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ABSTRACT

A COMPARATIVE STUDY OF ADVANCED SUSPENSIONS
BASED ON AN IN-PLANE VEHICLE MODEL

Faisal Oueslati

Performance of three Semi-Active (SA) suspension
schemes are compared in both frequency and time domains with
respect to passive and active suspensions. Based on the RMS
bounce acceleration transmissibility ratio and a =single
D.O.F. model, the SA-1 suspension scheme is found to provide
a response close to that of an active suspension especially
at high frequencies. The SA-2 suspension scheme, on the
other hand, approaches active suspension at high frequencies
but results in significant deterioration at resonance. The
SA-3 suspension scheme overcomes this problem by improving
the resonance control at the expense of high frequency
isolation. These schemes are, then, modified and implemented
in a more realistic in-plane, 4 D.O.F. model. Active
suspension is shown to provide the ultimate sprung mass
bounce and pitch control, at the expense of large rattle
space and ©poor tire/ground contact force. The SA-1
suspension offers a performance ( sprung mass bounce and
pitch acceleration ) clcse to that of an active system
especially at high frequencies with slight 1loss of
performance at resonance. The rattle space requirement and
the tire/ground contact force are similar to those of active

suspension. The SA-2 concept results in a very poor sprung



mass bounce and pitch resonance control, although at high
frequencies, response 1is <close to that of an active
suspansion. The SA-2 suspension scheme, however, improves
the tire/ground contact force and requires a rattle space
even larger than that required by an active suspension. The
SA-3 suspension scheme improves the sp:rung mass bounce and
pitch resonance, tire/ground contact force and rattle space,
but results in some deterioration of the RMS
transmissibility at high frequencies when compared to the
SA-2 scheme. Finally, an attempt to reduce the complexity
and cost of advanced suspensions is undertaken. This is
achieved by using advanced suspensions, active or SA, in the
front axle while the rear suspension is kept passive. In
general, the performance of the combined suspensions lies
between the two extremes, namely fully passive and fully
active or SA. However, in the case of the SA-2 And SA-3
suspension schemes, the combined suspension results in an
improvement of the sprung mass bounce and pitch resonance
contrecl when compared to a fully SA-2 or SA-3 type

suspension.
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CHAPTER 1

INTRODUCTION

1.1. General

Contemporary suspension systems predominantly contain
passive storing and dissipating elements, namely springs and
dampers. These conventional vibration isolation devices have
the advantage of being easy to manufacture, implement and
maintain, but lack the ability to achieve a good compromise
between conflicting design requirements, that is effective
handling qualities and good ride comfort. Recently, however,
advances in optimization techniques and automatic control in
addition to availability of sophisticated transducers,
processors and actuators, have been recognized to have an
encouraging implication for vehicle suspension. Active
suspension seems to have evolved as a result of these
advances [1,2]'. Active suspension comprise actuators that,
at least in part, replace passive elements. These actuators
are able, theoretically, to generate a force of any
magnicude and of any sign instantaneously according to some
control law. Although it has been established [3] that ride
comfort of vehicle passengers is improved by active
suspension, a true implementation of the latter is hindered
by their high production, implementation and maintenance
cost, in addition to their complexity and hence 1less
reliability. Having in  mind simultaneous cost and

*
Numbers in square brackets deslignate references



performance constraints, a compromise solution is offered,

that is Semi~-Active (SA) suspension [4].

1.2. Literature Overview

The potential of active sys:ems for use in vehicile
suspensions lead to their experimental and theoretical
investigation in a considerabl: number of studies. In [5] a
sky-hook damper, a fictitious damper that responds to
absolute rather than relative velocity, was used to simulate
an active suspension for a 1 D.O.F. ( degree-of-freedom )
model. Based on position response, such a model demonstrated
the improved ride that an active suspension can provide when
compared to a passive suspension. In [6] an optimal active
suspension was found to contain, in addition to the well
known sky-hook damper, a so-called sky-hook spring. The
latter is a fictitious spring that responds to absolute
rather than relative displacement. Such results were based
on an initial choice of the performance index that minimizes
the Root Mean Square (RMS) rattle space or suspension
travel, the RMS acceleration and the RMS jerk or rate of
change of the acceleration. Aalthough it has been rarely
recognized as a major factor in ride quality, the inclusion
of the jerk in the performance index results in a more
general optimal suspension structure that approaches
previous forms of optimal suspensions when the Jjerk
weighting approaches zero. Quarter car 2 D.O.F. models were

used by many investigators to study various aspects of



active suspension. Based on such a model it was shown [7]
that an active damping with body velocity feedback can
achieve improved resonance control and isolation, yet a more
complex active suspension incorporating high gain (fast;
load leveling and active damping can provide considerably
more flexibility in meeting the conflicting goals associated
with suspension design. The imprcved performance and the
more flexibility, however, are obtained at the expense of an
increased power requirement. Othexrs [8,9] have cor.structed
experimental suspensions to verify results for a 2 D.O.F.
model. Experimental results were promising, although
problems arose because of the nonlinearity of the actuators.
A 4 D.O.F. half car model that included unsprung masses and
active suspension was used in [10] to study the pitch mode
response. Based on optimal control cost function, active
suspension for such model exhibited improved performance
when compared to a passive suspension. Similar model was
used [11] but incorporates load levelers. This was found to
decrease system damping and exhibits stability problems if
the feedback is too high relative to the suspension damping.
An identical model was used in [12] that incorporates the
time delay between the road disturbance at the front and
rear wheels. To investigate all the aspects of a vehicle
with active suspension, a 7 D.O.F. model was used and
results confirmed the substantial improvement due to active

suspension [13-~16].



Most of the analysis of the SA concept was carried out
using a 1 or 2 D.O.F. models. In ([4) the concept of SA
suspensions was first developed using a single D.O.F. model.
The concept is based on the idea of having an SA device that
absorbs energy in an identical fashion to an active
suspension, yet during the other part of the cycle when,
ideally, the damper should provide energy, the best the
latter can do is to provide zero force since it does not
dispose of an external power source. This scheme was found
to exhibit a response close to that of an active suspension.
Similar conclusion was reached in [17] were the brake
pressure and the steering wheel velocity were used as
leading indicator for dive and roll respectively. An SA
scheme was also proven, based on frequency response plots,
to be very effective in controlling the pitch and bounce in
; 2 D.O.F. vehicle model [4]. The major advantage of the SA
scheme for such a model is 1its ability to control the two
resonance ( bounce and pitch ) independently and hence
resulting in a response significantly close to that of an
active suspension. In an other study [18] velocity alone and
both velocity and position feedback signals were used in a 2
D.0.F. model with SA suspension. Both models exhibited ride
improvement when compared to a mocdel using paszive
suspension. Various other SA suspension schemes based on
different control ©policies have been suggested and
demonstrated for a simple 1 D.).F. model [30]. They evolved

as a result of difficulties faced in practical realization



of the original SA scheme.

The models, being a simple 1 D.O.F. or a 2 D.O.F. pitch
model, used to study SA schemes discussed above can only be
valid for certain vehicle types where the main suspension
connects quite directly to the ground, this is true for rail
vehicle. For the case of pneumatic tired vehicles the
secondary suspension representing tire stiffness need to be
incorporated to see whether the benefits of SA suspensions

can be extended.

1.3. Scope of the Thesis

The scope of this thesis is to investigate a
comparative performance of advanced suspensions based on an
in-plane vehicle model. Initially, a 1 D.O.F. model is used
to gain a fundamental understanding of 3 selected SA
suspension schemes. Frequency response plots are provided
and discussed in comparison to passive and active
suspensions. In addition, steady-state time responses to
sinusoidal excitation are presenteu to demonstrate the
behavior of the SA schemes. Because of the limited number of
vehicle aspects that can be studied using a 1 D.O.F. model,
a more comprehensive 4 D.O.F. model is suggested. A fully
active suspension is developed for the model using optimal
regulator theory and frequency response plots for the bounce
and pitch modes and maximum suspension and tire deflections
are presented. Then, three SA schemes are modified and

fitted to the model. Frequency response plots are provided




along with transient time response to a ’ Chuck Hole * type
road disturbance. The la=t section of this work is devoted
to analyz’ng ihe possi ..ty of cutting dcwn the price and
complexity of active or SA suspensions. This is carried out
by adopting active or SA suspension only for the front axle
of the wvehicle, while the rear suspension is kept passive.
The performance of combined advanced-passive suspension
systems is discussed based on frequency and transient
responses. Both qualitative and quantitative comparisons and
correlations with published results are also discussed

wherever possible.



CHAPTER 2

DEMONSTRATION OF VARIOUS SUSPENSIONS FOR A 1 D.O.F. MODEL

2.1, General

To understand the basics of vehicle suspensions, a
simple 1 D.O.F. vehicle model is used to demonstrate active,
passive and 3 types of SA suspension schemes. Frequency
response plots are given for changing pertinent parameters.
In addition, steady-state time responses to a sinusoidal
road excitation are shown to better visualize the behavior

of 3 selected SA suspensions.

