many dimensions and the capacity to avoid local minimas, selected to be used in
this study,

The evolution method normally works with the same standard deviations for all parts in
the parameter vector. In a cab suspension the parameter magnitude is very variable and
each parameter has been given an initial standard deviation of its own. This value has
then been changed according to the principles described earlier. The technique is
equivalent to a type of parameter scaling, and resulted in no further scaling being needed.
The programming and the interpretations of the results have therefore been easier to
perform.
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Fig. 82. Schematic description of the program algorithm.

The principle for the developed computer program is very schematically described in
Figure 82. The optimization is initiated with a routine defining the initial values for
parameters and standard deviations. The first parameter vector used in the simulations is
also calculated.

The simulation program then reads the patameter vector and performs the defined
simulations. The outputs {normally values for accelerations and suspension travel) are
stored simultaneously.

After the simulation, the outputs are analysed and the results stored. Then a new para-
meter vector can be tested.

Nine parameter guesses have been used in each generation (n=9). When all the vectors
were tested it was possible to select the "best" as parent for the next generation.

Normally the evolution has been simulated for 50 generations. In cases when the algo-
rithm failed to converge after 50 generations, another 10-20 generations were simulated.

The general objective function is the driver’s vibration load, and the available travel
space has been used as constraint. Dahlberg (1979) has discussed and studied the influ-
ence of several objective functions and constraints. The standardized ISO 2631 vector
sum has been used as the measure of the vibration load in this report but other objective
functions, such as unweighted accelerations or jerk can easily be incorporated in the
optimizations.
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In the reported optimizations, constraints for the maximal allowed travel from the bal-
anced position have been defined in one or more dimensions. When a constraint was
exceeded (the travel becomes to large) the simulation was immediately interrupted. The
parameter vector was exchanged for a new one, formed with the same standard devi-
ations, and the optimization could continue. Therefore, when the "best” parameter vector
is to be selected there were always 9 possibilities and none of them had broken the
restriction.

The possibility to penalize the parameter combination breaking the restriction instead of
exchanging it was also tried, but problems arose when the optimal solution was close to
the restriction. Then, in some cases, 6-7 out of 9 of the parameter guesses were penalized.
The best of the remaining 2-3 did not always bring the algorithm closer to the optimum.
Therefore the algorithm became unstable and had problems in reaching the optimum.

The great amount of repetitions of the simulation program and the analysis of the result
caused the calculation times for the reported optimizations to be 4-8 days depending on
the amount of constraints defined. The computer used was an IBM compatible PC with
80386 and 80387 processors working with 33 MHz clock frequency.

8.2 Optimization results

8.2.1 Effects of available travel space

The purpose was to study how the possibilities to work out an effective suspension are
affected by the dimensions of the available travel space. The purpose was also to study
how the optimum suspension characteristics are affected when the available travel space
is changed.

8.2.1.1 Assumptions

The geometry of the suspension was defined according to the geometry of the basic
suspension described in Ch. 7.1.

The optimization algorithm was programmed to optimize the vertical and horizontal
suspension parameters in a suspension with linear spring and nonlinear damping cha-
racteristics. The objective function was defined as the frequency weighted vibration
value (ISO 2631 vector sum) measured at the cab’s c.0.g. The suspension’s vertical and
horizontal natural frequencies, together with the nonlinear characteristics of the vertical
and horizontal shock absorbers, were optimized (totally 8 parameters:
qu’ an’ ROV’ R0H= PchV PchHﬂ PKZcW PchH)'

The lower limit for the horizontal natural frequency was defined to 0.5 Hz and to 0.75
Hz for the vertical direction. The low natural frequencies make it possible to design
suspensions with high vibration damping potential. To avoid too large static deviations
may it, however, be necessary to add some kind of slowly reacting self levelling system.
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As constraint was defined a limit for the cab’s deviation from the balanced position,
measured at the cab’s c.0.g., when driving on track 2 at 6 km/h. The vibration load in that
test was estimated as the worst possible, if the driver was still able to control the vehicle.
The driver had probably reduced the driving speed before this extreme vibration load
appeared. The limit for the maximum deviations was varied between 0.075 and 0.125 m
in the x, y and 2 directions.

The goal for the first study was to find a suspension working well in both normal and
extremely rough conditions. The objective function was defined as the mean value of the
vibration load when driving on track 1 at 12 km/h and when driving on track 2 at 6 km/h,

8.2.1.2 Results

The large number of optimized parameters resulted in many local minima being found in
the objective function, In several cases it was found that repeated optimizations resulted
in other optimal parameter vectors. The solutions thus cannot be considered as repre-
senting absolute minima. The differences in the objective function were, however, in no
case more than 1.5 % for the different solutions.

The optimum suspension characteristics with the defined constraints are reported in
Table F. The resulting vibration loads when driving with the optimized suspension on the
test tracks are reported in Tables G and H and partly in Figure 83. The vibration levels in
the x, y and z directions are weighted values.

Table F.  Optimum suspension characteristics for the defined constraints

av. space Fv Fn Ry Ry | PKl,, | PK1l, | PK2,, | PK2,,
() (Hz) | (Hz) (m) | (m)
0.075 075 | 050 { 094 | 1.08 10052 | 0055} 147 | 2350
0.10 075 | 050 | 074 | 0.82 | 0.089 | 0.685 | 2.40 | 3.40
0.125 075 | 050 | 0.64 | 067 | 0.141 | 0123 | 278 | 5.85

Table G. Vibration levels when driving with the optimized suspension on track I at 12

ki
av. space X y z vector sum Xr yr
(m) (st | (m/s®) | (m/sh) (m/s?) (rad/s®y | (rad/s®
0.075 056 | 0.82 0.81 1.60 0.71 0.83
0.10 054 | 0.80 0.64 1.50 0.67 0.72
0.125 054 | 0.81 0.59 1.49 0.68 0.67
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Table H. Vibration levels when driving with the optimized suspension on track 2 at 6

km/h
av. space X y A vector sum xr yr
(m) (/s | (/sD) | (/s (m/s%) (1‘ad/sz)l (rad/s?)
0.075 143 | 097 | 220 3.27 1.22 1.77
0.10 123 | 092 1.95 2.90 1.06 1.65
0.125 1.10 | 0.88 1.74 2.63 0.87 1.50
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Fig. 83. Vibration levels when driving on the test tracks with the suspensions optimized
Jor different amounts of free available travel space.

8.2.1.3 Conclusions

The results show, as expected, that the possibilities to work out a suspension with good
vibration damping capacity increase when the available travel space is increased.

The optimum natoral frequencies in both the vertical and horizontal directions are
located at the defined lower limits. The optimum damping in the balanced position (R,
and R,y,) decreases when more space is available. At the same time, PK 1, and PK1,, are
increasing. The results also show that the optimum suspension becomes more progress-
ive (bigger PK2,,, and PK2,,) when the available space is increased.
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The objective function was defined as the average value of the vibration loads when
driving on the two tracks. The vibration loads were much higher when driving on the
rougher track, and therefore a 5 % decrease of the value on this track influenced the
objective function much more than the same relative decrease on the smoother track.
The optimized suspension is therefore designed to be more effective on the rougher track,
which can be seen in the relative decrease of the vector sum being much higher on that
track (19 % and 7 %) when the available space is increased by 0.05 m. For the smoother
track there is no vibration load decrease at all for some dimensions, when the suspensions
are optimized for more available space.

8.2.2 Suspension optimized for lower average vibration loads

8.2.2.1 Assumptions

In the optimizations described earlier the objective function was defined as the average
of the vibration load on the smoother and on the rougher track. For normal driving situ-
ations, the smoother test track is probably a better description of the average compared
to the very rough test track no. 2. The vibration loads are only exceptionally as large as
when driving on track 2 at 6 kin/h.

This study was performed to find out the optimum suspension characteristics when the
suspension damping capacity on the smoother track was weighted 4 times higher than the
capacity on the rougher track. Then it is possible to calculate how the optimum cha-
racteristics change when more attention is paid to the damping capacity in more normal
driving situations.

All other assumptions are defined in the same way as for the optimizations described
earlier. The maximum permitted deviation from the balanced position was constrained to
0.10 m in each direction measured at the cab’s c.o.g.

8.2.2.2 Results

The optimum suspension parameters are shown in Table L. The vibration levels for the
simulated driving over the two test tracks are shown in Table I.

Table I Optimum suspension characteristics under defined constrainis

Jav fan Ry Roy PK1,y PKley PK2y | PK2y
(Hz) | (Hz) (m) (m)

0.75 0.3 0.59 0.74 0.078 0.081 3.96 1.48
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Table J.  Vibration levels when driving with the optimum suspension on the different
test tracks
track | velocity X y z vector sum Xr yr
(km/h) | (/™) | (/s | (m/sD) (m/s%) (rad/s®) | (radss®
1 12 0.54 0.81 0.59 1.47 0.68 0.68
2 6 1.25 0.92 2.04 2.98 1.27 1.88
8.2.2.3 Conclusions

The suspension optimized in this study has, logically, better damping capacity on the
smoother track than the suspension described in Ch. 8.2.1. The suspension’s capacity on
the rougher surface is, also logically, poorer than the earlier optimized suspension. The
changes are, however, rather small in both cases.

The changes are more marked for the suspension parameters. The suspension optimized
for lower average vibration load has, in the vertical direction, lower damping around the
balanced position, but with a more marked progressiveness. The progressiveness in the
vertical directions is, instead, decreasing. '

8.2.3 Optimization of linear suspensions

8.2.3.1 Assumptions

The suspensions optimized up to now have had linear spring and nonlinear damping
characteristics. Optimizations have also been performed to study the characteristics of a
linear suspension meeting the same demands as in the earlier studies. The vibration
damping capacity for the two principles can also be compared to get an understanding of
the advantages with nonlinear elements.

The optimized parameters in this study were the suspension’s vertical and horizontal
natural frequency and the vertical and horizontal degree of damping. The other
assumptions used were the same as in the study in Ch. 8.2.1, with 0.10 m available space.

8.2.3.2 Results

The optimized suspension is described in Table K. The vibration levels for the simulated
driving over the test tracks are shown in Table L.

Table K. The optimum suspension characteristics with the constraints defined above

ﬁ:v ﬁ:H RV Rﬁ‘
(Hz) (Hz)
0.75 0.5 1.19 1.23
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Table L. Vibration levels when driving with the optimum suspension on the different
test tracks

track | wvelocity X y Z vector sum Xr vt
&km/m) | (/5D | (i | (mrsd) (m/s%) (rad/s™) | (rad/s®)
1 12 0.56 | 0.80 0.81 1.59 0.71 0.82
6 1.37 | 096 1.97 3.06 0.96 1.49

8.2.3.3 Conclusions

The linear suspension optimized with the 0.10 m space constraint is very heavily
damped. The natural frequencies in both dimensions still become the same as the values
defined as lower limits.

The optimized linear suspension gets, as expected, lower vibration damping capacity
than the nonlinear suspension optimized for the same amount of available space. The
weighted value (vector sum) increases by 6 % on the smoother track and by 5.5 % on the
rougher track.

8.2.4 BEffects of the lower limits for natural frequencies
8.2.4.1 Assumptions

The results from the optimizations performed earlier showed that the optimal natural
frequencies are the same as the ones defined as lower limits. That indicates that the
magnitude of the limits influences the possibilities for vibration damping.

A decreased horizontal natural frequency gives rise to larger static suspension travel
when driving on side slopes. A decreased vertical natural frequency gives larger static
travel when the driver’s weight varies or when driving with a passenger in the cab.

The purpose of this optimization was to study the changes for the optimum suspension
characteristics when the lower limits for natural frequencies were increased by 0.25 Hz
in each direction.

The vibration levels for the two test tracks were equally weighted and the optimization
was performed for 0.10 meter available space. The other assumptions and constraints
remained unaltered from Ch. 8.2.1,

8.2.4.2 Results

The optimized suspension is described in Table M. The vibration levels when driving on
the both tracks are shown in Table N,
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Table M. The optimum suspension with the constraints defined above

Fov Jor Roy Roy PK1y PK1y PK2y | PK2y
Hz) | (Hz) (m) ()
1.00 0.75 0.67 0.82 0.110 0.155 1.80 3.94

Table N.  Vibration loads when driving with the optimum suspension on the different
test tracks

track | velocity X y z vector sum Xr yr

(km/b) | /s | /s | (/sH (m/sh) (rad/s®) | (rad/s®)

1 12 0.65 0.95 077 1.79 0.83 0.83
2 6 1.59 1.12 2.23 3.52 1.17 1.74
8.2.4.3 Conclusions

The lower limits defined for the natural frequencies have major effects on the possibi-
lities to work out an effective suspension. Increasing this value by 0.25 Hz in each
direction results in an increasing vibration load in all directions. The increase is
especially marked when driving on the very rough surface.

It is interesting that the optimum suspension with the increased limits for the natural
frequencies, in contrast to the suspensions optimized earlier, did not use the whole
available travel space in the x and y directions. When driving with the optimum sus-
pension on track 2 at 6 km/h the maximum travel was only 0.075 m in the x and 0.080 m
in the y direction.
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9 SUSPENSIONS WITH ACTIVE CHARACTERISTICS

Active suspensions can continuously supply and modulate the flow of energy. Thus, in
an active system, forces can be generated which do not depend upon energy previously
stored by the suspension. Therefore an active suspension has a very high potential for
reducing the driver’s vibration load while still maintaining short suspension travel.

Active suspensions consist of actuators such as force or torque generators, measurement
and sensing devices, and a feedback controller to provide control commands for the
actuators. Active suspensions also require an external power source. The elements are
interconnected in such a fashion that some modes of the motion of the vehicle are sensed.
These sensed signals are then conditioned through the feedback controller and command
signals for the actuators are generated, thus forming a closed loop control system.

The development and analysis of LQG based active cab suspensions is described in this
chapter. The vibration damping characteristics of the suspensions are studied. The
change in characteristics when the suspension’s configuration or design variables are
changed is also studied. The discussion is based on the geometry for the basic suspension
described in Ch. 7.1,

Linear quadratic optimal control theory has been used to solve the optimization problem.
This method provides a compact analytical solution with relatively low design and
computing time and the stability of the system is gnaranteed. Since the results of an
optimization process is a controller which considers and feedbacks all the system states,
it offers advantages beyond those of any classical controller structure. Among the dis-
advantages of this approach are the necessity to measure or to estimate all state variables
and the limited choice of performance index, which must be a quadratic function of state
and control variables.

9.1 Discrete system description

The active controller can be described both in continuous and discrete automatic control
theory. The progress for the digital computer technique has resulted in discrete con-
trollers becoming cheaper, easier to program and more reliable. Most of the more
advanced automatic controls are therefore now based on discrete theory and controllers.

