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ABSTRACT

INFLUENCE OF NONLINEAR ASYMMETRIC SUSPENSION PROPERTIES ON
THE RIDE CHARACTERISTICS OF ROAD VEHICLE

Mahmud Niroopam Joarder

The suspension springs and dampers, employed in road vehicles, typically exhibit
nonlinear and asymmetric force-deflection and force-velocity characteristics. The
asymmetry in the suspension characteristics is known to yield a shift in the dynamic
equilibrium. Such fundamental behavior of the suspension components can be studied
through analysis of simple quarter-vehicle model with realistic representation of the
suspension characteristics. The asymmetric characteristics of the suspension components

are characterized to investigate the phenomenon of drift in dynamic equilibrium, also

known as the ‘ride height drift’. A quarter-vehicle model, incorporating nonlinear and
asymmetric suspension components, is mathematically modeled and simulated using
‘simulink’. Suspension damper is represented by multistage nonlinear asymmetric
characteristics, while the stiffness is treated as a nonlinear cubical spring, asymmetric in
compression and rebound. The simulations are carried out in sequence starting with
linear, nonlinear symmetric, single stage asymmetric, and finally the two-stage
asymmetric suspension properties. The model results are validated by comparing the
responses over a wide frequency range with the published data. A comprehensive
parametric study is performed to establish the influence of variation in design and
operating parameters of suspension components on ‘ride height drifting’ phenomenon.
The study clearly reveals that the ‘ride height drifting’ phenomenon is a direct result of

asymmetric properties of the suspension damper. The magnitude of the drift increases
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with an increase in asymmetry as well as amplitude of excitation, and it approaches
maximum corresponding to the wheel hop natural frequency. Reduced damping with a
fixed asymmetry also tends to increase the magnitude of drift over the entire frequency
range. The results further suggest that, the suspension spring with hardening and
softening characteristics in compression and extension, respectively, yields the sprung
mass drift in the opposite direction. Suspension springs with asymmetric characteristics

may thus reduce the magnitude of the sprung mass drift.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

1.1 General

A vehicle suspension system comprises springs, shock absorbers, torsion bars,
Joints, arms, etc., and it cushions the vehicle over the road irregularities. A vehicle
suspension is designed to maintain adequate tire-road contact to provide desirable
directional control and stability, and ride quality of the vehicle. The performance
objectives associated with vehicle ride, road holding and control often require conflicting
suspension design parameters. Harder suspensions vyield improved handling and
directional performance, while adequate ride performance is achieved with lightly
damped soft suspension. A lightly damped soft suspension, on the other hand, would
require increased rattle space.

Owing to the conflicting performance requirements, the vehicle suspensions are
invariably designed to achieve an acceptable compromise among the ride, handling and
control performance. Such a design compromise is often achieved through highly
nonlinear and asymmetric properties of suspension springs and dampers (Warner, 1996;
Rengarajan, 1991; Oueslati, 1990; Ahmed, 2001: Rakheja and Ahmed, 1993; Harrison
and Harmond, 1986). The suspension springs yield relatively low stiffness in the ride
zone and progressively hardening characteristics under higher deflections. Air springs
employed in commercial vehicles yield soft ride in the vicinity of the desired ride height
and asymmetric hardening and softening properties in compression and rebound,

respectively. Motion limiting bump stops are often incorporated to limit the suspension



travel within the available rattle space. Vehicle suspensions employ hydraulic dampers
with either dual or multi-stage force-velocity characteristics. The dampers yield high
viscous damping coefficient corresponding to low velocity and considerably lower
damping coefficients at medium and high velocities to achieve a better compromise
between vehicle ride and handling performance (Warner, 1996). The transition from high
to low damping coefficients occurs at a preset velocity, and is achieved through pressure-
sensitivity valving. Moreover, the hydraulic dampers are designed to yield asymmetric
force-velocity characteristics in compression and rebound in order to achieve better road-
handling performance and adequate control of wheel hop motions.