2.2, Passive Suspension

Traditionally, vibration isolation is accomplished
through the insertion of a 1linear stiffness element and a
linear damping element between the vibration source and the
system requiring protection. The stiffness elements can be
torsion bars, coil springs, leaf springs and the like;
viscous dampers are, on the other hand, the most commonly
used type of damping element. Passive systems will be
considered to contain only springs and dampers whose rates
can not be varied by external signals, hence, they do not
require external energy. Passive isolation techniques are
widely used in a variety of applications ranging from
vehicle suspension to structural control ( to reduce wind

induced oscillatiouns in tall buildings ) [19].




In the case of a passive suspension, the stiffness and
damping element characteristics, namely k and C, can not be
varied once chosen. Hence it is necessary to carefully
choose these components to provide the best possible
per formance. This choice, however, involves a number of
compronises arising from the desire that a suspension must
appear soft to minimize acceleration levels and one that
must appear hard to control vehicle attitude changes and
maintain good tire/ground contact ([20].

consider the 1 D.O.F. car model shown in Fig.2.1l; the

equation of motion is :

X+ 28w (% -¥) +0l (x-y)=0

where

t=c /2 m)

and w=v k/ M

n

And the RMS acceleration transmissibility is given by :

vV 1+ (2¢0/ un)z'
T

M—

Ve Ju) )+ 2/ )

This is plotted for several damping ratio { as shown in

Fig.2.2.



X
; 1

K e
/»—Ty
v/ £ 72 £ L L 72 72

Fig.2.1. Passive Suspension Mode!




-
o

9 .
: z ~ozs |-
2 I
= i
8 g =050 |
=SS I R T S T AN IR | N
g et
= 0.707
= G, |
c
S - 1.00
E -
2 — - prowmant
[
(8]
<
2 2k
G R -
R
\N
\
N\
\
0.1 >
AN
AN
\
IN
i
0.01
0.2 03 05 1 5 10
w / wn

Fig.2.2. RMS Acceleration Transmissibility Ratio Versus
Frequency for a1 D.O.F. Passive Suspernsion

10




From the transmissibility plot it can be seen that as
the danping ratio is increased we achieve a better response
at resonance but poor isolation at higher frequencies.
Similarly, as we decrease the damping ratio, we achieve
better higher frequency isolation at the expense of
resonance performance. A hard compromise can still be
reached for this simple 1 D.O.F. system. These conflicting
requirements are, however, extremely difficult to achieve if
we consider actual vehicle applications where the principle
dynamic modes ( bounce, pitch and roll ) have different
natural frequencies. Additional 1limitation of @passive
elements is that they can only store ( springs ) or
dissipate ( dampers ) energy. Moreover, they are restricted
to generating forces in response to relative motion between

attachment points of adjacent bodies.

2,3, Active Suspension

Because of the 1limitations of passive suspension
mentioned in the previous section, an advanced suspension
scheme termed active suspension was suggested. Consider the
1 D.O.F. system shown in Fig.2.3.

If the force generator is assumed to be able to
generate any force, of any magaitude and of any sign
instantly; the question is what that force should be in
order to provide an optimum suspension ?. It is not known
exactly just what F should be . This is due to the fact that

the final expression for F depends primarily on what is

11
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considered an optimum suspension, i.e. how the performance
criteria for the system is stated [4].

In early works, so many different methods were
suggested to state the performance criteria. In ([21] the
weighted sum of mean square bounce acceleration and rattle
space were used to determine the optimum suspension. While
in [6] an optimum suspension was designed by minimizing the
RMS rattle space, sprung mass acceleration and jerk. In this
thesis, we are to minimize the weighted sum of the square of
expected velocity and expected relative displacement of
mass M. Using ’ Optimal Control Theory’ the expression for

the force F can be shown to be given by :

F=bx+ k(x=-1Y)

Where b and k depend on the weighing coefficients in

the weighted sum [21,22].

In vehicle application, this force can be generated by
a passive stiffness element and an active force generator

that provides the additional bx force as shown in Fig.2.4.
The sprung mass equation of motion is therefore :
5&+2Cwn>'c +w:(x-y)=0

Where { and w are as defined earlier and the RMS

acceleration transmissibility is given by :

12
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V- /7 6132 + (200 / 0 )

and is plotted for various values of { in Fig.2.5.
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Fig.2.5 illustrates the superior transmissibility
characteristics of active suspension over passive suspension
throughout the frequency range. Because of these significant
improvements, increasing attention is being paid to the
synthesis of active suspensions to control the vertical,
longitudinal, and lateral motions of rail
vehicles [23,24,25]. However, relatively few active
suspensions have been put into service. Active suspensions
are far more complex and hard to implement:; they require
actuators ( usually hydraulic , although pneumatic,
electromechanic and magnetic actuators can be used ); and
these actuators serve as force or torgque generators.
Moreover, they require sensing devices to monitor
accelerations and forces of the system. But the biggest
drawback of active suspensions is the large amount of
external power they require for their operation, resulting
in a costly and far more complex closed loop control system

[26].

16



2.4. Semi-Active Suspensions

Passive suspensions can be easily and cheaply
implemented, yet they introduce significant loss in system
performaice ( i.e. ride gquality and passenger comfort in the
case of vehicle application ). On the other hand, fully
active suspensions improve the system performance
considerably, but require, among others, significant amount
of external power and complex control system implementation.
To partially solve these problems, semi active ( SA)
suspensions were suggested. The concept of SA suspensions
was first introduced in [4]. It is based on the idea of
modulating the otherwise passively generated damper forces
using feedback control and small amount of control power.
The concept of SA suspension was shown to be a reasonable
alternative suspension, with performance approaching that of
an active suspension [18,27,28). The encouraging analytical
and experimental results achieved with SA control, led to
their use in a variety of vehicle applications ranging from
road vehicles to tracked air cushion vehicles [29].

There are so many SA suspension schemes varying in
practicality, complexity and performance [30,31]). In the
following sections, 3 types of SA suspensions are presented,
their relative merits will be discussed based on a 1 D.O.F

vehicle model.

17



2.4.1. SA Type 1 ( SA-1 )

SA type 1 ( SA-1 ) concept was the first SA control
scheme suggested [4]. It can be thought of as simplifying
modification of the active suspension discussed earlier in
section 2.3. An active suspension would require a control
force proportional to the absolute velocity ( F =bx ).
Consequently there is a need for a servomechanism that has
to either supply or absorb energy. If the servomechanism is
replaced by an SA device that is capable of dissipating
energy proportional to the absolute velocity, this device
will, therefore, absorb energy identically to a
servomechanism. Yet, during the other part of the cycle when
the servomechanism supplies energy, the best the SA device
can do is to produce zero force [4]. The force generated by

the damper can, therefore, be expressed mathermatically as

follows :

2cwn>': X(x -y )>0

o X(X -y )<0

and is visualized through Fig.2.6. In Fig.2.7 a

schematic arrangement for realization of this SA scheme is

shown.

18
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fo better visualize the behavior of the system, a set
of steady-state simulation results are shown in Figs.2.8,2.9
and 2.10, with an input frequency of 0.5,1 and 2 times the
natural frequency. At 0.5 w_, one can easily identify the
portion of the cycle when lock-up occurs ( x=y and x=y ). At
higher frequencies, however, lock-up does not occur, Yyet
portion of the cycle when the damper force is equal to zero
is visible. During this portion of the cycle, the damper is
supposed to provide energy, but it does not dispose of any
external power supply, consequently the best it can do is to
produce no force at all. Nntice that Figs.2.8,2.9 and 2.10
are not to the same scale and are simply presented to
illustrate the SA-1 concept.

Fig.2.11 is the RMS acceleration transmissibility ratio
of SA-1. It demonstrates the effectiveness of this concept
which proves to be clearly superior to a passive suspension.
At high frequencies, the RMS acceleration transmissibility
ratio of SA-1 approaches that of an active suspension. This
can be attributed to the fact that as the frequency is
increased the amount of energy that the damper could not
supply because it does not dispose of an external source of
energy, is reduced and hence the loss of performance is

minimized.
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2.4.2. SA Type 2 ( SA~-2 )

This concept was originally suggested by Rakheja and
Sankar ([31]. They noticed that the damping force in a
passive damper tends to increase the sprung  mass
acceleration when the spring force and damper force have the
same direction i.e. (x-y)(x-y) greater than zero. A SA
damper should, therefore, provide no force during this part
of the cycle. When the spring force and damper force are in
opposite directions, the dampzr generate a force having the
same magnitude as the spring force but acting in the
opposite direction [30], so that a net zero resulting force

is obtained. Mathematically, this can be expressed as :

~ak( % - Y ) (x=-y)(x=-y) <0

0 (x=-y)(x=-y) >0

Where o is the gain and k is the spring rate. F is
visualized through Fig.2.12.The major advantage of SA-2 is
that it only requires the measurement of relative
quantities, which can be readily obtained even in the case

of vehicle applications.
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Figs.2.13,2.14 and 2.15 represent the steady-state
simulation results at 0.5, 1.0 and 2.0 times the natural
frequency. At low frequency lock-up situation is apparent.
As the frequency is increased, however, the lock-up force is
visibly higher than the damper force and hence no lock-up
occurs. Fig.2.16. is the RMS acceleration ratio frequency
response for different values of the gain «. Beyond natural
frequency the SA-2 control policy provides a far better
isolation <characteristics than a passive damper. At
frequencies around the natural frequency, a high RMS
acceleration ratio can be noticed. This is probably the
major draw back of the SA-2 scheme. Increasing the gain «
would not, unfortunately, solve this problem, it would

indeed result in instability [30].
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2.4.3. SA Type 3 ( SA-3 )

Because of the undesirable high RMS acceleration ratio
at and around the natural f£requency for SA-2, it |is
suggested that a passive damper is placed in parallel with
the SA-2 damper and the spring as shown in Fig.2.17.