The theory for the adaptive time variant controllers described in the next chapter are
directly developed in discrete theory. Also the time invariant controllers described in this
chapter are most likely to be implemented in discrete technique. Consequently, all the
controllers described in this study are based on discrete theory.

The discrete state space model structure used when designing linear quadratic regulators
and estimators can be described:

£t + 1) =Fx'(6) + G ur) + G w(?) (155}

where
w(t) = white noise vector with the covariance matrix R,.
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The objective for the following part is to convert the continuous time description of the
the system to the discrete form, usable for the controller gain calculations.

The cab suspension system with weighted outputs, which is a continuous time System,
can be described as in Ch. 5.2.3.2:

X =A% +Blu, +By, (156)
with
™) =@ T g v (157)

The model can be converted from continuous to discrete time assuming a zero order hold
on the inputs, which means that they are assumed to be piecewise constant during the
sample time T,:

Xt + D) =F (1) +Gla, () +G v, () (138)
where
F,=e¢"" (159)
Lo (160)
G uj e "B dt
0
(161)

T
W
G:,:L B gt

The zero order hold assumption for the disturbance inputs is a simplification but the high
sample frequency in relation to the disturbance’s frequency content makes the errors very
small.

In the calculations of feedback and observer gains, the disturbance vector (v,) can be

approximated as the outputs from five ARMA models driven by five white noise sources.
The ARMA structure can be described by:

Alg )y =Clg e (162)

where A and C are polynomials in the delay operator g™

Algh=1+ag" +...+a_ g™ (163)

Clgy=1+cg 7 +...+c,q™ (164)
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¢ = white noise with the variance o,

na and ne are the orders of the relevant polynomials.

Explicity, (1653)
y(t)+ay{t =) +...+a,y({ —na)=e{t)+celt—1}+...+celf —nc)

A first order model can only give a rough approximation of the characteristics of the
signals, while a higher order model can give a more detailed description, including, for
example, the positions of resonance peaks, etc. Models of higher orders results, however,
in more complicated controllers, not always offering higher vibration damping potential.

In this study the disturbance signal for each dimension is described by an independent
ARMA model, not including any cross correlation with the disturbances in the other
dimensions. This is a simplification, while the acceleration in the X direction normally is
correlated to the angular movements around the y axis, etc. Controllers based on more
complicated disturbance models, also including the cross correlation and directly
identified in state space form, have also been tested, but the vibration damping cha-
racteristics were nof at all improved. The identification algorithms then necessary are
rather complicated, and very difficult to implement in the recursive adaptive controller
gain calculation described in Ch. 10.

The ARMA model can easily be converted to discrete state space observable canonical
form:

-, 1 .. 0 ¢ —a, (166)
Xt +1) = ~h 0 )+l T e

- a:m 0 b 0 cnc - ann
y)=@1 0 ... O +e@) (167)
If first order models are used to describe the disturbances then:
X+ D) =F X () +Glelr) (168)
v, (1) =P %' (1) + P e(t) (169)
where

I"* = an identity matrix of order n

e{r) = a vector with discrete white noise with the covariance matrix:
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(176)

(171)

(172)

With second order models becomes:

(173

0
_.airjr

0
0
0

- a2rx

0
0

0

—
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cp=ay, 0 0 0 0
Cop— oy a 0 G 0
0 €~y 0 0 0
0 ¢y-ay O 0 0
, 0 0 cy-ay, 0 0
= o 0 c;ma% 0 0
0 0 0 Clp— Qi 0
0 0 0 Co ™ Oy G
0 0 0 0 Cry =y
0 0 0 0 Copp =y,
1000000000
0010000000
vO=0 0 0 0 1 00 0 0 0EH+F%w
0000001000
0000000010

(174)

(175)

The formulas for third order models are just extensions of the second order formulas.

To get the form first described in this chapter, used when calculating the feedback and
observer gains, we have to combine the discrete dynamic system model with the dis-

turbance models. For first order disturbance models:

\
Fw G:I 5 G:' G;
X +1) = 0" E %7 () + o u, () + G e(?)

where

Torqay el 4 d_dd ad ad o ad b ad d ed d d
(Xx) (113)"' (x; _x; Yo=Y & Mzb xc Ye L, A, X, yrc yrc ‘x;J Yo z.‘))

T 4 & & ks 3 & o ar . N .
() (14:26)=(xry  yry Xy X Y Y Zm T A A A U

if each variable’s time dependency is not written out.
For second order disturbance models:

L
it

F, Glen 0 Gien 0 GGy @ Glee TGS ¢ GY G,
"‘(’+*>=[0w-u B( ¢ o) o OF I OB pd 10

9.2 Linear quadratic regulator design

9.2.1 Theory

Assume again the system:

(176)

(17N

(178)

(179
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X1+ 1) =Fx (1) + G u(t) + G"w(t) (180)

Assume also that the system matrices are time invariant and that w(r)is a vector with
uncorrelated zero mean stochastic (white) noise.

Let ¥°(1) be the vector with controlled variables:

Y (&) =HX() (181)

To minimize the function:

J = E((y")T (z)Q3y°(r)) +E' (1)Qu(r)) (182)

choose the input according to the control law:
ufs) = -K@)x'(r) (183)
where

K@) =[ (6978 + 1)G* + Q] (G"S(t+ DF (184)

and S(z + 1) is the symmetrical positive semidefinite solution of the difference equation:

8(: - 1) =F'S(OF + Q, - F'SO)G| 6S(NG* + Q) (G*S@)F (185)
with the terminal value = Q,
Q=) QH° (186)

If the system is either uniformly completely controllable and uniformly completely
reconstructible or exponentially stable, S(z) converges to a matrix 8. S is the solution of
the equation: '

§=FSF+0Q,- FS6{ (656" + Q) (63K (187)

Normally, in the time invariant case, S is used to calculate K which then also becomes
time invariant (Kwakernaak & Sivan, 1972; Andersson & Moore, 1989),

9.2.2 Application at the suspension model

The linear quadratic regulator design theory is directly applicable on the cab suspension
model, to calculate optimum feedback gains for the controller. The systein is not com-
pletely controllable, depending on the states describing the frame movements, but all the
uncontrollable modes are stable.
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The controlled variables y° have to be chosen as linear combinations of the states, The
weighted acceleration values in the x, v and z directions (x{, xJs and x3,) have to be limited
to control the vibration load in the cab. The suspension travel in the linear directions (x{,
x5 and xj) must also be limited, just as the angular deviations between the cab and the
frame (x5 — x5, and x; —xj;). The cab’s angular accelerations are not described by any
model states. Instead, the angular velocities (x§ and x,) can be penalized to limit the
angular movements. In order to get a controller striving to keep the cab horizontal, the
cab’s inclinations in relation to the x and y axis can be penalized.

For a controller, not striving to keep the cab horizontal, y°(z) can then be chosen as:

GO =D -B0 WO -5 wio-sln win-win B2 Bn g0 o wiey (188)

which gives for the system with first order disturbance models:

1000600006000 00 0 0 006000000000 (18)
0L C 00000000 C0E 0O 0O 006000000000
0010006000000 0G 06 0 006000000000
0000001 0000C00 ~1 0 0CG0CO0000D0000
o0 000000010000 0 -100000000000
00C0000C00O00CO00 0 0O t0G000090000
0600000009000 0 0 001000060000
0000000000000 0 0 00001000000
0000000100000 0 0 06000000000
000000600010060 0 0 00000000000

The main design variables are then the penalty matrices Q, and Q.. The values in these

matrices can be varied to reach different suspension characteristics, with controller
stability always guaranteed. It is very difficult to get a feeling for the size of the variables
in the penalty matrices without iterative simulations with different penalties defined.

One way of getting physically more understandable dimensions for the penalties is to
define the maximum permitted value for each of the controlled variables (y{™* — y™*).
These values are then inverted to get the values used in the penalty matrices:

( 1 ]2 (190)
oMz O e 0
¥
1 2
0 0
Q= (J’?MJ

o o0 . [m]
Ya
where n = the number of controlled variables.

The input penalty matrix Q, is normally a diagonal matrix. High input penalties can be

used to decrease the need for high power inputs and to create a smoother controller in a
gystem with limited power supply. Q, can be calculated from:
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1} (191)
(WJ 0 0

where n = the number of inputs.

The theory shows that the feedback gain calculation can be divided into ome part
dependent on the basic system and one part dependent on the disturbances (Kwakernaak
& Sivan, 1972). In the studied system the feedback gains of states 1-21 are therefore not
affected by the variations of the parameters in the ARMA model describing the prop-
erties of the disturbances.

9.3 Linear quadratic estimator design

Implementation of the feedback control laws described in the previous chapter requires
that the state vector x’ is available at time r for construction of the control signal. As the
states are normally not perfectly measurable, an alternative control law can be used. The
feedback can be calculated from the state estimates produced by an observer. The
observer uses the signals that can be measured to estimate the total state vector. The
certainty equivalence principle then states that it is the optimum to use the estimated
parameters when calculating the feedback.

9.3.1 Theorv

Assume once again the system:

£+ 1) =Fx'(t) + G u() + G w(t) (192)
Assume also a vector y" with measurable linear combinations of the states:

¥ () =H"X' (1) + (1) _ (193)
where j(z) is the measurement noise vector,

‘The measurement noise is assumed to be white with the covariance matrix R,.

Assume the observer configuration:

&t + 1) =F& () + G'a) + L) (" (1) - B (1) (194)

where
% = the estimated state vector

L{t) = the observer gain matrix
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The feedback is then decided by:

u(t) =-K@HR' (@) (1935)
To minimize the covariance matrix for the estimation error:

Fer+D=x'¢+ -2+ {196)

choose L.(¢) as:

L(r) = FPe) B [Py @Y + R, (197)
where P(¢) is iterated from the Riccatti equation:

P +1) = FP(OET + R, - FP() (1) [Py (@@ + R, H'PQ) (B) (198)
with

R, = (G")'RG” (199)

1f the system is stabilizable, all states are detectable from the measured variables and all
matrices in the Riccatti equation are time invariant P(r) converge to the constant matrix
P when t tends towards infinity. P then becomes the solution of the matrix equation:

ﬁ - F?FT - R; _F‘ﬁ( "’)T[H”'?(H’")T-i—R?]MIH"‘ﬁ(F)T (200)

Then L(¢) becomes time invariant and constant: L.

The observer above, often described as the Kalman Predictor, produces the best estimate
in a least square sense with the measured variables known up to y*(¢). If also y*(t + 1) is
known when estimating &'(¢ + 1), the Kalman Filter theory can be used. The observer
structure becomes the same but with L caleulated from:

L= ?(H’”)T{Hm?(ﬂm)f + Rj"i (201)

The calculation to obtain the optimum observer has a lot in common with the calculations
of the optimal controller feedback gains. The so-called duality between the problems in
described in numerous references (see for example Kwakernaak and Sivan, 1972). The
duality makes it also possible to use the same computer algorithms to solve the problems.

9.3.2 Application at the suspension model

Some of the states in the cab suspension model can be expensive or difficult to measure.
It is then better to use the observer technique described above to estimate the state vector
from measurements of some of the most easily measured variables. The choice of
measured variables must, however, be done so that all the states are detectable from these
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variables. To get an observer working well also in the real, not perfectly linear, suspen-
sion system is it also important to study, by simulation, the accuracy of observers with
different choices of measured variables and other parameter values.

The variables easiest to measure are probably the lengths of the suspension elements,
which can be measured with potentiometer transducers. The cab’s and the frame’s
angular displacements can be measured with inclinometers or gyro transducers. The best
way to measure the velocities of the cab and the frame in the x, y and z directions is
probably to integrate accelerometer signals. The weighted acceleration values in the cab
can be measured with accelerometer transducers connected to the relevant filters,

For an observer based on measurements of the lengths of the suspension elements
{deviations from the balanced lengths I)~I%), the cab’s angular displacements
(xr{  yrd) and the cab’s velocities in the x, y and z directions (3¢ y* 27) are, for a
system with first order disturbance modeis:

WO =0 GO IS0 B GO LD 2o vo v wie wiey (02

100000 0 0 ¢ 0000 0 0 00000000000 (203
610000 0 0 0 0008 0 0 00000000009
01000 -, 0 -L 0000 & L 00000000000
0061000 ~, 0 L D000 L =L 00DD0D0OO00CGOD0GC O
061000 4L 0 L 0000 -, -, 000GO000O00O0GCEQ
H'=100 6 1 000 { ¢ -, 0000 -, L 000080000DCO
090606100 0 ¢ 0 0000 0 0 0000C0CO0O0CO0DO0O0
900010 0 0 0 0HODO 0 0 000D0DO0O00O0DO0OO0O0
0006CO01 ¢ 0 0 DOOO O 0 0O0O0O0O0D00O0C0OD
000000 1 0 06 0000 0 D 00000000000
000C00 G 0O L 06600 0 0 00000000000

The matrix R, defines the measurement noise covariance. Normally, the errors for a

transducer are defined in relation to the transducer’s measuring range. It seems reason-
able to use this technique also when defining the estimated covariance values. If the
standard deviations for the measurement errors in relation to the measuring range are
defined for each transducer (o™), together with the measuring ranges (™), where i=1
to n and n are the number of transducers, and the errors are assumed to be uncorrelated
to each other, the covariance matrix can be calculated from:

(r;nax \ Ojina)()z 0 . O (204)
R O oy 0
0 0 e (L ey

A suspension controller including an observer of the type described above is rather
complicated and calculation intensive and the whole sample time is probably needed for
the calculations. Consequently all the tested observers have been based on the Kalman
predictor theory and not the filter theory.
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9.4 Noniinear simulation model with discrete controller

The nonlinear model is, as mentioned above, programmed in the simulation program
Simnon. This simulation model has also been used to study the effects of different
actively controlled active suspensions. The controller with the observer and regulator has
been described as a discrete system with inputs from, and outputs to, the basic continuous
time suspension simulation model.

The inputs to the discrete controller, consisting of the vector with measured variables
(y"), has been delayed one time step with regard to the calculation time used in a real
controller and to the use of the Kalman Predictor observer.

White measurement noise has been added to the measured signals to imitate the real
conditions as closely as possible. That noise corresponds to the measurement noise
vector described in the discrete observer calculations.

The outputs from the controller consist of signals making the force actuators produce the
calculated optimal forces.

When studying controllers with different feedback and observer gains, it was possible to
read the variables automatically from a file. These files were produced in Matlab, where
the gains were calculated.

The linear model, and thereby also the controller, includes only one horizontal element
working in the x dimension (element 1) and one working in the y dimension {element 2),
while the real system includes two horizontal elements working in each of these dimen-
sions. The force F, defined by the controller has therefore been divided into equal parts
between elements 1a and 1b, and F, between elements 2a and 2b. The average length of
elements 1a and 1b has been used to get a measurement of x{ (x7 —x7) and the average
length of elements 2a and 2b to get a measurernent of x3 (¢~ y7).