The nonlinear and asymmetric properties of vehicle suspension pose considerable
challenges in modeling and analysis. Consequently, the majority of the reported studies
on analysis of vehicle ride consider either linear or nonlinear but symmetric properties of
the suspension dampers and springs. The vehicle suspension with asymmetric damping
properties are known to exhibit ‘packing down’ behavior, which refers to downward shift
of the dynamic equilibrium. Such findings have been limited to experimental
observations alone either in the field or in the laboratory (Wamer, 1996) while this
phenomenon has been briefly analyzed in a recent study (Rajalingham and Rakheja,
2003). The experimerntal (field and laboratory) finding of the ‘downward packing’
behavior has been attributed to asymmetric damping properties of the suspension.
Although the dynamic responses of the vehicle znd suspensions have been extensively
investigated through analysis of various analytical models of suspension components
(Bastow, 1998: Thompson, 1970; Sharp and Crolla, 1987: Rengarajan, 1991; Wong,

1993; Crolla and Horton, 1991) the packing down properties of the suspensions have not

(8]



been addressed in the reported studies. This is perhaps attributed to the consideration of
either linear or nonlinear but symmetric characteristics of the suspension components,
and response analysis in terms of root mean square (rms) accelerations or acceleration
spectra.

The ‘packing down’ or downward drift in the dynamic equilibrium is dependent
upon force-displacement and force-velocity characteristics of the suspension, specially
the degree of damping asymmetry. The time varying equilibrium of the vehicle may
affect the vehicle ride and dynamic tire loads in a significant manner. In the absence of a
ride height control, the packing down behavior would also affect the suspension travel,
especially in the compression stroke. In this dissertation, the dynamic responses of the
suspension components with symmetric and asymmetric force-displacement and force-
velocity characteristics are investigated on the basis of a simple quarter-vehicle model.
The suspension properties causing the ‘packing down’ behavior of the suspension are
identified from the simulation results. The influences of excitation amplitudes and
frequencies, and suspension parameters on the variations in the dynamic equilibrium are
investigated and discussed in sufficient details.

1.2 Literature Review

The designs and analyses of vehicle suspension systems have been addressed in a
large number of reported studies. These studies focus on various aspects of the
performance objectives, such as ride, handling, directional control and variations in the
dynamic wheel loads. These studies are also based upon either field or laboratory
experimentation, and development and analysis of vehicle and suspension models. The

models range from simple single-degree-of-freedom (DOF) models with linear



suspension properties to multi-degree-of-freedom models with nonlinear suspension
properties. Moreover, the reported experimental and analytical studies focus on the
conventional passive suspension, and on-off and continuously varying semi-active
dampers, and active and adaptive vehicle suspension. In this chapter, the relevant
published studies are reviewed and briefly discussed to gain knowledge on the modeling
and analysis methodologies, and to formulate the scope of the dissertation research.
1.2.1 Vehicle Suspension

Vehicles invariably employ suspension systems with passive components,
although considerable developments have been realized for both semi-active and active
suspensions. A passive suspension system has the ability to store energy via a spring and
to dissipate it via a damper. Its parameters are generally fixed, which are chosen to
achieve a certain level of compromise between road holding, load carrying and comfort
performances. Such suspensions mostly employ leaf, rubber, coil or air springs and
hydraulic dampers. The performance characteristics of these suspension are limited due
to fixed parameter design, and the fact that the components can temporarily store and
dissipate energy at a constant rate, while the suspension forces are generated in response

to local relative motions (Bastow, 1988; Youn and Hac, 1995).

Wide ranges of passive suspension designs are being used in light as well as
heavy vehicles. These include the McPherson strut suspension, coil spring suspension,
wishbone or double-wishbone, multilink suspension that are employed within the light
vehicles front axle. Figure 1.1 illustrates the schematics of some of these suspensions
(Bacon, 1988; Ellinger, 1989). Heavy vehicles often employ coupled or beam axle

suspension comprising springs (leaf, coil, air or rubber) together with hydraulic dampers,



as shown in Figure 1.2 (Parkin, 1999). These passive suspension springs invariably
exhibit progressively hardening force-deflection characteristics, while the hydraulic
dampers yield nonlinear force-velocity characteristics that are mostly asymmetric in

compression and rebound.