The control scheme and condition function remain,
however, the same as for the SA-2 scheme. The damper gain
beyond which instability occurs, can be approximated
assuming a linear system behavior. The equation of motion of

the system when F_ is non-zero is:
M+ c(X-y)+Xk(l-a)(x=-y)=0

For a stable system, the real part of the eigenvalues
of the system must be within the limits of the left hand
plane i.e. real part of the eigenvalues must be less or
equal to zero [32]. The eigenvalues of this system can be

shown to be :

m

L (¢ V- (1-a; )

It can be observed that the maximum value a can take,
regardless of the damping ratio {, is 1.0, beyond which
instability occurs as discussed in section 2.4.2.

Although the above analysis is based on the linear
system assumption, simulation checks seems to valida%e this

analysis for this discontinuous SA-3 scheme.
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As an example, a damping ratio of 0.25 is chosen and
simulation is carried out. Figs.2.18, 2.19 and 2.20
represent the steady-state response of the system at 0.5,
1.0 and and 2 times the natural frequency. Lock-up situation
is apparent at low frequencies.

Fig.2.21 is the RMS acceleration transmissibility ratio
frequency response of SA-3. The insertion of a slight
damping ( { = 0.25 ) has 2 effects ( compared to SA-2 ) :

1. Reducing significantly the RMS acceleration ratio at
and around the natural frequency.

2. Increasing the RMS acceleration ratio beyond the
natural fregquency.

The main advantage of SA-3 1is its effectiveness in
reducing the RMS acceleration ratio at and around the
natural frequency. This is very important because of the
sensitivity of vehicle ©passengers to 1low frequency

excitation.
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2.5, Summary

A basic understanding necessary to investigate advanced
suspensions is gained through the study of various
suspension schemes for a simple 1 D.O.F. model. Active
suspension was shown to provide the ultimate performance,
yet they are costly and complex. On the other hand, passive
suspension has the advantage of being simple and far less
costly. Unfortunately they fail to achieve a performance
close to that of an active suspension. All the 3 Sa
suspension schemes, although differing slightly from one
another, seem to provide a compromising solution offering a
performance close to that of an active suspension in some
instances and resulting in an important reduction of

complexity and cost.
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CHAPTER 3

AN IN-PLANE VEHICLE MODEL USED FOR THE ANALYSIS

3.1. Model Description

Depending on the type of study, a vehicle model with
required complexity is often suggested. A 1 D.O.F. model is
simple to analyze and is wused mainly to gain a basic
understanding of the suspension concept. Such a simplified
model can sometimes be sufficient to predict the behaviour
of the system. It was shown, for example, that the general
performance of an active suspension compared to a passive
suspension for a 7 D.O.F. model can be predicted by studying
a 1 D.O.F. model [33,34]. A vehicle can, in general, be
represented by a 7 D.O.F model. Such model will allow for
the study of all the basic vehicle modes i.e. roll, pitch
and bounce.

aAll the suspension schemes to be studied in this thesis
have been demonstrated thoroughly for a 1 D.O.F. model in
the previous chapter 2. 2Analytical investigations of these
suspension schemes, however, need to be extended to evaluate
their relative performance in the case of complex vehicle
models such as an in-plane 4 D.O.F. half vehicle model that
takes into account both pitch and bounce modes of the

vehicle. Fig.3.1 illustrates schematically such a model.
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The model consists of a mass M representing the vehicle
body and two unsprung masses m and m, representing the
front and rear wheels and axles. As in the actual case, the
vehicle body and the front and rear wheel are coupled by two
compliance elements k1 and kz. In addition to the two
springs k1 and kz, 2 actuators, semi-active or passive
dampers are installed in parallel. Finally the model
incorporates two stiffness elements kk1 and kkz; these are
the primary suspension stiffness and are due to rubber
tires, steel wheels, magnetic levitation or air cushion. In
this case, the stiffrness kk1 and kk2 are chosen to simulate
the effects of inflation pressure and carcass elasticity.
The energy dissipated by carcass deformation is negligible
and hence no damping effect is represented in the model at
that point. We assume also that the tire contacts the ground
through a point follower. The follower is assumed to always
stay in contact with the ground, i.e. the wheel does not hop
and the road excitation is identical to the road profile.
This model will allow for the study of the bounce and pitch
modes of the vehicle. The system parameters listed below are

chosen as representative of a small passenger car.

M = 700.0 Kg. Vehicle body mass

J = 1200.0 Kg.m2 Sprung mass pitch moment of inertia
m, = 25.0 Kg Front wheel and axle assembly mass
m, = 25.0 Kg Rear wheel and axle assembly mass
k1 = 10000.0 N/m Front suspension stiffness

k2 = 10000.0 N/m Rear suspension stiffness
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kk = 178000.0 N/m Primary front suspension stiffness

kk_= 178000.0 N/m Primary rear suspension stiffness

c, = 1250.0 N.s/m Nominal front damping for passive
system

c, = 1250.0 N.s/m Nominal rear damping for passive
system

1 = 1.0m Distance from Vehicle Body CG to

front suspension
1 = 1.5 m Distance from Vehicle Body CG to

rear suspension

Based on the above system parameters the undamped

natural freqguencies can be calculated to be:

wn = 4,725 rad/s Bounce mode natural frequency
wn, = 5.646 rad/s Pitch mode natural fregquency
wn, = 86.716 rad/s Front wheel natural frequency
wn = 86.727 rad/s Rear wheel natural frequency

Basically there are three measures of performance that
are to be considered in this work. First, the RMS bounce and
pitch accelerations which determine the ride quality i.e.
how well the passenger is protected from road excitations.
The second measure of performance is the maximum suspension
deflection which is a design limitation and is an indication
of the occurrence of the suspension hitting the stops.

Finally, the maximum tire deflection which is directly
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proportional to the tire contact force. The latter is
necessary to provide good tire/road holding characteristics.
The tire deflection and accordingly contact force, however,
must be kept within limits as it can not exceed design
limitations.

The RMS bounce acceleration transmissibility ratio and
the maximum suspension and tire deflections are evaluated
for a heave road input characterized by a sinusoidal
velocity excitation of 0.5 m/s magnitude as shown in
Fig.3.2. The RMS pitch acceleration transmissibility ratio
is obtained for a sinusoidal pitch road input generated from

sinusoidal out-of-phase velocity excitation of 0.5 m/s at

each wheel.
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3.2. Summary

The 4 D.O.F. half vehicle model to be used in the
analysis of the different advanced suspension schemes is
described. The choice of such a model arises from the desire
to have a model that would allow for the study of both the
heave and pitch modes along with the tires and suspensions
deflection. All these quantities are of great importance in
the design of vehicle suspensions. The chosen 4 D.O.F. half
vehicle model is also relatively simple to analyze when
compared to a 7 D.O.F. full vehicle model, yet can

accurately predict the response of the latter.
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CHAPTER 4

PASSIVE AND ACTIVE SUSPENSIONS FOR A 4 D.O.F. VEHICLE MODEL

4.1, General

To evaluate different suspension schemes, it is
important to first study the two extreme cases, namely
passive and active suspensions. In the following section,
the active feedback actuator gains are determined using
optimal regulator theory. Frequency response plots are
provided for both passive and active suspensions for varying
actuator size and varying damping coefficients,
respectively. Finally, transient time response to ‘chuck

hole’ type road disturbance is presented.

4,2, Passive Suspension for a 4 D,O.F, Vehicle model
Based on the model suggested in the previous section,
assuming linear behavior for all elements and small angular

displacement, the equations of motion are :

x=(-k1(x+116-x1)-kz(x—lze-xz)
-C1( X + 116- X, ) - Cz(x - 129 -xz))/M
)

-11C1( X + 119 - X, ) + lzcz( X - 126 - xz))/J

&= (-lk(x+18 -x ) +1k(x=-16-x

¥:
Il

(k,( x+18=-x )= Kkk(x=y)
+C, ( X + 11é - 5:1 ))/m,
5&2= (k,( x =18 - x,) = Kk( x,=-Y,)
+C, ( X - 12é - 5:2 ))/m,
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Now, if we define xa,x4,xsand x such that :

X = dx/dt
X= de/dt
X .= dxl/dt
X = dxz/dt

We obtain the set of first order differentia. equations

that can be solved using the Runga-Kutta method [35].