9.5 Linear simulation model with discrete controller

The linear discrete model described earlier can also be used to simulate the system. The
linear model is, of course, a simplified description of the real nonlinear
frame-suspension-cab system. The comparison between the models has, however, shown
that the results from the linear model differ relatively little from those of the nonlinear
model {Ch. 6.3).

The linear model was found easier to work with, and was also much faster when the
approximate effects of a specified parameter change are to be studied. The linear model
has, therefore, been used for most of the prestudies, e.g. to find out which penalty
matrices and controller structures can be used.

The linear model also makes it possible to use some of the vast amount of developed
theory describing characteristics for linear time invariant state space systems, for
example to calculate transfer functions. Most of that theory is not described in this study
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since the basic suspension model is nonlinear and best studied by time domain simula-
tion. Neither is this theory applicable to the time variant systems described in the chapter
with adaptive controllers.

The structare used for the linear discrete simulation model is:
X+ 1) =F¥)+Gul) (205)
¥ = % (1) (206)

For the cab suspension system with perfectly measurable states and the feedback gain
matrix K:

F, G,] (G (207)
F= ({}5*21 95*5] - (OS*EJK

21%5 208
Gm({;] (208)
@) ()= ) 20 i i) (209)

H can be chosen as I to get the time history for all states as output.

The states describing the frame movements are defined by the time series for these
variables. These time series have to be defined as input to the simulation model.

For a cab system with noisy state measurements and an observer with the gain matrix L,
the system can be simulated if:

(Fw G;} (G‘;]K (210)
51 4545 | as*6
Fsm 0 6 F G\i 0 GH
(LH") [[05;1 Is:; _(05:; K- LH"

el (211)
G= 1

(}26*5
@) =@ i e ol e 212)

Where states 1-26 are the same as in Ch. 9.1 and states 27-52 are the observer’s estimated
values of the first 26,

In this case, H' can be chosen as I**"* to get the time history for all states as output.
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9.6 The simulated suspension’s geometry and basic characteristics

The same suspension geometry is used for all simulations with actively controfled sus-
pension elements. This geometry is the same as for the basic suspension described in Ch,
7.1 which is used for the simulations and optimizations with passive elements. The cab
and frame end points of the suspension elements are described in Table B.

The same cab characteristics and cab position in relation to the vehicle as given in Ch.
7.1 are also used.

The vertical active force actuators (elements 3-6) are assumed to work in parallel with
passive spring elements. The springs support the cab when the engine not is running,
reduce the active controller forces, and work as an extra insurance against component
errors. The spring constants for the vertical elements are defined to give a basic natural
frequency = 0.5 Hz in the z direction. The elastic mountings to the frame are, for these
elements, worked out to reach natural frequencies of 0.5 Hz also in the x and y directions.
The horizontally working elements (elements 1a, 1b, 2a and 2b in Figure 50) are assumed
to be active force actuators without parallel springs. The k,, k, and k, parameters then
become:

k. =k, =k, = 1431N/m (213)

All other forces from the elements are assumed to be decided by the active controller, and
thus no passive damping is present.

The actuators operate with force transducers providing inmer loop feedback signals and
are imagined to track faithfully a force demand signal determined by the control law. The
actuator dynamics can also be included in the model matrices if necessary. This option
has not been used in the reported studies. However, in order to study the influence on the
vibration damping potential of first order actuator characteristics included in the system
matrices, some simulations have been performed with the linear model. The results
showed that, as long as the time constants were reasonably short, the vibration damping
potential was influenced very little.

9.7 The simulation model inputs

9.7.1 Measurement principle

The input signals used to describe the frame movements in the simulations with active
elements are measured according to the technigue described in Ch. 5.3.

Measurements were performed when driving on several surfaces with different speeds.
In the same way as for the simulations with passive elements, two input signals were used
in the simulations with active elements. One signal was measured at track 1 (SS-ISO
5008) when driving at 12 km/h to get an average load. To get an exceptional vibration
load, measurements were also performed when driving on track 2 at 6 km/h, as previ-
ously.
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Trends in tractor design are moving almost exclusively towards 4 WD tractors. To get
input signals more characteristic of modern tractors with 4 WD and larger front tyres, a
2-year-old Fendt 306 LSA was used for the measurements, instead of the 15-year-old 2
WD Volvo BM T-650 tractor used for the inputs to the passive elements simulations.
Data for the Fendt tractor are shown in Table O.

Table O. Tractor data

Model Fendt Farmer 306 L.SA
Mass 3705 kg
Length 3990 m
Height 2.625m
Wheel base 2.280m
Track width front L570m
Track width rear 1.500 m
Tyres front 13.6-24/8 R
Tyres rear 16.9-34/8 R
Inflation pressure froﬁt 0.24 MPa
Inflation pressure rear 0.20 MPa

9.7.2 Input characteristics

The RMS values for the input signals used are described in Table P. The vibrations are
calculated for a point located on the tractor’s longitudinal symmetry line, 1.50 m above
the ground, 0.60 m in front of the tractor’s rear axle. Figures 84 and 85 show the fre-
quency content for the same signals.
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Table P. The input signals’ RMS values calculated for a point located on the tractor’s
longitudinal symmetry line, 1.50 m above the ground, 0.60 m in front of the tractor’s rear

axle

Vibration evel RMS (m/s* rad/s%)
Track 1 Track 2

Direction IS0 2631 Not weighted IS0 2631 Not weighted

X 1.17 1.84 3.21 346

y 0.67 0.98 i.24 1.38

Z 2.42 2.77 2.84 4.15

Xr - 1.61 - 3.03

yr - 2.14 - 3.80
vector sum 3.07 - 5.88 -
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9.7.3 Identification of parametric models

The disturbances (frame movements) may be described as parametric models driven by
white noise when used in the design of discrete active controllers and observers.

The structure used is the ARMA structure:

Algy()=Clg™e(t) (214)
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or explicitly:

yO) +ayt -+ +a,yt~na)=e(t)+cet-1)+...+c elt -nc) (215

¢

where e = white noise with the variance (o).

The signal’s frequency content is approximately described by the ARMA model. The
approximation normally becomes more exact when the polynomial’s order is increased.
The size of the so-called "loss function” ((¢°)%) is a measure of the accuracy.

The parameters in the models have to be estimated with an identification algorithm.
Matlab’s ARMAX procedure has been used for the identification of models of orders 1-3
for the acceleration time series described in the previous chapter (Tables Q and R). The
procedure is based on a prediction error algorithm. The time series are assumed to have
time invariant characteristics. A recursive least square algorithm usable when the signals
have time variant characteristics is described and used in the part handling adaptively
controlled active suspensions. The signals were measured with a sampling frequency of
200 Hz.,

Table Q. ARMA models of orders 1-2 for the acceleration time series used as simulation
model inputs

Track |Dimn na=n¢ =] na=nc =2

a4 ¢y (0“9)2 €t 2 <y &) {06)2

1 x [-0.984 (0.9718 |0.0280 [-1.948 |0.9789 [0.9269 [0.7449 |5.8e-4

y (-0.988 [0.9231 {0.005} |-1.927 |0.9474 [0.8470 ;0.5753 |3.0e4
z |-0.988 [0.9570 |0.0433 |-1.956 [0.9773 [0.7987 (0.6790 [1.2¢e-3
xr 1-0.992 |0.8961 (0.0128 [-1.936 [0.9525 {0.7035 }0.6063 |7.5¢-4
yr |-0.986 [0.9733 [0.0350 |-1.947 [0.9763 |0.8082 [0.6733 |9.3e-4
2 x |-0.996 [0.9687 |0.0290 [-1.967 |0.9764 [1.0431 |0.6948 {7.1e-4
y -0.994 10.9217 [0.0057 |-1.923 10.9337 10.2853 10.7702 |6.5¢-4
z |-0.995 10.9539 [0.044] {-1.966 [0.9751 |0.7815 |0.6685 |1.5e-3
xr 1-0.996 |0.9139 (0.0181 [-1.953 {0.9600 {0.3250 |0.7361 [1.2e-3
yr |-0.994 10.9695 [0.0377 [-1.965 (0.9744 |0.8289 [0.6809 [1.1e-3
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Table R. ARMA models of order 3 for the acceleration time series used as simulation
model inputs

Track | Dim na=nc¢ =3

ay a ] ¢y &) C3 (00)2

1 x | -2.8441 2.752 {-0.905| 0.127 | 0.536 | 0.122 j 1.8e-4
y | -2.675] 2.434 | -0.754 | 0.116 | 0.314 | 0.124 | 2.2e-4
z |-2.830| 2.717 | -0.884 | -0.791 | 0.492 | 0.160 | 4.9¢-4
xr |-2733 | 2.539 | -0.802 | -0.097 | 0.398 | 0.0436 5.0e-4

yr 1-2.823 | 2.708 | -0.882 | -0.060 j 0.464 | 0.136 | 3.6e-4

2 x | -2915| 2874 | -0.959 | -0.140 | 0.514 | 0.196 | 1.4e-4
y | -2.152| 1.425 | -0.264 | 0.491 | 0.666 | 0.608 } 4.3e-4
z |-2.869 ] 2.787 [-0.916 | -0.179 | 0.484 | 0.134 | 5.9¢-4
xr | -2.462 | 1.989 | -0.524 | 0.153 | 0.612 | 0.344 | 7.9e-4

yr {-2.892 | 2.830 | -0.937 [ -0.225 | 0.488 | 0.129 | 3.3e-4

The identification loss functions for the track 1 signals, with the polynomial orders 1-4,
are shown in Figure 86. The figure shows that the loss functions decrease very little when
increasing the polynomial order over 3.

0.1

008 b X

Q.02

001 ¢

0.005 |

0.002

Loss function

0.001 |

0.0005 |

G.0002

0.0001 = . L :

Polynomial order

Fig 86. Identification loss functions for the signals measured on track 1.
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9.8 Effecis of disturbance model orders

The calculation of feedback and observer gains is based on the disturbances being
described as the output from ARMA models. The controller structure is dependent on the
order of the ARMA maodels.

The purpose of this study was to show in what way the order of the ARMA models
influences the vibration damping potentials of the suspension.

9.8.1 Assumptions

'The comparison between the linear and nonlinear simulation models shows that also the
linear model describes the real system rather accurately. In order to simplify the com-
puter programuming and the result analysis, the linear model was used for the study.

The linear model can be divided into five smaller models, each describing the cab
movements in one direction. The results in Ch. 9.14 show that the suspension parameters
influencing one of the dimensions have very small effects on the suspension’s cha-
racteristics in the other dimensions. The five models are relatively similar and there is no
reason to believe that the effect of a model structure change in one of the models is not
approximately the same as for a change in one of the others. To make the computer times
shorter and to simplify the programming, the effects of different disturbance model
orders were studied for the linear model describing the z dimension movements.

The suspension geometry and cab characteristics are described in Ch, 9.6. The force
actuators were assumed to use inner loop feedback with perfect tracking of the force
demand signal determined by the control law,

The continuous time model describing the z dimension movements is:

0 1 -1 0 0 0 (216)
~4k, 1
0 0 ] 0 — 0
b1 i1 0
0 0 0 0 0 0
X = X+ Fooi1ls
v | 4k, -49.42 w4942 5
e ) —48.93 ] —— 0
m m 0
~4k, - 465.8 465.8
—_—t 0 0 1108 O —
m i
where
R A A M @7
F =F+F+F+F, (218}

#=0 0 0 1 0Ox (219)

p
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This model was sampled as described in Ch. 9.1 and 1-3 states (dependent on the
disturbance model order) were added. The sixth state then describes the frame's
acceleration in the z dimension.

Matlab was used for the calculation of feedback and observer gains and for the analysis
of the simulation results.

The controlled variables were the suspension travel (state 1) and the weighted acceler-
ations in the z dimension (state 4). The measured variables in this study were the sus-
pension travel (state 1) and the frame velocity and acceleration in the z dimension (state
3 and state 6). It was assumed that the lengths of the four vertical elements were
meastred and the average length used to get a measurement of state 1. The length
transducers were assumed to have a measuring range = 0.10 m, the velocity transducer
1.0 m/s and the acceleration transducer a measuring range = 10 m/s’. The transducers
were assumed to have 6™ = 2.0 % of the measuring ranges.

It is also interesting to compare the active suspension potential with the potential for
passive suspensions in the same environment. By using the feedback gain:

K=( ¢ — 0 0 0 (220
where
¢ =4nRf,m (221)

the characteristics for passive linear suspensions with varying natural frequencies and
degrees of damping can be calculated with the same formulas as for the active
suspensions. The linear suspensions are, of course, simulated without observers.

9.8.2 Results

By varying the penalty on the suspension travel state when keeping the penalty on the
weighted acceleration constant (y;”*=0.010 ), the suspension’s vibration dataping
potential for different available travel spaces can be studied. In Figure 87 the suspension
travel vs vibration level curves are shown for a controller based on a first order disturb-
ance model. The curves are shown for different values for the penalty on the input (™).
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Fig. 87. Suspension fravel vs vibration level curves in the z dimension when driving on
track I at 12 km/h. The controller is based on a first order disturbance model.

The curves in Figure 87 show that the vibration damping potential is increased when the
penalty on the force input is decreased. The curves also show that there is a limit when a
decreased penalty on the input does not increase the vibration damping potential any
more. This optimum curve is the best to use when different active suspensions are com-
pared.

Figure 88 shows the optimal characteristics for z dimension vibration damping for con-
trollers based on disturbance models of orders 1, 2 and 3, The corresponding curves when
using passive linear suspensions with natural frequencies of 0.75, 1.00 and 1.25 Hz are
also shown in the figure.

The size of the parameters in the feedback gain matrix K can show interesting characte-
ristics for the resulting active controllers. Figure 89 shows the connection between the
suspension travel RMS and the size of the parameters in the K matrix. The values are
obtained from the simulations with ™ = 1.0 3 shown in Figure 87.
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9.8.3 Conclusions

The figures show that the vibration damping potential is not increased when the con-
troller is based on disturbance models of higher order than one. Very little further
information appears to be included in the added states and the observer’s approximations
when estimating these added, not measurable states, appear instead to decrease the sus-
pension’s vibration damping potential.

The active suspensions show much better vibration damping potential than the passive
ones when the available travel space is not so limited. In a very limited travel space the
passive suspensions, however, offer almost the same possibilities as the active ones.

Figure 89 shows some very interesting facts, The K(1) variable can be described as the
spring constant for a spring working in parallel with the permanent spring in the basic
construction used to support the cab when the power supply is disconnected. For sus-
pensions resulting in high suspension travel, XK(1) is negative, which means that the
function of the permanent spring is counteracted and that the suspension’s natural
frequency becomes very small. For suspensions with more decreased travel levels K(1),
and thereby the natural frequency, is increased.