The active suspension systems may be classified on the basis of their control
algorithm, hardware and power requirements, namely fully active and semi-active
(Rajamoni and Hadrick, 1991). A fully active system consists of a force generating
actuator, either hydraulic or pneumatic. A medium to high bandwidth servo-valve and
controller is employed to modulate the flows to and from the actuator to generate the
desired force in order to reduce the body movements caused by the uneven road
roughness (Rengarajan, 1991; Tanaka and Kikushima, 1988; Horton and Crolla, 1986).
Figure 1.3 illustrates a schematic of an actively controlled suspension force generator in
conjunction with a quarter-vehicle model, feedback sensors and controller. Limited
bandwidth active suspensions have been proposed to control the vehicle motions near the
sprung mass (1-2 hz) and wheel-hop (9-12 hz) resonant frequencies. Based on the signals
obtained by the sensors and the prescribed control strategy, the actuator force is
modulated to achieve improved ride and handling and performance (Rengarajan, 1991).
The controller is designed to track a desired target force, which is derived on the basis of
a control law. Active suspension systems require significant amount of power and are
thus considered to be feasible only for applications where increased cost and weight can

offset the performance benefits.



a) McPherson Strut b) Coil Spring Type 1

Yean

d) Double Wishbone Suspeﬁsion

e¢) Multi link Suspension

Figure 1.1: Schematics of some of the front wheel suspension systems (Parkin, 1999)



b) Solid Axle, Coil Spring System

¢) Beam Axle system

Figure 1.2: Schematic of some of the rear wheel suspension systems (Parkin, 1999)



A semi active suspension yields variable damping properties with only minimal
power that is required to activate a valve. The concept of a Semi-active suspension was
initially proposed by Karmopp and Crosby (1973). The variation in the damping force was
achieved by modulating the fluid flows within the damper on the basis of. Figure 1.4
illustrates a schematic of a semi active suspension concept in conjunction with a quarter
vehicle model. It has been suggested that a semi-active suspenston, when properly tuned,
can yield performance gains similar to that of a fully active suspension under certain
circumstances (Wong, 1993). A number of control concepts have been proposed to
achieve semi-actively controlled suspension damping on the basis of flow modulation
within a hydraulic damper. The transient responses and limited bandwidth of semi-active
suspension damper could limit their performance significantly. In recent years a number
of semi-active damping concepts based upon electro (ER) and magneto-rheological (MR)
fluids have been developed. These control concepts are based upon both "on-off’ and
continuously varying suspension damping (Rakheja, 2002; Wu and Griffin, 1997:
Oueslati and Sankar, 1994). The MR fluids offer high viscous damping corresponding to
low velocity, attributed to the yield of the fluid, and low damping coefficient due to force
limiting in the post-yield. Such properties are considered to be highly desirable for
vehicle suspension. Moreover, the damping properties can be varied quite rapidly with
the application of only small magnitude of current. The suspension performance
potentials of MR dampers have been demonstrated in a few recent studies (Choi et al.,
2001; Rakheja et al., 2002; Wu and Griffin, 1997). The MR dampers are being
commercially applied in a number of suspension seats and vehicle suspension (Wu and

Griffin, 1997).
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1.2.2 Passive Suspension Dampers

Hydraulic suspension dampers dissipate energy through pressure drops across the
orifices or valves. There are two basic designs in use today on the basis of their
construction: the twin-tube design and the mono-tube design. Figure 1.5 (a) illustrates the
schematic of a twin tube damper. The inner tube is known as the pressure or working
cylinder, while the outer tube is known as the reserve tube. The upper mount of the
damper connects to the vehicle frame, while the lower mount is connected to the
unsprung mass, either directly or indirectly. The piston rod passes through a bushing and
seal at the upper end of the pressure tube. The bushing keeps the rod in line with the
pressure tube and allows the piston to move freely inside. The seal is usually a multi-lip
design made of neoprene or silicone rubber. The outer or reserve tube is partly filled with
hydraulic fluid and partly with an inert gas. The gas charge compensates for the flows
due to area differential between the two sides of the piston and volume changes due to
variations in the temperature. The flow from the pressure tube to the outer tube is
controlled through a base valve located at the foot of the pressure tube. The damper
piston consists of a series of bleed orifices and valves to permit the flows during
compression and rebound.