X = X,

;
8 = x4
x1= xS
X< %

x;= (-k,(x+16 -x ) ~-k(x-16-x)
C(x+16-%)-C(x=-18-x))/M

5<4= (-1k(x+18=-x )+ 1k(x=-186-x)
-l C(x+16~-x% )+ 1C(x=-16=-%x))/J

x= (k(x+186 -x ) =-kk(x-y)

+C ( X + 11{9 - 5{1 ))/m,

X

6 (kz( X - 129 - x2 ) - kkz( xz- y2)

+C, ( X - 12é - 5:2 ))/m,

Numerical simulation was carried out and a set of
frequency response plots were obtained as shown in Figs.4.1,
4.2, 4.3 and 4.4 for varying damping coefficients for C, and

c, (= C). Fig.4.1. 1is the RMS bounce acceleration
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transmissibility ratio frequency response. This is obtained
by assuming identical road inputs to the front and rear
wheels. Fig.4.1 reveals system response behaviour similar to
that of a simpler 1 D.O.F. model. As the damping coefficient
is increased, the RMS bounce acceleration transmissibility
ratio decreases around the pitch and bounce modes natural
frequencies. Beyond these frequencies, however, an increase
in damper coefficient lead to an unwanted increase in the
RMS ratio. This can be explained by the fact that at high
frequencies an increased damping stiffens the connection of
the wheel with the main body and hence more road input is
transferred to the latter. The two peaks at around 5 rad/s
correspond, obviously, to the bounce and pitch modes of
vibration. Changing the damping value results in
insignificant change in the bounce response at the wheels
natural frequencies. Fig.4.2 is the RMS pitch acceleration
transmissibility ratio. This is obtained for a pitch road
input. Although we have a pure pitch road input and
identical front and rear suspensions, two peaks at around 5
rad/s can be noticed, corresponding to the bounce and pitch
modes of vibration. This is due to the fact that the vehicle
body center of gravity is not right in the middle between
the front and rear axles. Hence, a pure pitch input excites

as well the bounce vibration mode.
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T, AMS Bounce Acceleration Transmissibility Ratio

T. BMS Pitch Acceleration Transmissibility Ratio

1E+01

1E+00

1E-Ot

1E-02

1E-03

1E-04

1E+01

1E+00

1E-O1

1E-02

1E-03

1E-04

= BOUNCE INPUT =
AR LY A\ -
//-‘,_ T
T NS
I S N ol \\ |
N
DANCIRAEIU Sl _
T ~'“.."'-.....'. ™~ -
\\\; — - 1’,"\“\
e P4 AR
— TN
[SEAN
., \’ -
—— ‘\‘ \\ :
N\ N
N
[] c1=C2= 2500 C1 T2= 7500 Ct =C2=12500 Ct = C2 = 20000
I T I T T
1 2 5 10 20 50 100 200
Frequency {rad/s)
Fig.4.1. BMS Bounce Acceleration Transrnissibility Ratio Versus
Frequency of a Fully Passive Suspension
= PITCH INPUT =
y AN\ —
— Pk VAN
‘;\' T~
\\\ . -
\\ "-,4. S -
\N._;...,'.”\“ ~ -
e vt
e~ A
 —— \'.\
N
SN s
‘l f"l""—'
1\ = \-‘
\‘ P
‘\ _}_‘_‘
N
N
1 Gt =C2=2500 Ci=C2= 7500 C1 =C2=12500 C1 = C2 = 70000 y
i -~ SR M ERAT i —
{ 1 1 ] i
1 2 10 20 50 100 200

Frequency (rad/s )

Fig.4.2. RMS Pitch Acceleration Transmissibility Ratio Versus
Frequency of a Fully Passive Suspension

50



Fig.4.3 is the front suspension deflection frequency
response for bounce input. An increase in the damper
coefficien%t reduces suspension deflection throughout the
frequency range. Suppression of the suspension deflection is
especially visible at the natural frequencies.

Finally, Fig.4.4 is the front tire deflection fregquency
response for bounce input. Increas.ny the  damping
coefficient reduces the maximum tire deflection around the
natural freovwencies, yet results in an increase at
frequencies between 7 and 60 rad/s.

If we are not to consider the pitch response, the 4
D.O.F. model can be simplified into a 2 D.0O.F. model as
shown in Fig.4.5. Such a model was analyzed for variation in
the damping coefficient [37] and results are shown in
Fig.4.6. The similarities between the results for a 4 D.O.F.
model and these published results r:veal the efficiency of a
smaller and easier to analyze model in predicting the
behaviour of a complex vehicle model. Such a simpler model,
however, does not allow for the analysis of certain other
vehicle modes such as the pitch response as in this study.

The model is also tested for a discrete road
excitation. A ‘Chuck Hole’ type road profile is used as
shown in Fig.4.7. The bounce and pitch response to such
disturbance is shown in Fig.4.8. The time delay between the
input to the front and rear wheels is appropriately

incorporated in the simulation.
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4.3. Active Suspension for a 4 D.O.F, Vehicle Model

The following section is devoted to developing a fully
active suspension for the 4 D.O.F. model. The equations of
motion are first developed, then the performance index is
stated and the control force is determined using '’ Linear
Optimal Regulator Theory ’. Frequency responses are finally
provided and analyzed in comparison with the passive
suspension frequency responses given earlier.

Consider the vehicle model fitted with an active
suspension shown in Fig.4.9.

U1 and U2 represent the control forces generated by the
front and rear actuators, respectively.

Using Newton’s Second Law, the equations of motion can

be shown to be:

X = (<k, (x +16=-% ) -k, (x=-198=-x)
+U + U, )/M

6 = (-1,k (x+16=-x )+ 1k (x-186-x)
+1.U - 1U.))/J

X = (k, (x+186=-x)=-Xkk (x-y)-U)/m

X = (kz( X - 126 - X, ) - kkz( X, yz) - Uz)/m2
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Which can be reduced to the following set of first

order differential equations :

X =% +1%x-%

? =% - 1%,- %

%1=§s-$’1

%2=i6-y2

>‘<=(-k>‘c-ké+u +U,)/M

)L( (1kx+12ké+lu -1,U,)/3
):‘cs= (klx -kkft-U)/m

x = (k,6 - kk %~ U )/m,

Where the variables i,é,il,ﬁz,ia,f{‘,is and )':6are defined

as follows :

X =x + 186 - x
6 =x - 1,6 - x,
X,= % -V,

ﬁz= X, =Y,
23=x

x,=6

i5= X,

i6= X,
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The differential equations can,

rearranged in the following state space form

p—

(0 o o o0 1 1 -1 0
0 ©o o o0 1 -1, 0 -1
0 0 0 0 0 ©0 1 O
: 0 o o o o o o0 1 ,
(x]= “k/M -kK/M4g 6 0o o o 0[x]+
-x.1 k.1
‘J‘ ;20 0O 0 0 O O
~KK,
k. /m o — 0 0 0 0 ©
v Ty -kk,
| ° kz/m?_o-;n—aooooJ
or
A A
[x] = A[x] +B[u] +c[y]
where:
AT
Y
(xl = [ x & X X, %k X, X x6) =

\T
[U [ U1 Uz] = Control Variables

{Y] = [ ?1_92] = Input Variables
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The objective 1is to find an expression for the
quantities v, and U, that will minimize a given cost
function. Determination of these quantities will be achieved
through the use of the ’ Linear Optimal Regulator Theory ‘.
The choice of the performance index is outlined in the

following section.

4.3.1. Choosing the Performance Index

The choice of the performance index is dependent on the
quantities we would 1like to cptimize and the restricted
factors ( maximum force that the actuators can produce ).
Once these quantities are chosen, the associated weighting
factors are decided upon.

For this study, we select the following penalized

variables :

)
n
o
+
-
(0]
1
%

..... ;:Front suspension deflection

(s

=X - 128 = Xjeeeens ;Rear suspension deflection

>

=X Y, ceeccecns ;Front tire deflection
X_= X, = ¥, ++e..c..0iRear tire deflection
X = X eeeeesenseessseiVehicle body bounce velocity
X = 60 veveeereeeeese..iVehicle body pitch velocity
We are also restricted by the maximum forces that the
actuators can provide. Accordingly, we set the performance

index as follows:

1 2 2 2 2 2 2 2 2
I=3 o( PIU. + paU, + @ik + q@b + gk + qukt qsk + qex,)dt
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The weighting factors in the above expression ( p1, p2,
g1, 92, g3, g4, gs and g6 ), are the inverse squared of the
maximum value that the corresponding penalized variable is
not to exceed. If, for instance, the maximum force that the
front actuator can provide 1is 100 N, the associated
weighting factor is p1 = ( 1/100 )2 = 0.0001. The choice of
the penalized variables and the associated weighting factors
is dictated by personal judgment and hardware limitations.

The performance index I, which is a dimensionless

quantity, is written in the following standard format:

1 T T
I=3 (URU + %Qx)dt
0
Where :
p1 0
R =
0 p2
(a1t 0 0 0 0 0 0 0
0 g2 O 0 0 0 0 0
0 o g3 O 0 0 4] 0
0O 0 0 g 0 O 0 O
Q=1]0 0 0 g O ©0 ©

o
o O
]
o
o
Q
(]
o
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Since we have been able to write the performance index
in the standard form, the optimal value of the forces U . and

U, is given by [37]:

A A
= -R'BTP x(t) = X" x(t)

U2 opt

Where the matrices R and B are as defined carlier and

ki1 k12 ki3 kisa kis kis k17 kis
| k21 k2 k23 k2¢ ka2s k2e k27 kos

kT
The 8x8 matrix P is the symmetric positive definite

steady-state solution of the algebraic Riccati equation :
PA + ATP - PBR'B'P + 0 = 0

For the analysis, the following weighting factors are
chosen :

q = ( 1/(0.1m)?) 100.0 ( mY)*

I

gz = ( 1/(0.1m)?) 100.0 ( m )%

gs = ( 1/(0.05m)?) 400.0 ( m')?

qs = ( 1/(0.05m) %) 400.0 ( m')?

gs = ( 1/(0.1m/sec)?) 100.0 ( sec.m')?

g6 = ( 1/(0.1m/sec)?) = 100.0 ( sec.m)?