The feedback gains for states 2 and 3 (the cab’s and the frame’s velocities) have the same
value for all suspensions but with opposite signs. This corresponds to a passive damper
with variable damping constant (compare with the K matrix used for the simulations of
passive suspensions). For a suspension resulting in very small suspension travel, the
damping is very high which results in a suspension with almost passive characteristics.

9.9 Controllers based on reduced model

The frame-suspension-cab system can also be described with a linear model with fewer
states. The disturbance input vector can, for linear directions, describe the frame veloc-
ities instead of accelerations. For the rotational directions, the input vector can describe
the angular positions in relation to the coordinate axes instead of the angular velocities.
The order of the regulator and the observer then decreases with one state for each
dimension and becomes easier to implement in practice. The amount of information
available for the controller to use for the vibration damping is, however, also decreased
and thus it may be assumed that the vibration damping potential is not as good as for
controllers based on the bigger linear model.

The reduced continuous time Jinear model with frequency weighted outputs becomes:

X =AXx +Bu +B)v, (222)

where

T oed _d 4 4 4 d oad ad d o d d 4 d s 3
) =0 —xy -y -l wl s el el owd v i v mn oz ) (223)
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(2313

The purpose of this study is to show the characteristics of a suspension with an active
controller based on the reduced model. The purpose is also to compare the characteristics

with the other suspension types tested.

9.9.1 Assumptions

Controllers based on the reduced model describing the cab movements in five d.o.f. have
been tested in rather great detail both in the linear and nonlinear model. To show the
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principle and the vibration damping characteristics for controllers based on the reduced
model, the results from a simple stady using the linear z dimension are shown here. The
linear z dimension model becomes:

0 Lo o 0 (232)
-4k, {
0 0 0 = 1
Frt m 0
& | 4k, -49.42 . _ v
Xf‘f’ S S, 0 —4893 1 X:P+ % sz+ o b
m m 0
—4k, - 465.8 465.8
_ 0 ~1108 O —
i wm
where
) =@ -z 2 2 2 (233)
F, =F,+F,+F+F, (234)
Z=0 0 1 Ox, (235)

This model was sampled as described in Ch. 9.1 and a fifth state was added. This state
describes the frame’s velocity in the z dimension.

The controlled variables were, as before, the suspension travel (state 1) and the weighted
accelerations in the z dimension (state 3). The measured variables in this study were the
suspension travel (state 1) and the frame velocity in the z dimension (state 5 ). The length
transducers were assumed to have a measuring range = 0.10 m and the velocity trans-
ducer a measuring range = 1.0 m/s. The transducers were assumed to have 6™ = 2.0 %
of the measuring ranges,

To study the suspension characteristics with the observer’s negative effects excluded, the
system was also simulated without observer assuming perfectly measurable states,

2.9.2 Results

In Figure 90 the optimum characteristics for z dimension vibration damping for con-
trollers based on the reduced model with and without observer are compared to the
characteristics for controllers based on the model including the frame acceleration state.
The corresponding curves when using passive linear suspensions with natural fre-
quencies of 0.75, 1.00 and 1.25 Hz are also shown in the figure.
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track 1 at 12 km/h with active controllers based on the basic and the reduced linear
model and with passive suspensions with varying vertical natural frequency and degree
of damping.

9.9 3 Conclusions

The vibration damping potential using a controller based on the reduced model is not as
good as for the controllers studied in the previous chapters. The frame acceleration value
is not available for feedback and thus the feedback principle has great similarity with the
passive suspension principle.

9.10 Controllers based on model not including abselute velocities

There is another possibility to decrease the number of states in the model describing the
frame-suspension-cab interplay. The velocity differences between the cab and the frame
(2 ~24, y¢—yiand 7%-z)) are then defined as states instead of three states (x%, y¢ and
%) being used for the cab’s linear velocities and three (x4, y§ and 7J) for the frame’s linear
velocities. The order of the system matrices is then decreased by 3.

The results in Figure 89, where the feedback gains for the cab’s and the frame’s absolute
velocities have the same value but with opposite signs, shows that it is enough to know
the differences between these states in each dimension when the feedback should be
calculated. Observe that, in contrast to controllers based on the reduced model described
in the previous chapter, the information used in the calculation of the feedback in the
controller structure described in this chapter are the same as in the standard model used
in the main part of this work.
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The system can then be described (without frequency weighting of the linear cab accel-
erations):

%, =A%+ Blu, +Bv, with: (236)
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The states for weighting of the cab accelerations can then easily be added as states 13-18.
The total model including discrete disturbance models and used in the digital controller
then gets 23 states.

Controllers based on the described model structure have been studied with simulations
both in the linear and nonlinear simulation model. If it is possible to measure or calculate
(see Ch. 9.11.3) all states and avoid the use of an observer, the vibration damping
potential is identical both for controllers based on the model structure described in this
chapter and for controllers based on the model structure described earlier. The model
structure including fewer states is, in that case, preferable. The reason for the identical
damping capacity is, as mentioned before, that the same information is used when the
feedback is calculated. The results for suspensions without observers in Figures 93-97
are valid also for this controller structure.

Simulations with observers in the linear simulation model have also shown compatable
results between the two controller structures. Simulations using the nonlinear simulation
model indicated, however, that the observers seemed to be more sensitive to unmodelled
nonlinearities than observers based on the other model structures, and in same cases the
suspension became unstable. The reason for these rather unexpected results is not clear,
and it is possible that the problems could be avoided if further simulation studies were
performed. The instability problems contributed, however, to the original model struc-
ture (described in Ch. 9.1) being used for the more comprehensive studies of the actively
controlled suspension’s characteristics (Chs. 9.12-9.16).

9.11 Effects of different observer inputs

The controller’s vibration damping capacity depends to a great extent on how accurately
the observer can estimate the states. This accuracy is highly dependent on which
combination of states that can be directly measured.
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The purpose of this study is to show how different combinations of measured variables
affect the vibration damping capacity of the suspension. The purpose is also to show the
effects of different levels of transducer measurement error.

9.11.1 Assumptions

The linear z dimension model is used to study the effects of different combinations of
measured variables.

The solution of the observer Riccatti equation (P) shows the approximate covariance

matrix for the estimation errors. The values in the diagonal show the variance for each
estimation error and are the most interesting to analyse.

The simplest variables to measure are the length deviations of the suspension elements
from the balanced position. The value for state 1 can then be calculated from the average
length deviation. This signal has been used in all the tested transducer combinations.

The cab’s and/or the frame’s acceleration can be measured relatively accurately with
accelerometer transducers, The cab’s weighted acceleration (state 4) can be filtered from
a normal accelerometer output.

The cab’s and/or the frame’s velocity are very important inputs for the observer, One way
to get this signal is to integrate accelerometer signals. One accelerometer can be used
both to measure acceleration and velocity at the cab or at the frame.

The measuring ranges for the transducers are assumed to be 0.10 m for the length
transducers, 1.0 m/s for the velocity transducers and 10 m/s® for the accelerometers,
When comparing different transducer combinations, o™ is placed at 2.0 %. It is
assumed that the transducer errors not are correlated to each other.

The influence of the transducer and measurement system errors (0™) is also studied. It

is then assumed that state 1, state 3 and state 6 are measured. The same maximum
measuring ranges as before are assumed.

9.11.2 Results

The diagonal elements in the P matrix are shown in Table S for four different transducer
combinations:

1. state 1 and state 2
2. state 1 and state 3
3. state 1, state 2 and state 4
4. state 1, state 3 and state 6,

Combinations with only length and accelerometer measurement were also studied,
Theoretically, all states are observable also from these measurements, but the con-
trollers’ vibration damping potentials were very poor and are not shown in the figures.
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Table S. The observer’s estimation error covariance for different transducer combina-
tions when driving on track 1 at 12 km/h

transducer | P(1,1) | F2,2) | P3,3) | P4,4) | PG5 | P6,6)
comb.
1 1.6e-6 | 2.0e-6 | 2.5e-3 | 5.5¢-5 | 1.8¢-2 | 1.75
2 2.1e-7 | 2.0e-6 | 2.2e-4 | 7.6e-6 | 9.3e-3 } 0.77
3 1.5e-6 | 74e-7 | 2.1e-3 | 49e-5 | 6.1e-3 | 1.65
4 1.7e-7 | 2.0e-6 | 2.0e-5 | 5.5e-6 | 8.1e-3 | 0.19

The optimum suspension travel vs acceleration curves for the four transducer combina-
tions are shown in Figure 91. The results of a simulation of the system assuming that all
states are perfectly measurable (no observer used) are also shown.
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Fig. 91. Suspension travel vs vibration level curves in the 7 dimension when driving on
track 1 at 12 km/h. The observer uses different combinations of measured variables as
inputs.

The optimum suspension travel vs weighted acceleration levels were also studied for
different values of 6™ (Figure 92). The same model and parameter values as before are
used.
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Fig. 92. Suspension travel vs vibration level curves in the 7 dimension when driving on
track I at I2 km/h. The observer uses measurements of state 1, state 3 and state 6 as
input. The measurement noise values are varied.

9.11.3 Conclusions

The most effective of the studied observers are based on measurements of states 1, 3 and
6. Also an observer based on measurements of states 1, 2 and 4 is very effective.
Whereas, if the cab’s or the frame’s acceleration can not be measured, the suspension’s
vibration damping potential is decreased.

An increased measurement noise level decreases the vibration damping capacity, which
is logical. The decrease is, however, relatively small, and it seems more important to
measure the right variables, than to keep the measurement noise levels small.

If the length of the elements and the frame’s acceleration are measured it is possible to
use a different technique. The length transducer signal can be derived to get the differ-
ence between the absolute velocities of the frame and the cab (x —x$). The only further
information necessary for calculation of the feedback is then the values for the states
describing the weighted acceleration in the cab (x] and x). These can be calculated if the
forces acting on the cab are known. These forces are dependent on the length of the
suspension elements (the spring forces) and the controller’s signal to the force actuators,
which all are known by the controller.

If the described calculations are included in the controller then all information necessary
for the calculation of the feedback is known, and the use of an full order observer is
avoided. The technique seems to be better than the use of an full order observer but must
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of course be studied in extensive simulations before being applied in practise. The
technique is probably also applicable to the five d.o.f. cab suspension described in Ch.
9.6.

9,12 Vibration damping potentials for active suspensions

The purpose of this study was to show the vibration damping characteristics for different
active suspensions in the different dimensions.

9.12.1 Assumptions

The nonlinear simulation model was used for the simulations. Suspension geometry and
cab characteristics are described in Ch. 9.6. An active controller calculated for first order
disturbance models was used. The states were estimated with an observer calculated as
in Ch. 9.3. Matlab was used for the calculations of feedback and observer gains and for
analysis of the simulation results.

The controlled variables were the same as in the example in Ch. 9.2.2:
GOF =000 A0 0-ae wi0-mi) pio-pin B0 He D o i (243)

When a run on track 1 at 12 km/h was simulated, the parameters in the penalty matrices,
whose effects not were especially studied, were defined by:

z]max - Z;nax = Z;nax - Z;nax = Z;nax =0.010 (244)
Z;nax - zjmax — Zsmax = ngax — z;rolax =0.010 (245)
u,m"”‘:uzm"»——u;““mu;“*"=u;mmu6m"=1.033 (246)

When simulating a run on track 2 at 6 knv/h the parameters were defined by:

g =g =g g = 0 = 0.010 (247)
Zénax s Z';nax = Zéﬂax — z;nax = z{?;\x s 0‘0010 (248)
UM = e = = =g = 1.0 e3 (249)

It was assumed that the frame’s accelerations in the x, y and z directions were measurable
and that it was possible to integrate the velocity values from these transducers. It was also
assumed that the length of the suspension elements could be used as inputs to the
observer.
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The observer was assumed to use signals from inclinometers (angle transducers) or gyro
transducers for the measurements of the frame’s angular positions in relation to the x and
y axes. It was also assumed that the frame’s angular velocities could be derived from
these transducers. The transducers were defined to have 6™ = 2.0 % of the measuring
range.

9.12.2 Resnlis

In the simulations with the nonlinear model and with an observer there was, in some
cases, a tendency for the cab to drift away from the balanced position and oscillate
around another middle point. This tendency was not noticed in the linear simulations and
neither when the states were assumed to be perfectly measurable.

The reason was found to depend on even small errors in the observer’s estimates of the
cab’s linear velocities (states 4-6), for suspensions with extreme feedback of this para-
meters, being enough to counteract the feedback from the suspension’s deviations (states
1-3), which normally keeps the cab around the balanced position.

By assuming that the observer could use the derivative of the signals from the suspension
elements’ length transducers to calculate the cab’s linear velocities more correctly and
use these values for the feedback, the drift tendencies disappeared and the suspension
became totally stable.

In Figures 93-95 the suspension travel RMS vs weighted acceleration RMS curves are
shown for the X, y and z directions when driving on track 1 at 12 km/h. Only the optimuom
curves obtained with controllers calculated with very small penalties on the actuator
forces are shown: (™ = "™ = u™ = ™ = ™ = 4% = 1,0 £3).

The curves reached when passive linear suspensions with varying natural frequencies
and degrees of damping were used in the same circumstances are also shown in the dia-
grams. The simulations were also performed assuming that all states were measurable
(no observer) to study the effects of the use of the observer. The curves calculated
without an observer are also shown in the figures.
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Curves of the same type as above are also calculated for the angular accelerations around
the x and y axes. No states in the model correspond to the angular accelerations. There-
fore, in order to restrict the angular vibrations, the states describing angular velocities
(state 8 for the xr dimension and state 10 for the yr dimension) have been penalized. Both
the angular accelerations and the angular velocities are shown in Figure 96 as a function
of the RMS value for the angular deviations between the cab and the frame for the dif-
ferent suspensions.

Sirulations as above were also performed with the frame’s movements measured on
track 2 when driving at 6 km/h. The controllers were based on the ARMA models
identified for the acceleration time series used as inputs. Figure 97 shows the results for
the z dimension.
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9.12.3 Conclusions

The figures show that it is possible to design an active suspension with good vibration
damping potential in all the studied dimensions.

If an observer must be used to estimate the states when the feedback is calculated, the
vibration damping potential is decreased. It is of course favourable to, if possible, avoid
the use of observers.

Probably the most important result of this study can be seen if Figures 95 and 97 are
compared, One point in each diagram is marked with a square. These suspension cha-
racteristics are reached with approximately the same set of feedback gains. The con-
troller optimized to reach a normal RMS travel value of approximately 2.5 cm on the
rough track becomes much too heavily damped to be optimal on the smoother track and
the vibration damping potential on this track is, therefore, very bad. On the other hand, a
suspension designed for normal travel on the smoother track (marked with circles in the
figures) results in a travel that is much too large, and probably over-travel, when used on
the rougher track. The conclusion is that the controller must be able to adjust the feed-
back gains depending on the characteristics of the frame movements in order to get a
favourable average vibration damping potential, i.e., the controller must be adaptive.