And the coefficients of the matrix k are given in Table

4.1. for varying actuator size: pi=pi=p.
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Table 4.1. Front and Rear Actuators Gains For an Active Suspension

Gam P 1E-6 5E-6 1E-5 5E-5

K11 -4137.754 -951.286 -485.199 -97.369
K12 347.962 262.838 246.846 208.453
K13 1087.843 128.848 57.133 11.872
K14 869.718 376.438 303.721 219.397
K15 -7867.014 -3526.766 -2491.147 -1101.323
K16 -6765.384 -3049.010 -2162.299 -980.1 64
K17 241.212 110.518 78.403 35.163
K18 -5.288 -1.792 -1.1688 -0.467
K21 -347.948 -262.823 -246.848 -208.446
K22 -4137.845 -951.317 -485.178 -97.358
K23 169.617 -151.760 -191.944 -199.145
K24 1583.900 238.926 113.562 23.254
K25 -6634.913 -2973.577 -2100.445 -929.114
K26 8032.801 3624.098 2572.916 1174.740
K27 -5.363 -1.816 -1.211 -0.469
K28 236.127 108.745 77.190 34.606
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Figs.4.10 and 4.11 are the RMS pitch and bounce
acceleration transmissibility ratio frequency responses for
different actuator sizes. As the size of the actuator is
increased, a remarkable reduction in the RMS acceleration
ratio is achieved at frequencies around the heave and pitch
mode natural frequencies, accompanied by a negligible
compromise of isolation at higher frequencies. Although the
suspension performance is enhanced by an increase in
actuator size, practical limitations are, however, the major
drawback. Figs.4.12 and 4.13 show the maximum suspension and
tire deflection frequency responses. The suspension
deflection frequency response reveals an other disadvantage
of increased actuator size. Although a more powerful
actuator generally improves the overall system performance,
it, however, results in an increase of the suspension
deflection at low frequencies. Thus requiring larger rattle
space. The increase in the suspension travel is caused by
the larger force that the more powerful actuator applies on
the wheel at low frequencies. This could be partially
corrected if a larger weighting factor is assigned to the
suspension deflection in the performance index I defined
earlier. But this would, probably, lead to a deterioration
in other system parameters because a larger portion of the
actuator energy will be directed to ninimizing the
suspension deflection. Similarly the general performance of
a simpler 2 D.0.F. model for varying damper gains is given

in Fig.4.14. Clear similarity between these published



results and results developed for the 4 D.0O,F. model can be
noticed.

Fig.4.15 demonstrates the superior RMS bounce
acceleration transmissibility ratio frequency respconse of
active suspension when compare. to a passive one. This is
true no matter what the damping coefficient used for the
passive suspension.

Table 4.2 is the ratio of various performance
parameters (RMS bounce acceleration, RMS pitch acceleration,
suspension and tire deflections transmissibility ratio ) of
active to passive suspensions at selected frequencies. While
requiring larger rattle space and resulting in lower tire
contact rorce, active suspension offers lower RMS bounce and
pitch transmissibility ratios throughout the frequency
range, except at the wheels natural frequencies, when
compared to passive suspension.

Finally, a better suppression of the vehicle body
vibration ( bounce and pitch ) caused by a Chuck Hole road
disturbance, is achieved through active suspension as can be

seen in Fig.4.16.
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T, BMS Bounce Acceleralion Transmissibility Ratio

T, BMS Pitch Acceleration Transmissibility Ralio
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Table 4.2. Ratio of Active to Passive Perforrnance Parameters
at Selected Frequencies:p =5E-6 ; C = 1250 N.s/m

Freq. (rad/s) RMS Bounce RMS Pitch Sus. Def. Tire Def.
20 081’ 0.854 3173 0.781
4.6* 0.376 0.440 0.770 0.825
[ 20.0 0.877 0.391 0.999 0.266
86.0° " 1177 1179 9.080 8.012
200.0 0122 0123 2.032 1.227

* Neighbourhood of bounce and pitch natural frequencies
** Neighbourhood of wheels natural frequencies

T Value less than unity ( except for tre defiection ) indicates superior
performance of active suspension compared to passive suspension
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4.4, Summary

Transmissibility response plots for sprung mass bounce
and pitch accelerations, and suspension and tire deflections
are presented for both passive and active suspensions in a 4
D.O.F. vehicle model. Optimal gains for the active
suspension system are obtained based on a quadratic
performance index and linear optimal regulator control
theory. The above analysis confirmed the superiority of
active suspension. This is especially visible from the
frequency response plots. The cost and complexity, however,
are the main drawbacks of active suspension. The advantage
of a passive suspension, in addition to its simplicity, is
that it requires smaller rattle space and offers better road
holding characteristics. Published results, although based
on a quarter car model ( 2 D.O.F. ), reveals <cimilar
conclusions to those found using a 4 D.O.F. half vehicle

model.
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CHAPTER 5

SEMI-ACTIVE (SA) SUSPENSIONS FOR A 4 D.O.F VEHICLE MODEL

5.1.General

As demonstrated in the previous chapter, the active
suspension provides an overall supsrior performance when
compared to a passive suspension. Unfortunately, active
su- rasions are far more complex and costly. Having in mind
simultaneous cost and performance constraints, SA
suspensions are offered. In the following section, the 3 SA
suspension schemes presented in chapter 2 are modified and
implemented in the 4 D.O.F. model. Frequency and transient
time response plots are provided and compared to fully

active and fully passive suspensions.

5.2, SA-1 Suspension for a 4 D.O.F., Vehicle Model

This scheme is based on the idea of having an SA
device that can be modulated to dissipate energy in a
fashion identical to an active device. During the other part
of the vibration cycle when the damper should provide energy
to the system, the damper is modulated to output a zero
force. Therefore, this SA device does not require an
external source of energy, but simply requ. s a continuous
modulation of the damper orifice during part of the cycle.
The forcesz generated by the front and rear dampers can,

therefore, be stated as follow :




U1 (x+lle)(x+lle-xl)>0
F =
f 0 (Xx+16)(x+16=-x) <0
and
U2 ( x = 126 Y( X - 126 - xz) >0
Fr= - . [ . .
0 ( x - 126 )( X - 129 - xz) <0

Where Fr and Fr are the front and rear damper forces
respectively. U1 and U2 are the magnitude of the damper
forces as defined for the active suspension in chapter 4.
When (k +11é)(k +11é-k1)==0, two special cases arise. When
(k+11é) =0, we desire F_=0. In the case when
(x t1 6) = 0, but (>'<+11é->'c1) = 0, the system will lock-up,
if the desired force L is greater than the lock-up force
F;. Similar analysis can be done for the rear suspension.

From the bounce and pitch equations of motion we can

write :

F; + F; = Mx + kl(x + 116 -xJ
+ kz(x - 126 -xz)
11F; - le;= Je + 11k1(x + 119 - xl)

- lzkz(x - 129 - xg
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Noting that when the front SA device locks up we have
x,= %+ 1 6 and similarly, when the rear suspension lecks up
we have x = X - lzé, the above two equations can be

rearranged to give the front and rear lock-up forces as :

F, = (12M(§:1- 11é) + .:ré)/(l1 + 1)
+ ki(x + 116 - xl)
F = (1,M(%_+ 1,8) - J8)/(1, + 1)

+ ka(x - 126 - xn)

Figs.5.1 and 5.2 are the RMS bounce and pitch
acceleration transmissibility ratio frequency responses for
various damper sizes ( maximum force generated ). It can be
seen that increasing the damper size, while resulting in a
decrease of the RMS bounce and pitch acceleration
transmissibility ratios around the bounce and pitch mode
natural frequencies, however, results in little change of
the RMS ratio beyond 10 rad/s . A further increase in the
damper size will, indeed, result in a very 1little
improvement of the overall system behaviour as can be seen
from Fig.5.1. Thic conclusion is significant and can be
helrful in choosing the right damper size in actual
application. Fig.5.3 shows that the major affect of
increasing the damper size is visible at around the bounce
and pitch mode natural frequencies, where increased damper
size reduces the maximum suspension deflection. Fig.5.4

illustrates the tire deflection performance.
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Referring to Fig.5.5, when compared to active
suspension, the SA-1 suspension proves very efficient
especially at frequencies higher than 10 rad/s. At low
frequencies, however, the SA~1 device increase the RMS
bounce and pitch acceleration ratios when compared to an
active suspension, but remains highly superior to a passive
one. Table 5.1 is the ratio of SA~1 to active and SA-1 to
passive transmissibility performance at selected
frequencies. While not as effective as active suspension,
the SA-1 scheme controls adequately the RMS bounce and pitch
transmissibility ratios throughout the frequency range. In
addition to being easier and cheaper to implement, this
scheme increases contact force. The rattle space
requirements are similar to that of an active suspension
except at low frequencies where the SA-1 scheme requires
less rattle space. Similarly, the SA-1 suspension time
response to a Chuck Hole road disturbance is .ery close to

that of an active suspension.
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T, RMS Bounce Accelaration Tiansmissibility Ratio

T. BMS Pitch Accelaration Transnussibility Ratio
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Table 5.1. Ratio of SA-1 to Passive and SA-1 to Active Performanze Parameters

at Selected Frequencies:p = 5E-5 ; C = 1250 N.s/m

SA-1 to Passive

Freq. (rad/s) RMS Bounce RMS Pitch Sus. De. Tire Def.
. T
2.0 0.95 0.97 1.56 1.69
4.6 0.52 Q.55 0.66 0.57
20.0 0.38 0.39 1.00 0.30
860 ** 1.15 1.16 10.55 9.40
200.0 0.08 0.08 2.03 1.22
SA-1 to Active
Freq. {rad/s) RMS Bounce BRMS Pitch Sus. Def. Tire Def.
2.0 12277 1.13 0.49 216
46 1.39 1.24 0.93 1.76
20.0 1.00 0.99 1.00 114
[ X ]
86.0 0.98 0.98 1.16 117
200.0 0.67 0.66 1.00 0.99

* Neighbourhood of bounce and pitch natural frequencies

** Neighbourhood of wheels natural frequencies

T Value less than unity (except for tire deflection ) indicates superior
performance of SA-1 suspension compared to passive suspension

T Valus less than unity { except for tire deflection ) indicates superior

performance of SA-1 suspension compared to active suspension
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5.3. SA-2 Suspension for a 4 D.O.F. Vehicle Model

The concept, originally suggested by Rakheja and
Sankar [31], is to be implemented in a 4 D.O.F. model. The
increase of the sprung mass acceleration during part of the
vibration cycle, due to the damper and spring forces being
in the same direction, is to be reduced. This is achieved by
using an SA device that provides zero fcrce when the spring
and damper forces are in the same direction. When the damper
and the spring forces are in opposite directions , however,
the SA device provides a force equel in magnitude but

opposite in sign to the spring force.

—ak (x + 16 - x) (x+116-x1)(5c+16-x) <0

F =
r . - .
0 ( x + 116 - X1)( x + 116 - xi) >0
And
-cxkz(x-~ lze—xz) (x-lze—xz)(x-lze-xz) <0
F =
r 0 (x-le-xz)(ic-lé-k)>o

Where Ff and Fr are the front and rear damper forces
respectively and a« is a gain. The lock-up forces and
conditions are as defined earlier for the SA-1 case.

Figs.5.7 and 5.8 are the RMS bounce and pitch

acceleration transmissibility ratio frequency responses for
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varying o gains. Increasing the feedback gain a results in a
reduction of the RMS bounce and paitch acceleration
transmissibility ratios at around the bounce and pitch mode
natural frequencies, but increases it at lower frequencies.
Increasing the gain o reduces the rattle space and tire
contact force at around the bounce and pitch modes natural
frequencies , and increases at lower frequencies as shown in
Figs.5.9 and 5.10. A comparison of the RMS Dbounce
acceleration transmissibility ratios of passive, active and
SA-2 suspensions is presented in Fig.5.11.At low
frequencies, the SA-2 suspension ( with « = 0.75 ) results
in more than 200% increase of the RMS bounce acceleration
ratio when compared to a passive suspension. At high
frequencies, however, the SA-2 suspension approaches an
active suspension ( except at frequencies around the wheel
natural frequencies ). Whether compared to passive or active
suspensions, the SA-2 scheme offers very poor bounce and
pitch control at low frequencies. In addition it requires
far more rattle space than active or passive suspensions as
can be seen from Table 5.2. The only advantage of the SA-2
suspension seems to be its ability to control high frequency
bounce and pitch wvibration.

The time response to a Chuck Hole type road
disturbance, Fig.5.12, demonstrates the inefficiency of the
SA-2 suspension in suppressing the bounce and pitch

vibration .
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Table 5.2. Ratio of SA-2 to Passive and SA-2 to Active Performance Parameters
at Selected Frequencies: » = 5E-6 ;a = 0.75;C = 1250 N.s/m

SA-2 to Passive

Freq. (rad/s) RMS Bounce RMS Pitch Sus. Def. Tire Def.

™

20 1.78 220 208 "2

46" 1.7 1.38 1.42 1.48

20.0 0.39 0.38 1.09 0.36
*®

86.0 224 215 19.68 17.61

200.0 0.13 0.13 3.00 1.38

SA-2 to Active

Freq. (rad/s) RMS Bounce RMS Pitch Sus. Def. Tire Def.

20 21977 2.58 0.66 272

a6° 4.54 3.14 201 4.49

20,0 1.03 0.98 1.09 1.33
L

86.0 1.90 1.82 217 2.20

200.0 1.05 1.04 1.47 113

* Neighbourhood of bounce and pitch natural frequencies
** Neighbourhood of wheels natural frequencies

T Value less than unity ( except for tire deflection ) indicates superior
performance of SA-2 suspension compared {o passive suspension

TT Value less than unity ( except for tire deflection ) indicates superior

performance of SA-2 suspension compared to active suspension
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5.4. SA-3 Suspension for a 4 D.0O.F, Vehicle Model

As in the case of a 1 D.O.F., it is suggested that a
small damper be added to the front and rear suspensions in
parallel with the SA-2 scheme investigated in the previous
section. The additional dampers do also reflect the fact
that in practice zero damping can not really be achieved.
This modification results in the SA~3 suspension scheme as
shown in Fig.5.13.

Except for the added small dampers , the SA~3 and SA-2
suspensions are identical. The lock up-forces and conditions
are as defined for the SA-1 suspension ( at lock-up the
additional dampers have no effect since relat.ve velocities

are zero ).

Figs.5.14 and 5.15 are the RMS bounce and pitch
acceleration transmissibility ratio frequency responses. The
additional small damping resulted in an important
improvement of the RMS bounce and pitch acceleration ratios
at low frequencies. In addition, a remarkable reduction in
the suspension deflection, hence rattle space, is achieved

as can be seen from Fig.5.16.
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The major drawback of the inclusion of such small
damping is the increase of the RMS acceleration ratio at
high frequencies as can be seen form Fig.5.14. This increase
is caused by th: slightly stiffer connection between th
wheel and the body ( brought about by the aduitional
passive dampers ). A comparison of zhe RMS bounce
acceleration transmissibilicy ratios of passive, active and
SA-3 suspensions is presented in Fig.5.18.Table 5.3
summarizes the overall performance of the SA-3 suspension
when compared to either active or passive suspension.
Although the SA-3 is not as adequate as an active suspension
in controlling the RMS bounce and pitch transmissibility
ratios, it reduces significantly the rattle space
requirements and increase the tire contact force.

The time response to a Chuck Hole road disturbance
reflects the effectiveness of the SA-3 suspension in
suppressing the bourice and pitch vibration when compared to

an SA-2 suspension.
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T. BMS Bounce Acceleration Transmissihility Ratio

T. iMS ™itch Acceleration Transmissibility Ratio
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Table 5.3. Ratio of SA-3 to Passive and SA-3 to Active Performance Parameters
at Selected Frequencies: ¢ = 5E-6 ;a = 0.75; C = 1250 N.s/m

SA-3 to Passive

Freq. (rad/s) RMS Bounce RMS Pitch Sus. Def. Tire Def.
T
2.0 1.64 1.76 1.73 1.64
46° 1.10 0.99 1.01 0.87
20.0 0.51 0.52 0.99 0.65
86.0""* 0.97 0.97 2.97 21,
200.0 0.43 0.43 1.1 1.03
SA-3 to Active
Freq. (rad/s) RMS Bounce RMS Pitch Sus. Def. Tire Def.
TT
20 2.02 206 0.55 210
46" 2,901 224 1.43 2.69
20.0 1.97 1.32 0.99 243
86.0 ** 0.83 0.83 0.26 0.27
200.0 3.50 3.48 0.55 0.84

* Neighbourhood of bounce and pitch natural frequencies
** Neighbourhood of wheels natural frequencies
T Value less than unity ( except for tire deflection ) indicates superior
performance of SA-3 suspension compared to passive suspension
TT Value less than unity ( except for tire deflection ) indicates superior
performance of SA-3 suspension compared to active suspension
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5.5, Summary

The SA-1 suspension scheme offers a performance
considerably close to that of an active suspension. The main
drawback is the number of feedback signals required, which
results in extensive hardware requirements. The SA-2 scheme
eliminates the need for hard to measure feedback quantities
and requires only the measurement of relative displacements
and velocities. This scheme, however, fails to adequately
control the resonance response. The SA-3 scheme partially
solves the latter problem by reducing the RMS acceleration
ratio at 1low frequencies while resulting in slight

deterioration of the high frequency response.
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CHAPTER 6

COMBINED SUSPENSIONS

6.1. General

Although SA suspensions are a compromise between active
and passive suspensions, their implementation is still
hindered by their relatively high cost and complexity. This
is especially true if they are to be fitted to the front as
well as the rear axles. A further attempt to reduce the cost
of these suspensions is suggested and investigated in the
following. This is done by using an SA or an active
suspension only in the front where it is most needed to
control the vibration 1level and to protect the driver and
the engine assembly. The rear suspension, however, is

maintained passive.