9.13 Power consumption for the active suspensions.

Active suspensions are dependent on a continuous supply of power. The size of the
power source can be a limitation for the suspension’s vibration damping potential.

The purpose of this study was to show the power consumption for some of the studied
active suspensions with different adjustments when driving on different surfaces.

9.13.1 Assumptions

The same assumptions as for the simulations in Ch, 9.12 are used. The power con-
sumption is analysed for the simulations with the nonlinear model shown in Figures 95
and 97. The z dimension curves were chosen because the vibration levels at the frame are
highest in that dimension.

It is important to differentiate between negative and positive power values. A positive
value means that power must be added from the supply, while a negative value means
that power can be converted to heat in the force actnators and that the supply is not
loaded.

Note that controllers based on LQG optimization minimize E(u’(1)Q,u(t)) and that the
sign of u(z) not is considered.

9,13.2 Resuits

Figures 98 and 99 show some characteristic values for power consumption for differently
adjusted suspensions in the z dimension when driving on the two test tracks. The values
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are calculated from the total power consumption in each time step of the four elements
working in the z dimension. The values are shown as a function of the RMS z dimension
suspension travel values.
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Fig. 98. Power consumption for differently adjusted active suspensions in the z dimen-
sion as a function of suspension travel when driving on track I at 12 km/h.
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9.13.3 Conclusions

Figure 98 shows that the power values are related to suspension travel in a very inter-
esting way when driving on the smoother test track. A suspension adjusted for a very
restricted travel space gets a mean power value that is more negative than suspensions
adjusted to aliow more travel. This depends on the main work in the actuators being
performed to restrict travel and thereby absorb energy.

For suspensions allowing more travel the mean power values get closer to zero. In that
case, the cab’s absolute movements may be very small and the main power is probably
needed to counteract for the forces from the springs mounted in parallel with the force
actuators.

The maximum power needed for the suspension force actuators in the z dimension when
driving on track 1 are relatively small (not over 200 Watt). The absolute values of the
minimum values become larger. In that case, however, energy is dissipated and the
power source is not Joaded.

Note that the values are theoretical values with no respect taken to power losses in the
actuators, hydraulic degree of efficiency, etc.

When driving on the extreme track 2 at 6 km/h the suspension is highly adjusted to
restrict travel and the power values are also mainly negative. The absolute values of the
minimum power values, in contrast to the case when driving on the smoother track,
increase when the travel increases, possibly because the suspension movements are very
jerky on the very rough surface and become even jerkier when more travel space is used.

9.14 Co-operation between partitioned modeis

As earlier described, the linear model can be partitioned into five smaller models where
each model describes the cab’s movements in one dimension. A change of a parameter
only included in one of the smaller models then only influences the vibration trans-
mission in that direction. This study was performed to study whether this was approxi-
mately valid also when the system was simulated with the nonlinear model. The
nonlinear model takes into consideration small angular deviations, etc., which are
neglected in the linear model.

9.14.1 Assumptions

The same assumptions as for the simulations in the previous chapter are used. The results
are simply a more complete acount of two of the simulations performed in Ch. 9.12. The
input measured when driving on track 1 at 12 km/h is used and the active suspension
controller uses an observer, as described earlier.

9.14.2 Results

Table T shows the more complete results of the simulations studying the effects of
parameter changes in the x dimension, and Table U the results when the suspension
characteristics in the z dimension are changed.
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Table T. Results from simulations with active controllers calculated with different pen-
alties on suspension travel in the x dimension. The input is measured on track 1 when
driving at 12 km/h

v |Vibration level (IS0 2631) at the cab’s| Suspension  travel
c.0.g (m/s* rad/s*) RMS (cm)

X v z Xr yr X ¥y z

32e-4] 139 1 044 | 081 | 1.07 | 141 | 053 [ 0.73 | 1.89
1.0e-3] 1.32 | 044 | 081 | 1.07 | 141 | 0.76 | 0.72 | 1.89
3.2e-3} 1.04 | 044 | 081 | 1.07 | 141 [ 1.39 | 0.71 | 1.89
1.0e-2| 0.71 | 044 | 0.80 | 1.07 | 1.40 | 2.16 | 0.70 | 1.88
3.2e-2| 031 | 044 | 0.81 | 1.06 | 1.40 | 3.54 | 0.74 | 1.82

Table U. Results from simulations with active controllers calculated with different
penalties on suspension travel in the z dimension. The input is measured on track 1 when
driving at 12 km/h

yi | Vibration level (ISO 2631) at the cab’s| Suspension  travel
' c.0.g (m/s’ rad/s?) RMS (cm)

X y z Xr yr X y z

1.0e-31 072 |1 044 | 146 | 1.08 | 1.40 | 2.11 | 0.81 | 1.01
3.2e-3] 071 [ 044 | 112 | 1.08 | 1.40 | 213 | 0.75 | 1.42
1.0e-2] 072 | 044 | 0.80 | 1.07 | 1.40 | 2.16 | 0.69 | 1.89
32e-2{ 072 [ 044 | 048 | 1.07 | 1.40 | 215 | 0.70 | 2.63
1.0e-1] 072 | 044 | 0.19 [ 1.07 | 140 | 210 | 0.79 | 3.70

9.14.3 Conclusions

The results show that a change of the characteristics in one dimension has very small
effects on the characteristics in other dimensions. Even a change in the z dimension
characteristics does not change the figures for the rotational directions despite the same
suspension elements deciding the characteristics in these directions.

An active suspension with five degrees of freedom, as the one studied, is a very complex
and expensive construction. The resolts shows that the partition into five smaller
uncoupled models is a good approximation. This is very important because it demon-
strates that results from the simulations are applicable also to active suspensions with
fewer degrees of freedom, which are perhaps more likely to be implemented in practise.
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9.15 Suspensions striving to keep the cab horizontal

Some working operations with agricultural tractors, for example ploughing, cause the
vehicle to be inclined relative to the horizontal plane for most of the working time. This
imposes a difficult working posture on the driver and may in the fong-term be assumed
to cause physiological problems.

This study was performed to demonstrate the possibilities of an active suspension to keep
the cab horizontal even when the ground and the vehicle’s frame are sloping.

9.15.1 Assumptions

When calculating the controllers for the suspensions studied earlier, the cab’s angular
velocity relative to the x and y axes were penalized (states 8 and 10). To restrict the
strokes of the elements, also the angular deviations between the cab and the frame were
penalized. If the cab’s angular deviations relative to the horizontal plane (states 7 and 9)
are penalized instead of the angular velocities, the calculations made by the controller
will strive to adjust the suspension in order fo keep the cab horizontal. To avoid over-
travel the angular deviations between the cab and the frame must still be penalized.

In this study, the cab’s angle relative to the y axis has been restricted in order to dem-
onstrate the principle. If a suspension striving to keep the cab horizontal also relative to
the x axis is required, then the same technique can be used.

The same assumptions as for the simulations in Ch. 9.12 are used, with the difference that
state 9 is penalized instead of state 10, Only the penalty on state 9 is varied and the other
penalties are kept constant. The nonlinear simulation model is used and simulations are
performed with input from track 1 and a driving speed of 12 km/h.

9.15.2 Resulis

Figure 100 shows the cab’s RMS deviation from the horizontal position vs the angular
deviation RMS between the cab and the frame for suspensions with controllers calculated
with different penalty matrices.

The cab’s and frame’s deviations from the horizontal position are shown also in the time
domain in Figure 101. The cab’s deviations are shown for suspensions calculated with
two different penalties on state 9. '
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9.15.3 Conclusions

The results show that it is possible to design an active suspension striving to keep the cab
horizontal even when the vehicle’s frame is inclined. There is, however, a risk that the
driver experiences a feeling of decreased control of the vehicle when the slope of the cab
does not follow that of the rest of the vehicle.

9.16 Comparison between linear and nonlinear simulation model

The purpose of this study was to compare the results from the linear and the nonlinear
simulation models when the same active suspension controller was simulated.

9.16.1 Assumptions

The same discrete active suspension controller was simulated both with the linear and the
nonlinear model and the same frame movements, measured on track 1 when driving at
12 ko/h, were defined. The assumptions were the same as for the simulations described
in Ch. 9.12. The penalty matrices were also decided by the values in Ch. 9.12,

Matlab was, again, used to simulate the linear model in discrete form. The nonlinear
model was simulated with Simnon. The algorithm used for the integration of the differ-
ential equations was a Runge Kutta algorithm of order 4-5,

9.16.2 Results

Figure 102 shows the weighted acceleration values in the x, v and z directions, calculated
for the same active controller with the linear and the nonlinear models. The suspensions
are studied both when the states are assumed to be directly measurable (no observer) and
when the states are estimated with an observer.

Figure 103 shows suspension travel for the same simulations.
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9.16.3 Conclusions

The cab acceleration and suspension travel curves, calculated with the linear model, are
surprisingly similar to those calculated with the nonlinear model.

Especially the curves calculated without observers have small differences and show that
the linear model is a good approximation of the nonlinear one. The suspension controller
simulated with an observer shows in some cases slightly larger differences, which is the
same trend observed in the earlier simulations, but the differences in that case were also
relatively small.
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10 ACTIVE SUSPENSIONS WITH ADAPTIVE CONTROLLERS

In the studies in Ch. 9, the frame accelerations were assumed to have time invariant
characteristics and thus the controllers also became time invariant. With constant feed-
back gains, the suspension must be tuned to avoid over-travel at the highest possible
acceleration levels, which decreases the vibration damping potential during more normal
driving at lower levels,

If controller characteristics can be made dependent on the characteristics of the frame
movements and change when the characteristics change, the suspension can be almost
optimal for most working conditions, and the average vibration damping potential can be
increased.

The suspension controller of the type described earlier can be designed to be time variant
with characteristics striving to be optimal for the frame accelerations sensed. The
calculations of the observer and the controller gains are then based on an identified model
of the input disturbances (frame movements). The disturbance model can be identified
with a recursive algorithm striving to change the parameters in the model when the
characteristics of the frame movements change.

The parameters in the penalty matrices are used to control the travel in the suspension. If
the travel becomes too large the penalty on this state must be increased. If the travel is
sensed to become unnecessarily small, the penalty instead can be decreased to get a
controller with better vibration damping capacity. The control strategy used is the same
ag for a standard feedback system.

If the system model, frame acceleration characteristics and penalty matrices are known,
then the Riccatti equations necessary to calculate the controller and observer gains can
be solved. Depending on the restricted calculation capacity, it is not possible to solve the
equations completely in each time step. The iteration formulas described in Ch. 9 can
instead be used to get gains always striving towards correct values. The design of the
adaptive controller is further described later in this chapter.

Another way to get a controller with time variant characteristics is to precalculate
observer and feedback gains for different frame acceleration levels and store them in the
controller. The controller can then sense the disturbance characteristics and choose the
best of the stored gain matrices. This type of controller is noxmally named Gain Sched-
uling (GS) controllers.

The use of GS controllers involves certain difficulties. The system uses no feedback and
therefore is very sensitive to changes in the model. It may also be difficult to find a
representative auxilary variable to be used for the choice of controller gains. Active
suspensions with GS controllers are discussed more in Ch. 10.4.
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The tuning of adaptive algorithms must be a compromise and may cause problems, The
controller must not be so fast that it overreacts for a single high disturbance value, but
must compensate rapidly enough when the average distarbance characteristics really are
changed.

10.1 The studied system

The results in Ch. 9.14 show that the partitioning of the studied system in five smaller
models is a good approximation and that the interactions between the models are smail.

In order to reduce computer times and to simplify the explanations of the results, the
studies in this chapter are performed only for one of the five models. An adaptive con-
troller of the studied type also becomes rather complex and is probably only built for one
dimension at a time. The z dimension model was chosen because it is the dimension with
highest vibration levels and therefore also needs the best vibration protection,

The earlier results also show that the differences between the linear and nonlinear model
are small. The studies of different adaptive suspensions are mainly studies of parameter
dynamics when the frame acceleration characteristics are varied. Small differences in the
resuls are therefore of no interest. The studies of adaptive suspensions have, thus, been
performed using the linear model to reduce the programming and computer times. The
use of the linear model also makes the results more general and in no way connected to
the special cab suspension.

The continuous time model studied can then be described by:

0 1 -1 0 0 0 (250)
~4k, 1
e 0 0 0 0 — 0
m m 0
o 0 0 0 0 0 0 ,d
o = | -k, - 49.42 %o ) 49.ap [For | 1 o
—f— 0 0 -4893 1 = 0
m n 0
~4k, - 465.8 465.8
e 0 -~1108 © ——
m m
where
) =C-g 2l 2 g ) @0
F,=Fy+FtFot Fy (252)
#=0 00 1 0O, (253)

The model was sampled as described in Ch. 9.1 with a sample time of 0.005 s and a sixth
state describing the frame’s accelerations in the z dimension was then added.
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With m=380 kg and k,=1431 N/m the model becomes :

09999 00050 - 4050 O 0 —12%-5 3 150 -8 1252 -3 (254)

~00403 09999 123e~4 O 0 206e-7 8.62¢ -6 2,060 7
et 0 L0000 D 9 0.0050 o 0.0050

G+D=| 50053 —5900-3 570e~3 073 4dle-3  9.67e-6 F 73850 2l O] 5670 -6 O
C1666  -00467 00467 —48920 09812 8% -5 29le -3 822 5
0 0 0 0 [¢] - 4] & -a
where
T ,d d d 4 P s o 255

&K@ =@ -z ) 208 2,0 2t zht £E) (253)

The variables that are easiest 1o measure in the system are the length of the suspension
elements (x}) and the acceleration at the frame (x). The suspension velocity (xy ~x;) can
be calculated by derivation of the length transducer signals. The states describing the
weighted acceleration in the cab (x; and xJ) can be calculated if the forces acting on the
cab in the z dimension are known. These forces depend on the length of the suspension
elements (the spring forces) and the controller’s signals to the force actuators, both of
which are known by the controller.

If the described calculations are included in the controller, all information necessary for
the calculation of the feedback is known, and the use of an full order observer is avoided.
Neither is it necessary to perform measurements of absolute velocities. Even though the
described technique probably is preferable to the use of an full order observer, an
observer is used in the described adaptive active suspension controller. The purpose is to
show the principles for the observer gain update and that the theory is also usable for
other system structures where an full order observer is required.

The results shown in Figures 117-123 are almost identical to those obtained if no
observer was used.
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10.2 The adaptive controiler
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Fig. 104. The structure of the adaptive controller.

Figure 104 shows the structure of the adaptive controller with the dynamic system
included.

The frame’s acceleration is denoted as disturbance signal. A recursive identification
algorithm uses the signals from an accelerometer on the frame to identify the parameters
in an ARMA model describing the characteristics of the accelerations.

The observer uses the identified ARMA parameters and the signals from the transducers
at the dynamic system to estimate the state vector. The observer gains are updated by an
iteration of the Riccatti equation using the latest parameters from the recursive identifi-
cation.

The regulator uses the estimated state values from the observer to calculate the input to
the real system (the actuator forces). The feedback gains are updated by iterating the
Riccatti equation using the latest values for the disturbance model and the penalty
matrices.

‘The parameters in the penalty matrices depend on the average travel in the system. If the
travel is bigger than a defined reference value, the penalty on the fravel state must
increase. If the travel is to small the penalty can decrease. The dynamics of the penalty
matrix has been studied using traditional automatic control tools in order to get good
characteristics for the system and is discussed in a later chapter.

The value used to decide the penalty matrix changes must be a time weighted average of
the travel in the suspension.
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Lam (1982a and 1982b), Clarke et al. (19852 and 1985b), Astrom & Wittenmark (1989)
and Bitmead et al. (1990} have discussed adaptive LQG controllers based on state space
theory, including feedback gain update in each time step. In these studies, the penaity
matrices were assumed to be time invariant. The use of time variant penalty matrices to
reach optimal performance, as in this study, is not dealt with.

Each part of the controller is more completely described and tested in the following
chapters.

10.2.1 The recursive identification algorithm

A recursive extended-least-square (RELS) algorithm has been used to estimate the
parameters in the ARMA model describing the frame acceleration characteristics.

10.2.1.1 Constant forgetting factor

With the degree of the polynomials na and nc standardized to n, the output y(t} from the
disturbance model can be written in terms of parameters and signals as:

y(1) = BB + e ) : (256)
where

Oy =@l .. an cl .. cn) (257)
SN =(=y(~1) ... —y(-n) st-1) .. e{-n) (258)

and €(z) is a proxy o e(f):
&) = y(1) - D"(HO) (239
@ is the vector of estimated parameters.

The RELS algorithm can be summarized by:

L QG- D) Qe - 1) (260)
RO=35 (Q(I D+ 0006 - Hew J

&) = y(H) - @) O¢ - 1) (261)
B(t) = 0@ — 1)+ LUD{He(t) (262)

where Q(f) iIs a covariance matrix.

The forgetting factor A{t) (where 0 <A() <1) weights the measurements, whereby a
measurement received n samples ago will have a weighting proportional to A" (assuming
a constant forgetting factor) (Hunt & Grimble, 1988).

The constant forgetting factor technique for parameter tracking has been used frequently
in adaptive control algorithms. The algorithm, however, encounters problems when little
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new information is being brought in by the observations. Q then increases as )\~ (so-
called estimator wind-up). If £ becomes large in this way then observation noise, or a
sudden increase in information, may induce large spurious variations in @.

A lot of different changes of the algorithms to avoid the difficulties have been reported
(Shah & Cluett, 1988). One way is to suspend the parameter tracking when the input
signals are too low, another is to maximize the valoes for the parameters in £,

The RELS algorithm with constant A has been tested on an acceleration time series
(Figure 106) measured on the tractor described in Ch. 9.7. The measurements were per-
formed with the tractor first driving on one surface. The tractor was then stopped for
some seconds before the driving was continued on another surface, introducing
accelerations with more power in the lower frequency area.

The identified models are of second order (n=2). Several A values have been tested, but
the results shown in the diagrams are calculated with A = 0.98. The original algorithm has
been used without any restrictions on the covariance matrix.

Figure 105 shows the identified values for the ARMA parameters. To show the tendency
for estimator wind-up, the trace (sum of the diagonal elements) for the £ matrix is also
shown in Figure 106.
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Fig. 105. ARMA model parameters identified with & = 0.98.
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Fig. 106. The trace for the Q matrix in the described identification together with the
acceleration time series used as input.

The results shows that the algorithm can be used to identify the disturbance

model parameters. When the input is very low, the values in the covariance matrix
increase and must then be limited to avoid stability problems. The very high values in the
covariance matrix also explain why the model parameters became very nervous directly
after the stop.

10.2.1.2 Variable forgetting factor

When the tractor is driven on different surfaces, periods with relatively constant distur-
bance characteristics are often interrupted by periods including quick changes. During an
identification run is it therefore useful if the forgetting factor ¢can be decreased when a
change in the system is sensed. In the absence of prior knowledge of change times, one
way of detecting change is through the prediction error e(¢). If this error grows it may
mean that the identified model is incorrect and needs adjustment, At such times, the
forgetting factor can be decreased to allow the model to adapt.

As variable forgetting factor (Wellsiead & Zarrop, 1991) the following can be used:

2 263
AE) = 1( ) ) (263)

TK(E)

where 1, determines the rate of adaptation and «(z) is a weighted average of the past
values of &%(2). If «(¢) is calculated according to:

_ 264
o 1x(z~« 1)+j?—) (o4
T T

K =
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can A(r) be calculated from:

_k(t-1) (265)
TORE)

RELS algorithms offering higher precision or fewer calculations are also developed. To
reach higher precision, the algorithms can be based on matrix factorization theory
(Wellstead & Zarrop, 1991, Mohtadi, 1988). Faster algorithms can be reached if only the
diagonal elements in the Q matrix are considered. The off-diagonal elements usually
have very small effects on the parameters and adaptive controllers including a simplified
RELS algorithm have shown almost the same characteristics as normal ones. The
number of calculations, however, decreases significantly, especially for higher order
models (Warwick, 1988),

A

The acceleration time series shown in the previous chapter has also been used to study
the characteristics for the algorithims with variable forgetting factor.

The algorithm controls the forgetting factor and decreases it when the weighted values
of the estimation errors are increasing. The 1, parameter decides the speed of the algo-
rithm. In Figure 107, A{¢) is shown for identification with 7, = 40 and 100. The scales of
the left and right axes differ in order to make the differences in the curve easier to
recognize. Also the ¢2 parameter is shown for the different 7, values (Figure 108).
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Fig. 107, The forgetting factor in the described identifications with ©, = 40 and 100.
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Fig. 108. ¢2 in the described identifications with v, = 40 and 100.

The algorithm with the variable forgetting factor shows logical characteristics with a
decreasing A(r) when the characteristics of the input change. A(z) becomes approximately
1.0 when no information is added, and thereby the estimator wind-up tendencies are
eliminated.

With a small 1, the algorithm reacts faster when the input characteristics change. If 7, is

too small the algorithm may, however, become too nervous, with large variations in the
estimated parameters.

10.2.2 Recursive feedback gain calculation

The feedback gain’s dynamics are decided by the change in disturbance characteristics
and the changes for the penalty matrices. It is then assumed that the parameters in the
basic continuous time system are time invariant. It is possible to also include variations
of these parameters in the adaptive scheme, but this possibility has not been studied.

The studies in Ch. 9.8 have shown that the controlier’s vibration damping potential was
not increased when the disturbance model order was increased over one. The controllers
studied have therefore been based on disturbance models of first order.

The F and G matrices are shown in Ch. 10.1. The disturbance model parameters are
calculated with the RELS algorithm.

The state penalty matrix included penalties on the two controlled states, namely state 1
(the suspension travel) and state 4 (the weighted acceleration in the cab). It is the relation
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between the two penalties that decides the controller’s characteristics. The penalty on
state 4 has therefore been kept constant when the state 1 penalty has been varied to reach
desired characteristics.

In systers with a limited amount of power available it is, of course, also possible to
adjust the penalty on the control (Q,) to reach less power consuming controllers. The
simulations in Ch. 9.13 have shown that the power demands are relatively limited in
normal situations. In the studies of adaptive controllers in this chapter, the penalty on the
control input has thus been defined so low that the suspension performance is not
affected.

The penalty matrices are decided by:

¥E) =GO -0 2 (266)
( 1 }2 (267)
—1 00 0 00
Vi
0 0 0 0 0 0
Q= 0 0 0 i) i 0 0
0 00 ( ,,,J 00
Y2
0 0 0 it 0 0
0 00 0 O 0

1} (268)
QZ: umax

where ¥ is defined to 0.010, »™ is defined to 1.0 3 and y/™ is made time variant.

The input is then chosen according to the control law:

u(t) = -K{EOx'(r) (269)
where

(1) =[(G)'S¢ + 1)G* + Q) (G)S¢ + VF (270)

The time dependency for the system description matrices and penalty matrices is not
written out in order to make the formulas easier to read.

It is not possible to solve the complete Riccatti equation (to get S¢ + 1)) in each time step
but a controller always striving towards the optimum parameters is reached if the itera-
tive formaula for § is updated once in each time step:

St + 1) = F'SEOF +Q, - F'SOG{ (@S0G +Q, (G SOF (271)
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If a controller with very high calculation capacity is available, the formula can be iterated
more than once in each time step in order to get a faster controller. In this study, is it
assumed that only one iteration is performed in each time step.

The progress for the feedback gains when a change is defined in the penalty matrices or
in the disturbance parameters is studied. The gain dynamics is also an important factor
when the feedback mechanism for the penalty matrix changes should be designed.

In Figure 109 the progress for some of the feedback parameters is shown for some
parameter changes. At t=1 y{"* was decreased from 0.05 to 0.01. At t=3.5 the parameter
was further decreased to 0.005 and at t=6 to 0.001. At t=8.5, the parameters describing
the disturbance characteristics were suddenly changed {o describe an input including
more low frequency signals.

25,000 -200

20,000 - 400
[
= 15,000 800
X )
- X
NS c
X 40,000 800 @
£ o
@
> g
X 5000 -+ -1,000 8
& B
8 ot
2 i
@ .
& 0 1,200
i

-5,000 }= - -1,400

10,000 . ; ; : . : . I ; ! . 1,600

o 2 4 8 8 10 12
Time (s)

Fig. 109. The feedback gain’s time dependency for the parameter changes described
above.

The curves shows that the feedback gain changes relatively fast when the penalty matrix
is changed. The time constants for the step responses are not really constant but decrease
when y{"* decreases.

When the disturbance model parameters are changed, only K(6) changes, as expected.
Even the change for this parameter is relatively small,

10.2.3 Recursive observer gain calculation

If an observer is used to estimate the states in the adaptive active suspension controller,
is it reasonable that also the observer gains should be recursively calculated.
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If the parameters in the continuous time model are assumed to be time invariant it is the
change of the disturbance characteristics that decides the observer gain variations.

The model description used when calculating the observer gains is the one described in
Ch. 10.1. The average disturbance input noise variance is not directly calculated by the
ordinary RELS algorithm. The w(r) parameter used in the identification algorithm with
the variable forgetting factor is, however, a weighted average of the noise variances and
seems to be the best available noise variance value.

It is assumed that measurements of the suspension travel (state 1) and the frame accel-
erations (state 6) are available. It is also assumed that the frame velocity (state 3) can be
calculated from the accelerometer signal and used as input to the observer. The
transducer measurement ranges and measurement noise levels described in Ch. 9.11 are
used in the calculations and assumed to be time invariant.

The observer structure is:

Y@+ D =FF{)+G" )+ LIO Y () -H' ) (272)
The feedback is then decided by:

u(t) =K@ _ (273)

The L{z) matrix is then time variant and calculated from:
L{t)y = FP(s) (H’")T [H”‘P(f) (H"’)T + R,]"] (274)

Just as for the Riccatti equation in the feedback gain calculations, it is assumed that the
observer’s Riccatti equation is iterated once in each time step to get an observer always
striving towards the optimum performance.

The iterative formula for P(r) then becomes:

Pt +1)=FP()F" +R, - FP(?) (H’")T{H'"P(;) oY + RJ]H’”P(t) (FY (275)

where

@O =@ O-50 40 50 (276)

R, = {t) @77
ooy 0 0 278)

R,=| 0 (™ gy 0

0 0 (= oy

The time dependency for the system description matrices is not writfen out.
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The dynamics for the observer gains are studied when sudden disturbance parameter
changes are defined. The observer is first calculated to be optimal for a disturbance signal
measured on a small road when driving at 25 km/h. At t=1, the disturbance model was
suddenly changed to the one identified for the measurements performed when driving on
the very rough test track 2 at 6 km/h. At t=2, the R, parameter was changed to be twice
as high as before.

Most of the parameter changes were very small when the disturbance models were
changed. Figure 110 shows the parameters L(4,3), L(5,3) and L(6,3) for the studied
period.
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Fig. 110. The observer gain parameters 1.(4,3), L(5,3) and L(6,3) calculated for the
disturbance model changes described above.

The results of the study show that most of the observer parameters are very insensitive
to disturbance model changes. The parameters in the figure were chosen from those
showing the highest sensitivity. The parameters change very rapidly (faster than the
feedback gains) when the assumptions change.

10.2.4 Recursive calculation of mean travel

The principle for the adaptation in the described controller is based on the parameters in
the penalty mattices being varied so that the resulting controlier makes optimum use of
the available travel space. A recursively calculated mean suspension travel value is
compared to a defined reference value and the penalty matrix is changed depending on
the result.
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The mean suspension travel is normally zero, so it is the mean of the absolute travel
values that is interesting. The algorithm becomes more sensitive to extreme travel values
if the mean of the squared travel is calculated instead, which may have positive effects
on the possibilities to avoid excessive travel.

The technigue used for the recursive calculation of the variance for the prediction errors
can also be used for the recursive mean travel calewlations, The algorithm has the same
structure as a first order digital filter:

- Uty -zt 279
g([):%im_wzc(nt @) (279
(s 4
or with squared values:
3 dipy e (280)
e ;'e%____l_ -1y EO-HEO)
o s
Ly = )™ (281)

where L(z) is the weighted average and 1, is the rate of adaptation.

The algorithm has been tested on a time series with travel values from one of the vali-
dation studies in Ch. 6.3 (Figure 111). The algorithm using the squared values has been
used with 7, = 100 and 300.
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Fig. 111. The input to and the output from the recursive algorithm for calculation of
mean suspension travel with t, = 100 and 300.
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The figure shows that the algorithm can be used to recursively calculate average sus-
pension travel values. A smaller 1, results in a faster algorithm, but also more controller
parameter changes.

10.2.5 The penalty matrix dynamics

The structure of the adaptive controller is described in Figure 104. The system parts
mainly influencing the penalty matrix dynamics are shown in Figure 112.
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controller actuator force calc. system travel
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Fig. 112. System influencing the penalty matrix dynamics.

When the frame is moving, the feedback gain vector and the frame acceleration cha-
racteristics decide the suspension travel. The travel is measured and the algorithm
described in Ch. 10.2.4 is used to recursively calculate the average travel value {(r)
{block 4).

The {(2) value is compared with the defined reference value and the difference is used by
the penalty matrix controller (block 1) to calculate the penalty matrix changes. The
penalty matrix is then used by the recursive algorithm (block 2) described in Ch. 10.2.2
to calculate the feedback gains and the actuator forces.

The observer gain calculation affects the system only indirectly and is not included in the
system used for the penalty matrix dynamics analysis.