6.2, ’Front Active / Rear Passive’ Suspension
From Fig.3.1. and using Newton’s second Law, the

equations of motion of the system can be written as:

$k=(-k1(x+116-x1) -k, (x-1.6-x))
- C(x- 16~ %) + U)/M
6=(-1lk(x+16-x )+1k(x-18 -x)

+ 12C( x - 126 - xz) + 11U1)/J
X, = (kl(x+ 119- X, ) -kkl( X, - yl) -Ul)/m1
X,= (kz( X - 129 - X, ) - kkz( > yz)

+ C(x - 12é - 5:2))/m2



W AR

Which can be reduced to the following set of first

order differential equations :

X = >“<3 +1%,- >‘c5

? =%, - LR %

%1= is - }}1

%2= ;{5 - }"z

’j‘f (k% - k 6 - C(k, - 1.x, - %) + U)/M
:}4= (=1,k, X + 12kzé +1,U + 1ZC(>‘c3 - 1224

- ®,))/3

X = (k. x - kk )‘{1- Ul)/m1
X

I
=

O

1

w

~

> -

6 - 22+C(x3-lx -x6))/mz

Where the variables %, 6, X

defined as follow :

X =X + 1,6 = x
6 =x - 1,6 = x,
5:{1= X, ~ Y,

%,= %, -V,
5:3=x

>‘<4=e

>‘<5= X,

§c6= X,
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The equations of motion can, therefore, be rearranaed

in the following space state equation :

(0 0o o0 o0 1 1 -1 0 (0 ) (0 o)
0 0 0 0 1 -lz 0 -1 0 0O 0
0 (0] 0 0 0 0 1l 0 0 -1 0
0 0 0 0 0 0 0 1 0 0 -1
A A 1l
[x]___ -k, /¥ -k,/M 0 -C/M c12§M 0 0c/M [x]+ i lu+lo o [
k2, k1, o, -cl, el 1 . o
J T _xxk 3 9 J J
X /m o —0 0 0 0 0 -1 o o
17 ™ m m
1 kk, o -Cl, . 1
k 0 kz/mz 0 -Tz I—n-z m2 0 EZ‘ t0 y \0 0‘
or
A A
[x] = A[x] +s[u} +c[y]
where:
AT
[x] = { x 8 X, X, X X, X X/| = State Variables

[U] = U1 = Control Variable

p—
I-<

N
0

[ 91 92] = Input Variables
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The objective is to find an expression for the quantity
U, that will minimize a given cost function. Determination
of the latter will be achieved through the use of the
’ Linear Optimal Regulator theory ’ as discussed in the
case of a fully active suspension in chapter 4.

The performance index is as follows:

-}

1 2 2 2 2 2 2 2
I =31 (p1Us+ QX + g6 + gax + gaX_+ gsX_+ gex, )dt
o
The weighting factors in the above expression
( p1,p2,91, g2, g3, g4, g5 and g ), are as defined for a

fully active suspension.
The performance index, I, is, therefore, written in the

following standard format:

1 T T
I=-—J (Upr U + Q x )dt
0

5 X QX
Where :
(g1 O 0 O O 0 0 O)
0 gz 0 O O 0 o0 0
0 0o gs O 0 0 0 0
0 o 0 gs O 0 0 0
o=|0 o 0 0 g 0 O0 O
o 0 0 O O g6 0 O
0 o 0 0 o 0 0 o)
|0 o 0o 0o 0o 0 o 0}
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And hence the optimal value of the force U, is given

by [37] :

A

A
rope = 7 B'P x(t))/pt = K@ x(t)

Where the matrix B is as defined earlier and

K= [kn k12 ki3 k14 kis kis ki7 km]

The 8x8 matrix P is the symmetric positive definite

steady-state solution of the algebraic Riccati equation :
T T
PA +A P -PBBP/pt + Q=0

The coefficients of the matrix k are given in Table

6.1. for varying actuator size.
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Table 6.1. Front Actuator Gains fora’ Front Active / Rear Passive® Suspension

P 1E-6 5E-6 1E-5 5E-5

Gains

K11 -4142.158 -854.446 -488.077 -99.501
K12 -731.537 230.524 333.703 285.079
K13 1133.390 132.598 56.650 9107
K14 3676.271 1960.216 1401.320 563.003
K15 -8413.236 -3651.632 -2530.884 -1070.262
K16 -6055.382 -2902.975 -2127.933 -1032.471
K17 240.862 110.429 78.358 35.166
K18 -16.178 -4.158 -2.161 -0.3;6—
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Figs.6.1 and 6.2 demonstrate the effect of increased
damper size on the RMS bounce and pitch acceleration
transmissibility ratios. As the actuator size is increased,
a decrease in the RMS bounce and pitch ratios is achieved at
low frequencies with an insignificant increase at high
frequencies. As expected, varying the actuator size does not
have any effect on the rear suspension and tire deflections
(Figs.6.4 and 6.6 ). The front rattle space and tire
contact force, Figs.6.3 and 6.5, are similar to that of a
fully active suspension except for the dip of the tire
deflection around the bounce and pitch natural frequencies
for high actuator size. While offering RMS bounce and pitch
acceleration ratios close to that cf a £fully active
suspension at low frequencies, the 1loss of performarnce of
the combined ’‘Rear Passive / Front Active’ suspension occurs
predominantly at higher frequencies as shown in Fig.6.7.

Similar results are published in [18] as can be seen
from Fig.6.8. Although the model used is a simpler 2 D.0.F.
pitch model, results at low frequencies ( dominated by the
bounce and pitch modes ) exhibit the same overall behaviour.
The discrepancies are caused by the fact that the actuator
gains are not identical in both studies and the fact that
while the published results are based on velocity ratio
response, the results of this work are based on the RMS
acceleration transmissibility ratio. Similarities with
published results are mostly apparent for p = 1E-5. Notice

the linear scale is used in Fig.6.8, while Logarithmic scale
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is used in Figs.6.1 and 6.2.

The response to a Chuck Hole type road disturbance
Fig.6.9, is governed by vwhether the vehicle is in the
descending or ascending position as shown in Fig.6.10. In
the descending position, the response approaches that of an
active suspension and in the ascending position, the

response follows that of a passive suspension.
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6.3. 'Front SA-1 / Rear Passive ’ Suspension

This scheme is similar to the one described in section
5.1, except for the fact that the rear suspension is
passive. Using the mathematical approach presented in
section 5.1 and combining with the optimal damper force U,
calculated in section 6.1, the vibration response of a 4
D.0.F model with front SA-1 / rear passive suspension is
investigated. Figs.6.11 and 6.12 present the RMS bounce and
pitch acceleration ratio frequency responses. Increasing the
SA~1 damper size reduces the RMS bounce and pitch
acceleration ratios at around the bounce and pitch mode
natural frequencies. A further increase of the SA damper
size, however, results in little or no improvement of the
RMS ratio throughout the frequency range. Although not
included here, the front suspension and tire deflections are
not affected by changing the SA damper size. While the front
suspension and tire deflections are similar to those for a
fully SA-1 suspension. The overall performance of a combined
‘Front SA-1 / Rear Passive’ suspension lies, as expected,
between that of an SA-1 suspension and that of a passive
suspension Fig.6.13. Similarly published results [18)
indicate similar behaviour although a simpler 2 D.O.F. model
is used ( Fig.6.14 ). The discrepancies are due to the same
factors listed earlier. Slight deterioration of the time
response to a ’‘Chuck Hole’ type road disturbance resulted
because of alteration of the rear SA-1 suspension with a

passive suspension as shown in Fig.6.15.
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T. BMS Bounce Acceleration Transmissibilty Ratio

T. BMS Pitch Acceleration Transmussibility Ratio
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6.4. ’ Front SA-2 / Rear Passive ’ Suspension

This scheme is very similar to the one described in
section 5.2, except for the passive rear suspension. As in
the case of SA-2 suspension, the increase of the feedback
gain o reduces the RMS bounce and pitch acceleration
transmissibility ratios around the first and second mode
natural frequencies, yet results in an unfavorable increase
of the RMS ratio at lower frequencies as shown in Figs.6.16
and 6.17. At frequencies around and below the bounce and
pitch mode natural frequencies, the combined ’ Front
SA-2 / Rear Passive ’ suspension has, in fact, a better RMS
bounce acceleration transmissibility ratio than that of a
fully SA-2 susprnsion as can be seen from Fig.6.18. Hence,
the 1less costly less complex combined suspension gives a
better performance than that of a fully SA-2 suspension at
low frequencies. The major loss of performance occurs,
however, at high frequencies, but the combined suspension
remains superior to that of a fully passive suspension.

The time response to a ‘Chuck Hole’ type road
disturbance, Fig.6.19,shows that the combined suspension
offers, indeed, better bounce and pitch vibration

suppression than that of a fully SA-2 Suspension.
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6.5. ’Front SA-3 / Rear Passive ’ Suspension

this scheme is very similar to the one described in
section 5.3, except for the passive rear suspension.For this
type of suspension, an increase of the gain o reduces the
RMS bounce and pitch acceleration ratios at frequencies
around the first and second mode natural frequencies vyet
results in an increase of the RMS ratio at lower
frequencies. At frequencies higher than 7 rad/s, the
increase in the feedback gain a has, wvirtually, no effect on
the RMS bounce and pitch frequency ratios as shown in
Figs.6.20. to 6.21.