To decide the structure of the penalty matrix controller, the system is analysed with
traditional auntomatic control tools for feedback systems. The system is not perfectly
linear, and thus the linear description of the characteristics for some of the parts must be
approximations., The controller is discrete but the involved time constants are so big
compated to the sampling time that continuous time theory can be used to make the
analysis more understandable.

If the disturbance load variance suddenly is increased, the expected travel variance is also
immediately increased. The output from the recursive mean travel calculator (block 4 in
Figure 112) then begins to increase. The algorithm for block 4 is a first order digital filter.
The continuous transfer function is then approximately:

(282)

1
SO
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Y (3) = Gs)Us) (283)
where

s = the derivation operator

¥(s) = the Laplace transform of the output from block i
G,(s) = The transfer function for block i
U,(s) = the Laplace transform of the input to block i

and
I,=Tm, (284)

The average travel value is compared to the defined reference value. The controller with
the transfer function G, uses the result to calculate the changes for the penalty on the
travel state. G, decides the system’s characteristics and is analysed in the next chapter.

The changed penalty matrix results in changed feedback gains. The changes are depen-
dent on the iterations of the Riccatti equation and therefore involve a time constant, If the
system characteristic is assumed to be of first order, the transfer function for block 2 can
be described:

(285)

1
Gyls) = G+ 1)

Figure 109 can be used when estimating 7,. The figure shows that 7, is dependent on the

working point of the Riccatti equation and thus an average value must be used, if the
transfer function described above is to be used.

The expected variance for the travel is immediately changed when the feedback gains are
changed and the suspension system therefore involves no time delay. Block 2 and Block
3, however, convert penalty matrix values to suspension travel values and thus G, or G,
must include a constant, which for simplicity is called K

Gy(s) =K, (286)

K defines the relation between the penalty matrix change and the suspension travel

change. The varied parameter in the penalty matrix is the parameter defined as the

2
maximum allowed suspension travel (y{"}. The value Q,(1, 1) is then = [;IITXJ . The other

parameters in the penalty matrices are kept constant.

An increased value for y{™* decreases the penalty on the travel state and thereby

increases the travel if the frame acceleration characteristics are not changed. K, therefore
is positive.
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The connection between yi"= and suspension travel (RMS) is simulated for different z

dimension frame acceleration time series with approximately time invariant characte-
ristics. The results are shown in Figure 113,
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Fig. 113. Suspension travel (RMS) vs y{™ for different z dimension frame acceleration
time series.

The curve with highest travel values in Figure 113 is from simulations using the extreme
input measured when driving on track 2 at 6 km/h. Even for this extreme signal, the RMS
travel is very low for yi™* = 1.0 e-4. The figure shows also that travel does not increase
much when y™* is increased above 0.1. To make the algorithm more robust, y™* can be
fimited by 1.0 e-4s y/™ < 0.1

In the interesting area the travel RMS is relatively linearly dependent on log(y{™*). To
make the system more linear, is it preferable to define K, as the relation between the
change in suspension travel RMS and the change in log(y/™*). The output from the pen-
alty matrix controller then defines log(y{™*} instead of ¥,

Figure 113 also shows that K, is not exactly the same for all frame acceleration cha-

racteristics, but relatively contant. An average value for K, can be calculated from the
figure.

10.2.6 The penalty matrix controller

The transfer function for the pena iy matrix controller (G,(s)) decides the possibilities to
keep the mean suspension travel (RMS) close to a defined reference value.
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The estimations of the other transfer functions in the system include some approxima-
tions. Controllers of PID type are robust to nonlinearities and varying system parameters.
They are also easy to implement and have therefore been used in the studied system.

Figure 113 shows that the value for log(y{"*) in the penalty matrix which corresponds to

a defined travel value is dependent on the frame acceleration characteristics. One way to
avoid problems with varying working points is to let the controller define the time
derivative of log(y{"*) instead of the direct level for the variable. The transfer function
for a PD-controller defining the time derivatives becomes:

Kp+Kpys (287)
G,(s)= R R

$
This transfer function is the same as for a Pl-controller defining the direct level for
log(y{™*). If the PD-controller is used the total transfer function (G,(s)) for the system
becomes:

Guis) = G{sYG(8)G(8)G,(s) (288)
T2+ G8)G8)GH(5)G ()
(K, +Kps)K, (289)

TG+ DT+ 1)+ (K + Ky K,
with the characteristic polynomial:

o Bt KoKatl KoK, (290)
7,1, 7,1, 7,7,

The position of the poles can easily be calculated for different values of X, and K, by
solution of cubic equations.

The step response for the system is studied for different values of K, and K, in Figure
114, The other parameters of influence are defined by 7,=0.5, T, = 1.5 and K, = 0.010,
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Fig. 114. Step response for the system described above for different values of K, and K.

Figure 114 shows that it is possible to define values for K, and X, which make the

system stable and relatively fast. Rise times around 1.0 s can be reached without too high
overshoots.

It is seldom possible to prove the stability of a system including parameter approxima-
tions and relations that are not perfectly linear. The sensitivity to parameter changes is
then an important factor to study when examining stability.

Figure 115 shows step responses for the system with K, = 100 and K, = 200. The para-

meters T,, T, and K, have been halved or doubled to study the sensitivity to changed
system characteristics.
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Fig. 115, Step response for the system described above when some parameters are
varied.

The system shows satisfactory characteristics and stability even when the parameters are
varied as much as in Figure 115.

10.2.7 Implementation of the algorithm

The complete adaptive controller performs numerous calculations in each time step. The
processor therefore probably needs the whole sample time to calculate the signal to the
force actuator. The calculation order for the algorithm used in the simulations in the next
chapter can then be described as in Figure 116.

identify disturbance model param.
calculate K(t) and L(f)
caleulate (¢ +1|1)

measure y"(¢) calculate u(r + =K% +1 1) send out u(r+1)
¢ 3
i |
f [
t t+1

Fig. 116, Schematic description of the adaptive controller’s calculation order.

Another possibility is to use y"(¢) to calculate £(z | £) with a Kalman filter. ¢ + 1) is then
calculated from u(r + 1) =K(@®#(r | #). In this case, the system matrices must include a
time delay which increases the matrix orders, and the algorithm has therefore not been
stadied further,
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With an extremely fast processor, the calculation time could be neglected and u(r)
calculated from u(t) = K()2'(t | ). The effects of this algorithm have been studied in
some simulations, but the improvements compared to the algorithm described in Figure
116 were very small.

The controller needs some kind of start-up procedure. This should probably not cause
any problems if good initial values for the parameters are precalculated and stored in the
controller’s memory.

When the vehicle is not moving the weighted travel value cannot be allowed to fall to
zero, If the vehicle then begins to move on a relatively coarse surface the adaptive
function may be too slow if the penalty on the travel state is too low when the movement
begins. Some prestudies showed that, in order to avoid over-travelling, it was preferable
to lock the weighted travel value to the defined reference value and the penalty on the
travel state to a relatively high value (log(y{™*) =~3) when the vehicle not was moving.

Even a very effective adaptive suspension algorithm may encounter problems when very
high frame acceleration values suddenly arise on an otherwise relatively smooth surface,
To avoid over-travel in such circumstances, some kind of safety function is needed.
Some kind of safety function is normally needed also for passive suspensions. One
possibility is to build in this function in the controller, whereby very high travel values,
for example, can be compensated by very quickly increasing the damping or increasing
the spring constant, and thereby avoiding the over-travel. A probably safer technique is
to use mechanical shock absorbers or nonlinear dampers which only work at very high
suspension element strokes.

10.3 Simulations with adaptively controlled suspensions

The characteristics for the adaptively controlled active suspension have been studied
fairly extensively with different parameter values and frame acceleration signals.

The parameter values used in the simulations are:
T,=100 T, =300 K,=0010 7,=05 T7,=15 K,=100 K,=200

10.3.1 Ordinary varying surface

The input frame acceleration time series used in this simulation is measured when dti-
ving on an surface which is relatively rough until the middle of the recorded period and
then becomes smoother towards the end of the period (Figure 117).

The weighted acceleration in the cab is also shown in Figure 117, Figure 118 shows the
suspension travel and the weighted average travel for the simulated time period. The
output from the block calculating the penalty on the travel state (Jog(y{"*)) and one of the
feedback gains are shown in Figure 119,
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Fig. 117, The frame z dimension accelerations used as input to the simulation described
above together with the resulting 1SO weighted accelerations in the cab.
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Fig. 118 The suspension travel and the weighted average travel for the simulation

described above.
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Fig. 119. Log(y{™) and the feedback gain for state 3 for the simulation described above.

Figure 118 shows that the controller is able to keep the average travel value relatively
close to the defined reference value (0,020 m).

The penalty on the travel state (state 1) is relatively high in the beginning to reduce the
travel. From about t=10 s, the input vibration level is lower and the penalty can be
decreased to get a suspension with very high vibration damping capacity.

10.3.2 Driving with stops

The input signal used for this simulation is the same as the one used to study the per-
formance for different recursive identification algorithms in Ch. 10.2.1. The measure-
ments were performed with the tractor first driving on one surface. The tractor was then
stopped for some seconds before the driving was continued on another surface,
introducing accelerations with more power in the lower frequency area.

The weighted acceleration in the cab is shown in Figure 120 together with the frame
acceleration input. Figure 121 shows the suspension travel and the weighted average
travel values for the simulated time period.
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Fig. 120. The frame z dimension accelerations used as input to the simulation described

above, together with the resulting ISO weighied accelerations in the cab.
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Fig. 121, Suspension travel and the weighted average travel for the simulation described

above.

Also in this study the controller keeps the average travel value close to the defined
reference value. Between t=6 and t=9 the vehicle’s velocity is = 0. The average travel



202

value and the penalty on state 1 are then kept constant and relatively high by the con-
troller. When the vehicle begins to move again, the lock on this parameter is released and
the adaptive algorithm is allowed to change the penalty values.

10.3.3 Smooth surface with potholes.

The input used for this simulation is measured when driving on a relatively smooth sur-
face. After some seconds, the vehicle drives over some potholes which induces extreme
acceleration values in the frame.

The weighted acceleration in the cab is shown in Figure 122 together with the frame
acceleration input. Figure 123 shows suspension travel and the weighted average travel
value for the simulated time period.
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Fig. 122. The frame z dimension accelerations used as input to the simulation described
above, together with the resulting ISO weighted accelerations in the cab.
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Fig. 123. Suspension travel and the weighted average travel for the simulation described
above.

On the relatively smooth surface before the potholes the penalty on the travel state is low,
which results in a soft suspension with a good vibration damping potential.

When the first extreme frame acceleration peak occurs, the algorithm is unable to adjust
the feedback gains fast enough, and a very high travel value occurs, When the second
acceleration peak oceurs the gains are adjusted and the travel decreased to a normal level.

The results of these simulations demonstrate the need of some kind of security function
to avoid over-travel in extreme situations.

10.4 Controllers based or Gain Scheduling

Gain Scheduling is a nonlinear feedback of special type. It has a linear regulator where
parameters are changed as a function of the operating conditions in a preprogrammed
way.

Two types of controllers based on Gain Scheduling (GS) theory are discussed. The first
type is a traditional GS controller which uses auxilary variables to describe the cha-
racteristics of the frame movements. The choice of precalculated and stored feedback
and observer gains is then decided by the values of the auxilary variables.

The second type is a simplified, but probably very competitive, version of the adaptive
controller described in the earlier parts of Chapter 10. The fact that a change in the
ARMA parameters has relatively little effect on the observer and feedback gains is used
to design an adaptive controller without any Riccatti equation iteration.
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10.4.1 Traditional Gain Scheduling controller

The operating conditions for the cab suspension are decided by the characteristics of the
accelerations at the frame. The optimum controller would be obtained if the optimum
feedback and observer gains were precalculated and stored for any possible frame
acceleration characteristics. When a change in the characteristics is sensed, the controller
gains should immediately be modified.

The optimum GS controller cannot be attained in practice. The possibilities to save dif-
ferent feedback and observer gains may be limited by the memory’s storage capacity. It
may also be very difficult to find auxilary variables that correspond to changes in the
dynamic process. The tuning of GS systems is a problem just as in all types of adaptive
controllers. The controller must not be so fast that it overreacts for a single unexpected
disturbance but must be fast enough when the frame acceleration characteristics really
are changed. The major drawback for the GS controllers is, however, normally the lack
of feedback to compensate for an incorrect schedule.

The use of GS controllers obviously involves some disadvantages but results in very
usable controllers for many applications (Astrém & Wittenmark, 1989).

The characteristics were studied for suspensions with active GS controlled suspensmns
based on some different auxilary variables.

The choice of feedback and observer gains have to be a function of one, or no more than
two, auxilary variables to limit the amount of stored gains. It was found that the para-
meters in the first order ARMA model describing the frame acceleration characteristics
did not contain enough information to decide the choice of gains.

Another possibility tested was to use a frequency weighted RMS-value of the acceler-
ations at the frame for the decision of the gains. The frequency weighting filter was
designed to correspond to the average transfer function between the frame acceleration
input and the travel. This controller was usable, but not perfect, and it was necessary to
include large safety margins when chosing feedback gain matrices.

The study showed that it was possible to construct a usable controller based on GS
technique. The problems to find usable auxilary variables and variable transformations,
together with the impossibility to use feedback correction, resulted however in the gains
having to be chosen with large safety margins. The large margins decreased the average
vibration damping potential for the suspensions. The results indicated, however, that itis
much better to use a GS controller even with few gain levels than a totally time invariant
controller.

10.4.2 Simplified adaptive controller

The adaptive controller described earlier in the chapter recalculates the observer and
feedback gains depending on the result of a recursive identification algorithm. The
results shown in Figure 110 show that the observer gain changes are very small when the
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identifiecd ARMA parameters are changed. A relatively small change in the relation
between the error level of the transducers change the observer gains more than a distur-
bance characteristics change from one extreme to the other.

To simplify the controller, the observer gains can then be calculated for an "average”
distorbance meodel and defined as time invariant. Another possibility to simplify the
controller would, of course, be to measure all states and not use any observer. If this
could be done the robustness of the controller would be increased considerably.

When the disturbance model changes, the feedback gain vector is not changed except for
K(6). Use of an average disturbance model also in the feedback gain calculations
removes the need for the identification algorithm and the controller can be even more
simplified. K(6) does not become "optimal” any more when it is calculated for an average
disturbance model but, for example, Figure 109 shows that the difference is relatively
small.

If the disturbance model is defined to be constant it is only the changes in the penalty
matrices that decide the changes for the feedback gains K. Normally, the only varied

. - v 1 2 r
parameter in the penalty matrices is the penalty on the travel state ( ),fmj . The study in

Ch. 10.2.5 showed that y{"* can be limited by 1.0e —4 £y <0.1. If the K vector is
precalculated and stored in the memory for log(y/™)=~1.0, -1.1 ... —4.0,Kcanbe
stored in 31 memory cells with 6 parameters, (K(1)~K(6)) in each cell, totally 186
parameters.
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Fig. 124. The structure for the simplified adaptive controller.