When compared to a fully SA-3 suspension, Fig.6.22, the
comhined ' Front SA-3 / Rear Passive ' suspension offers
lower RMS bounce acceleration transmissibility ratio at low
frequencies. At high frequencies, however, an increase of
the latter can be noticed. This is caused by replacing the
rear SA-3 suspension with a passive one.

Similarly, the response to a Chuck Hole type Road
disturbance, Fig.6.23, is indeed better than that of a fully

SA-3 suspension.
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6.6. Summary

The potential of combined suspensions is well apparent

in the above study. The performance of combined suspensions
lies, generally, between the performance of a fully passive

and a fully active (or SA) suspension. While resulting in a
slight loss of performance, the potential of combined
suspensions is in their reduced cost and complexity. Keeping
in mind the importance of low frequency vibration isolation,
the combined SA-1 offers an attractive way of achieving such
goals. In addition to being simpler and cheaper, the
combined SA-2 and SA-3 schemes offer a low frequency
response superior even to that of a fully SA-2 and SA-3

suspensions, respectively.
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CHAPTER 7

COMPARATIVE STUDY OF ADVANCED SUSPENSIONS

Performance of three Semi-Active (SA) suspension
schemes are compared in both frequency and time domains.
Their relative merits and drawbacks are discussed with
respect to passive and active suspensions. The first
semi-active suspension scheme, termed SA-1, is based on the
idea of having an SA device that can be modulated to
dissipate energy in a fashion identical to an active device.
The SA-2 scheme is introduced in an attempt to overcome the
increase in the sprung mass acceleration due to the spring
and damper forces being in the same direction. During this
part of the vibration cycle, the SA damper outputs zero
force. However, when the spring and damper forces are in
opposite directions the SA device provides a force equal in
magnitude but opposite in sign to spring force. Hence, the
total net resulting force acting on the sprung mass is zero.
Finally, the SA-3 suspension scheme is a modified version of
the SA-2 scheme with a small damper placed in parallel with
the latter in order to overcome the poor resonance control
and to relate to real 1life applications where zero damping
is normally unachievable.

Based on a simple single D.O.F. vehicle model, a basic
understanding of various suspension schemes is gained. The

RMS bounce acceleration transmissibility ratio of an SA-1




suspension scheme is found to provide a response close to
that of an active suspension especially at high frequencies.
The SA-2 suspension scheme, on the other hand, approaches
active suspension at high frequencies but results in
significant deterioration of the resonance control. The SA-3
suspension scheme overcomes this problem by improving the
resonance control at the expense of high fregquency
isolation. The SA dampers lock-up is most apparent through
time responses to sinusoidal excitation at different
frequencies.

Performance of the SA schemes are, then, investigated
in a more realistic in-plane 4 D.O.F. model. Active
suspension is shown to provide the ultimate sprung mass
bounce and pitch control. Active control, however, requires
complex hardware implementation arising from the necessity
to measure all of the system states ( in the case of full
state feedback ). In addition, large amount of external
power required for the actuators, large rattle space and
poor tire ground contact force are some of the drawbacks of
active suspension. The SA-1 suspension scheme solves the
problem of high external energy requirements of active
suspension. This scheme offers a pitch and bounce RMS
acceleration performance close to that of active systems
especially at high frequencies with slight 1loss at
resonance. However, it remains far more complex than passive
systems since it still requires the measurement of all the

system states as in the case of active suspension and
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similarly it requires large rattle space and results in poor
tire/ground contact force.

Noting that a damper tends to increase the sprung mass
acceleration during part of the vibration cycle, the Sa-2
scheme is suggested to overcome this problem. This concept
has the advantage of requiring the measurement of easy to
obtain relative displacements and relative velocities,
therefore solves the major problem associated with the SA-1
scheme. Unfortunately, it results in a very poor sprung mass
bounce and pitch resonance control; although at high
frequencies, response 1is <close to that of an active
suspension. The SA-2 suspension scheme, however, improves
the tire/ground contact force and requires a rattle space
even larger than that required by an active suspension. This
unacceptable poor resonance control is partially solved by
adding a small passive damper in parallel with the SA-2
damper resulting in the SA-3 scheme. The latter controls
better the sprung mass bounce and pitch resonance
performance but results in some deterioration of the RMS
trarsmissibility at high frequencies. This deterioration
increases with an increase in the damping coefficient of the
additional passive damper.

The SA-3 suspension presents the most attractive
advanced suspension scheme among the ones considered. It has
the advantage of being easier to implement when compared to
an active or SA-1 suspension, requiring only the measurement

of relative quantities. Yet, it cffers a sprung mass bounce

129




and pitch performance superior to that of a passive
suspension and a rattle space, tire/ground contact force
comparable to that of passive suspension. Although the 3 SA
suspension concepts offer a compromising solution <to
suspension problems, they remain costly and complex when
compared to passive suspensions, especially if they are to
be installed in all the 4 wheel 1locations. This can be
overcome by using advanced suspensions, active or SA, in the
front axle while the rear suspension is kept passive. The
choice of the front suspension for the location of the
active or SA suspension arises from the fact that the engine
assembly and the driver are generally located in the front
section of the vehicle. In addition, the passive suspension,
which provides good tire/ground contact force, can be quite
effective if placed in the rear section if we assume
rear-wheel drive. In general, the performance of the
combined suspensions 1lies between the two extremes, namely
fully passive and fully active or SA. However, in the case
of the SA-2 and SA-3 suspension schemes, +the combined
suspension results in an improvement of the sprung mass
bounce and pitch resonance control when compared to a fully
SA-2 or SA-3 type suspension. The encouraging results
obtained from combined suspensions are very significant
since they reveal the effectiveness of such method in
reducing the complexity and cost of advanced suspensions

while maintaining adequate performance.
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CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

8.1.Conclusions

Three Seni~Active (SA) suspension schemes are compared
in both frequency and time domains with respect to passive
and active suspensions based on a 1D.O.F. model. The 1
D.0.F. model gives a very basic perception of the
suspensions performance, hence, it is not sufficient to
predict the overall behaviour of a suspension in real life
applications. Based on such a mvdel, a basic understanding
of various suspension schemes is gained. The RMS bounce
acceleration transmissibility ratio of &n SA-1 suspension
scheme is found to provide a response close to that of an
active suspension especially at high frequencies. The SA-2
suspension scheme, on the other hand, approaches active
suspension at high frequencies but results in significant
deterioration of the resonance control. The SA-3 suspension
scheme overcomes this problem by improwving the resonance
control at the expense of high frequency isolation.

Performance of the SA schemes are, then, investigated
in a more realistic in-plane 4 D.O.F. model. Active
suspension is shown to provide the ultimate sprung mass
bounce and pitch control at the expense of high rattle space
requirement and poor tire contact force. The SA-1 suspension

scheme solves +the problem of high external enerqgy




requirements of active suspension. This scheme offers a
pitch and bounce RMS acceleration performance close to that
of active systems especially at high frequencies with slight
loss at resonance. similarly it requires large rattle space
and results in poor tire/ground contact force.

The SA-2 suspension scheme has the advantage of
requiring the mneasurement of easy to obtain relative
displacements and yelative velocities. Unfortunately, it
results in a very podr sprung mass bounce and pitch
resonance control; although at high frequencies, response is
close to that of an active suspension. The SA-2 suspension
scheme, improves the tire/ground contact force, however, it
requires a rattle space even larger than thav required by an
active suspension. This unacceptable poor resonance control
is partially solved by adding a small passive damper in
parallel with the SA-2 damper resulting in the SA-3 scheme.
The latter controls better the sprung rass bounce and pitch
resonance performance but results in some deterioration of
the RMS transmissibility at high frequencies.

In general, the performance of the combined suspensions
lies between the two extremes, namely fully passive and
fully active or SA. However, in the case of the SA-2 and
SA-~3 suspension schemes, the combined suspension results in
an improvement of the sprung mass bounce and pitch resonance
control when compared to a fully SA-2 or SA-3 type

suspension.
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8.2. Recommendations for Future Work

As recommendations for future work, it is important to
consider the following:

1. The dynamics of the hardware parts ( actuators, SA
dampers, signal processors, and the 1like.,) were not
included in this study. It is suggested that the dynamics
associated with hardwar.: parts be included in future work to
gain an insight into their effect on suspensic: performance.

2. The concept of preview controcl, a control scheme in
which an input is sensed before it reaches the wheel, can be
of great use in the case of combined suspensions. In such a
case, the actuator or the SA device are placed in the rear
axle. The input to the front passive suspension is used to
prepare the actuator or SA device for the incoming road
irregularities. This will result in an improved performance
by partially overcoming the problems associated with
bandwidth limitation of the hardware parts.

3. This study is limited to sinusoidal and discrete
obstacle type of road inputs. The investigation should be
extended to study random terrain inputs to broaden the
perspective of these advanced suspensions.

4. Finally, an experimental prototype set up could be
built to gain a better insight into the effectiveness and

complications of implementation of advanced suspensions.
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