An algorithm including the simplifications described above includes no iteration of any
kind of covariance matrices and must be relatively simple to design in practise,

The use of GS technique for the choice of the feedback gains results in the 7, parameter

that describes the time constant in the Riccatti iterations and is used in the calculations
of the controller gains K, and Kj,, decreases to zero. This enables us to make the system
react faster when the average travel value differs from the reference value, with retained
stability.
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The main advantages reached with the simplified controller are the shorter and easier
applications of the algorithm together with the possibilities to obtain a controller with
faster reactions. Disadvantages are that the observer and feedback gains no longer are
really optimal because no consideration is taken to the changes in the disturbance
models. Extra care must also be taken when studying the algorithm’s stability because of
the many simplifications involved.

The described GS based controller with 31 possible feedback gain vectors is studied in a
simulation with the same input as in the simulations with the non-simplified algorithm
used in Ch. 10.3.1. The purpose was to compare the two controllers’ possibilities to keep
the average travel value close to the defined reference value (Figure 125). The same
controller parameters as in Ch. 10.3.1 were used. The figure also shows the number
(1-31) of the feedback gain used during the simulation,
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Fig, 125. Weighted average suspension travel using the simplified GS controller and the
standard adaptive controller.

The results in Figure 125 show that the controller based on GS theory keeps the average
suspension travel value as close to, or perhaps even closer to the defined reference value
when compared to the nonsimplified algorithm.

The simplified algorithm has been studied in other simulations with different inputs and
parameter values. No stability problems at all have occurred. As mentioned above, K
and K, can be adjusted to obtain a faster reacting algorithm and the vibration damping
potential can be increased compared to the one for the nonsimplified algorithm. Con-
trollers including the simplified adaptive algorithm have shown very good characteristics
in the simulations, and if no problems are found in the necessary full-scale experiments,
that algorithm is perhaps the best to use in a practical application.
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11 DISCUSSION
11.1 Cab suspension effects on the driver’s working environment

The use of a cab suspension results in several positive effects on the driver’s working
environment. The most important effects are correlated to the possibilities to decrease the
vibration load on the driver.

The ISO 2631 exposure time estimation is designed, as mentioned earlier, so that the
relative exposure time change between two loads can be examined without the uncertain
estimation of absolute exposure times. Also the relative value is somewhat uncertain but
gives a good indication of the positive effects.

A measure of the vibration damping potential in general for a passive cab suspension is
obtained if the vibration levels using the optimized passive suspension in Ch, 8.2.2 are
compared to the levels valid for a rigid cab mounting, presented in Ch. 7.2, When driving
on track 1 at 12 km/h the weighted vector sum value is decreased from 2.52 m/s® to 1.47
m/s®, which results in the driver being able to stay in the cab 2.9 times longer if the cab
suspension is used. When driving on the rougher track at 6 km/h the vector sum decreases
from the very high 4.44 m/s* to 2.92 m/s’, which corresponds to a 2.2 times longer stay.

If the vibration levels for particular dimensions are compared, the results show that the
cab suspension gives substantial advantages in all dimensions that are examined in the
standard. The dimension with highest benefits when driving on the smooth track is the z
dimension. Part of this benefit should also be possible to reach with a conventional seat
suspension, and thus benefits in the other dimensions where the seat suspension has
insignificant effects are just as important. The reduced angular vibration levels,
especially on the stooth surface, are also very positive.

The results of the studies show that active suspensions offer even better possibilities to
get an effective vibration protection. Especially adaptively controlled active suspensions
have very advantageous characteristics on surfaces with normal roughness without an
increased risk of over-travel on rougher surfaces.

The possibilities to design an actively controlled suspension always striving to keep the
cab horizontal independent of the frame’s slope further increase the positive effects on
the driver’s working environment,

11.2 The practical use of the models

The simulation models developed are very useful when studying the influence of dif-
ferent parameters on the vibration damping characteristics of different cab suspensions.

The nonlinear model is designed so that the limitations on the studied suspension
geometry and element characteristics are very small. A lot of simulations in addition to
those discussed in the report were performed. The model structure proved to be adequate
for the study of any parameter which was found to be of interest.
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The linear model was initially developed only for the design of active suspension con-
trollers. The agreement with the nonlinear model is, however, so large that a lot of the
development work, including simulations and analysis, could be done with sufficient
accuracy and less programming work in the linear model.

The basic suspension configuration used in the simulations makes it possible to define
approximate natural frequencies and degrees of damping in the free moving directions.
This makes the results easier to understand and to apply on a suspension based on other
types of working elements, but with the same possibility to calculate natural frequencies
and damping degrees,

The study is primarily concentrated on the combination agricultural tractor - cab sus-
pension, but the models are general and applicable also to other types of vehicles.
Because of the high costs involved, especially the theory including active and adaptively
controlled active suspensions are probably even more interesting for applications outside
the agricultural area.

11.3 The validation

The nonlinear simulation model is validated against measurements made on a full-scale
suspended cab. The agreement was good between the results measured on the full-scale
cab and the results calculated with the simulation model. The simulation model is based
on classical mechanic theory with only small simplifications needed so the good agree-
ment was not unexpected. Technical and practical problems involved in the relatively
complicated validation measurements resulted, however, in the accuracy of the results
not being so good that a small error in the simulation model might be possible to detect.

The linear simulation model is exactly defined by the system matrices shown in earlier
chapters. The good agreement between results from the linear and the nonlinear model
gives another indication to that the errors included in the simulation algorithms are small.

One of the purposes of this work was to optimize the cab suspension to provide the best
possible working environment in the cab. In order to validate this and to validate the
standard evaluating the vibration’s effects on the human body, the validations could be
based on another principle. Test drivers should then be asked to drive tractors partly with
suspensions optimized according to the ISO 2631 standard and partly with nonoptimal
suspensions. The test drivers’ subjective opinions of the different working places could
then be used to evaluate if the cab suspension designed to be optimal really was optimal.

The described validation technique would have given very interesting results but the
funds available for the realization were insufficient. To decrease the effects of the vari-
ations between different drivers, it might also be necessary to use a relatively large
number of test drivers. Since numerous different factors influence the driver’s subjective
opinion, it should also be very difficult to find out the reasons for any poor agreement
that might appear in the results.
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11.4 Choice of dimensioning conditions

The size of the available travel space has been found to be of vital importance for the
possibility to construct a cab suspension with high vibration damping potential. Other
studies have shown that direct over-travel results in very high instantaneous vibration
levels and are experienced as extremely unpleasant by the driver.

Many types of design are based upon the use of safety factors against malfunction,
breaking loads, etc. Safety factors must also be used when designing a cab suspension.
One of the factors must then define the security against over-travel. The problem in that
case is that the maximum vibration load is not defined as it is for most other construc-
tions.

The maximum load must be defined. In the optimizations of passive suspensions per-
formed, this load is defined as the load arising on the tractor frame when the tractor is
driving over a specified very rough surface at a defined velocity. It is then assumed that
the driver, when he observes that such an extreme vibration load is coming up, reduces
the driving speed or changes the vehicle’s setting in some way to reduce the unpleasant
vibrations he and the vehicle will be subjected to.

The tuning of an adaptive active suspension controller so that it uses the available travel
space optimally includes no need for a definition of the highest possible vibration load.
The reason is that the adaptive controller adjusts the feedback gains to the optimum
values also for extremely high loads. The setting of the reference value for the RMS
suspension travel is mainly influenced by the size of the available travel space. The best
tactic is probably to have a tuning knob on the controller so that the security margin can
be adjusted.

11.5 Choice of suspension principle

The total design problem involves consideration of capital cost, space requirements,
component weight, energy consumption, maintainability, reliability and failure modes,
noise transmission and generating and advertising potential in addition to more easily
quantified performance parameters such as vibration damping potential and space
requirements (Sharp and Crolla, 1987).

Passive suspensions with nonlinear damping characteristics have shown very promising
characteristics in this study, especially if combined with a slow acting load levelling
function to exclude static deviations. In the present reality, where the cost is a very
important factor, this type of technigue is probably the most likely to be used on a com-
mercial agricultural cab suspension.

Adaptive active suspensions offer possibilities to further improve the vibration protec-
tion. The costs involved are, however, at present, probably too high. The development of
cheaper components, together with an increased awareness regarding the working
environment, may improve the possibilities for use of more advanced suspension
damping technology also in the agricultural area.
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11.6 Need of further research and development

The results of the study show that an active cab suspension based on linear state feedback
probably must have time variant adaptive characteristics to be useful. A method includ-
ing LQG technique and time variant penalty matrices is developed and used to reach
optimal suspension performance. The adaptive controllers become rather complex,
especially in the multi-dimensional case. Some simplifications of the algorithms are also
described.

The best way to further improve the algorithms and also study the effects of the proposed
simplifications is to combine further simulation studies with implementation of the
controller in practise. An analytical study of the stability properties for the described
controller type should also be valuable, but probably very difficult to perform.

Instead of adaptive LQG controllers it may be possible to use active suspensions with
nonlinear state feedback to reach good average performance for the suspension (Gordon
et al., 1990 and 1991). The few studies discussing this technique have reported good
vibration damping characteristics, but the method in general, and especially the stability
properties, when applied to a terrain vehicle cab suspension, must be analysed more
thoroughly.

As in all automatic control is it important to develop robust algorithms for the suspension
controller, usable also in practical applications and not just in theoretical perfectly linear
systeins.

The design of a fast and effective force actuator to be used in active suspensjons is a
complicated task where it is very important to consider production costs. The actuators
can be electrically or hydraulically operated. Electrical actuators can be made very fast,
but hydraulic ones have the advantage that the vehicle already includes a relatively
powerful hydraulic system.

The computer in the controller must also be very fast and reliable. The progress in this
area, both referring to capacity and price, is very rapid and thus the mechanical area
probably includes the most important restrictions.

Active suspensions can also be simplified to vatying degrees to provide suspensions
containing most of the advantages of fully active suspensions but with reduced com-
plexity and production costs. By only dissipating energy, semi-active suspensions can be
based on relatively simple technique, but still include most of the advantages of the fully
active suspension. To be effective on an agricultural tractor, is it probably necessary to
include adaptive characteristics also in the semi-active controller.

The connection between loading vibrations in different directions and the driver’s dis-
comfort when subjected to the load is defined in standardized norms. There have been
major difficulties involved in the development of the norms. The effects of vibrations
with frequencies below 1.0 Hz and of angular vibrations are still poorty known. In some
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cab suspension studies, the drivers have reported a subjective feeling of decreased dri-
ving control and interaction with the vehicle. Knowledge of these tendencies and their
causes is very incomplete.

In conclusion, the potential for further improvements of the driver’s working environ-
ment is still large, but the insufficient knowledge of the interaction between technical
measurement values and human reactions is often a limiting factor,
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12 SUMMARY

Operators of agricultural tractors and other off-road vehicles are subjected to vibration
Jevels and frequencies known to be injurious to health and deleterious to performance.

The use of a cab suspension results in several positive effects on the driver’s working
environment, The most important effects are correlated to possibilities to decrease the
vibration load on the driver.

The main purpose of this work was to study the possibilities of using the cab suspension
technique to improve the driver’s environment on an agricultural tractor.

Two simulation models describing the frame-suspension-cab system were developed: A
aonlinear model for studying suspension characteristics with only small constrictions on
the geometry and on the working principles of the elements, and a linear model which is
a simplified description of the same system including more constraints, but more appli-
cable when designing and studying performance for particularly active suspensions.

The simulation models were validated against measurements made on a full scale cab
suspension. The models were also compared with each other.

Earlier cab suspension studies, together with the results of this study, have shown that it
is possible to design a suspension that works well for a well-defined normal vibration
load. The possibilities to design a suspension with attractive characteristics in all types
of circumstances have been very little studied. Consequently, a major part of this work
has been directed towards different possibilities of achieving these favourable characte-
ristics.

This study has mainly concerned the two extreme types of suspension, namely the totally
passive suspension without any possibilities to adjust parameters, and the fully active
supension with total control of the reguiator parameters and the control forces.

The study is primarily concentrated on the combination agricultural tractor - cab sus-
pension but the models are general and applicable also to other types of vehicles.

The influence of different passive suspension parameters on vibration damping capacity
and the requirement for free space in the construction were investigated. Particular
emphasis was placed on the effects of passive non-linear suspension elements and
varying locations of the elements.

A passive cab suspension implemented with linear elements must have low natural fre-
quencies in all dimensions to provide good vibration insulation. The low natural fre-
quencies result in large suspension strokes and the need for a large amount of free space
to avoid over-travel under rough conditions.

Non-linear passive damping elements with harder damping at increasing strokes make it
possible to use suspensions with low natural frequencies, even with a relatively low
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amount of free space. Non-linear hardening spring elements working in horizontal
directions also reduce the strokes, but in contrast to nonlinear damping elements, they
also cause substantial increases to the vibration load in the cab.

An optimization model, based on an evolution algorithm, was developed and used to
optimize suspension parameters with different types of generally defined constraints.
‘The change in optimized suspension parameters and damping capacity with respect to
changes in given restrictions were studied.

Active suspensions can continuously supply and modulate the flow of energy. Thus, in
an active system, forces can be generated which do not depend upon energy previously
stored by the suspension. Therefore an active suspension has a very high potential for
reducing the driver’s vibration load while still maintaining short suspension travel.

The development and analysis of LQG based active cab suspensions is described. The
vibration damping characteristics of the suspensions were studied. The change in cha-
racteristics when the suspension’s configuration or design variables are changed is also
studied.

Linear quadratic optimal control theory has been used to solve the optimization problem.
This method provides a compact analytical solution with relatively low design and
computing time and the stability of the system is guaranteed. Since the results of an
optimization process is a controller which considers and feedbacks all the system states,
it offers advantages beyond those of any classical controller structure.

Suspensions with active characteristics further increase the possibilities to decrease the
vibration load in the cab. Particularly the performance on relatively smooth surfaces was
found to be excellent. The results also showed that it is possible to design a suspension
controller that always strives to keep the cab horizontal even when the vehicle's frame is
inclined.

The simulations showed, however, that with constant feedback gains, the active sus-
pension must be tuned to avoid over-travel at the highest possible frame acceleration
levels, which decreases the vibration damping potential during more normal driving.

An adaptive active suspension controller based on LQG technigue has been developed
and studied. The principle for the adaptation is based on the parameters in the penalty
matrices being varied so that the resulting controller always strives to make optimum use
of the available travel space. The feedback and observer gains are also changed
depending on the characteristics of the frame movements.

The adaptively controlled active suspension has shown promising characteristics. Some
simplifications of the rather complicated algorithm are also described.
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