The mono-tube shock absorber has been widely described in the literatures
(Warner, 1996; Causemann, 2000; Gillespie, 1992). These are high-pressure gas shocks
with only one tube, which is the pressure tube. The pressure tube houses two pistons; a
dividing piston and a working piston, as shown in Figure 1.5 (b). The working piston and
rod are very similar to the double tube design. This piston also comprises a number of

orifices and valves. The mono-tube design, consisting of the floating piston within the

10



pressure tube, thus tends to yield considerably longer damper body for a specified rattle
space. Alternative design, with an external accumulator containing the floating piston
have also been realized to reduce the damper body length, as shown in Figure 1.5 (c)

(Sharp and Crolla, 1987; Chaudhary, 1998; Joo, 1991).

Twin Tube Monotube

@ @

Rod Sea} ~———=

Gas ’-_

Qil

[ Piston

‘ / Gas
i Lo
/ Piston & ——_ 4 B , g

Valves

Rod

Oil

Dividing Piston

e Valves )
Gas /J ( P
@ Foot Valve

(a) (b) (c)

Figure 1.5: a) Twin-tube, b) Mono-tube shock absorbers (Gillespie, 1992) and ¢) Mono-
tube damper with an external accumulator

A twin-tube design, when compared to a mono-tube, has a longer stroke
capability and greater oil volume in a similarly sized unit. A twin-tube damper would
therefore tend to provide smoother ride characteristics. The twin tube dampers, however,
often cause foaming of oil due to entrapped gas under extreme velocities or body

temperature condition (Causemann, 2000). The damping properties of such dampers may

11



thus deteriorate considerably under extreme operating condition. Mono tube dampers
offer a number of advantages over the twin tube designs. The mono-tube design
eliminates the potential for gas oil mixture and yields superior heat dissipation ability,
which could be a critical factor for dampers applied in racing cars. The manufacturing
cost of a mono-tube damper, however, is relatively higher due to precision requirements
associated with high-pressure gas (Williams, 2000). Other disadvantages of the mono-
tube designs include the susceptibility to side loads and dents. The variation of gas
pressure caused by the increase in damper temperature tends to affect the ride height, and
thus the aerodynamic losses, which could be a critical factor for racing vehicles (Wamer,

1996).

1.2.2.1 Damper Force Characteristics

The dynamic force developed by a hydraulic damper comprises these components
attributed to seal friction, gas spring effect and hydraulic flows. The damping force,
attributed to hydraulic flows, is mostly determined by the flows through the valves and
orifices and pressure drop across the valves (hydraulic resistance). The dampers are
invariably designed to yield variable hydraulic resistance as a function of magnitude and
direction of the piston velocity (Snowdon, 1968; Bert, 1973). Low piston velocity yields
lower flow rates across the flow paths, lower pressure drop and thus the lower magnitude
of the force. For a given flow path, an increase in piston velocity causes higher flows and
pressure drop and thus higher damping force. The multi-stage valving employed in the

dampers, however, yield highly complex damping force and velocity characteristics.



Through extensive laboratory measurements and simulations, Warer (1996)
described the effect of piston speed on the damper characteristics. The hydraulic
resistance in the damper is controlled using various combinations of valving mechanisms,
which are effective over different speed ranges. On the basis of the measured force-
velocity characteristics of typical hydraulic dampers, the velocity ranges are termed as
‘low’, ‘mid’ and ‘high’. Figure 1.6 illustrates the typical force-velocity characteristics
over the three speed ranges. The force-velocity characteristic curve reveals high damping
coefficient (rate of change of the peak force with respect to the peak velocity)
corresponding to the low piston velocity, irrespective of the direction of the piston
velocity. While the flow rate across the piston is relatively small at low speeds, high flow
resistance is achieved through closed piston valves, thereby permitting the flows only
through small size. Figure 1.7 illustrates the design of a damper piston comprising
deflection disc valves and bleed orifices. The hydraulic fluid displaced due to piston
motion will flow from the high-pressure side of the piston to the low-pressure side.
During the compression stroke the low-pressure side of the piston is normally the side
with the rod. The pressure differential developed across the piston is strongly dependent

upon the piston velocity relative to the cylinder.

As shown in the Figure 1.7, the fluid flows at low speeds occur through two
paths: (i) through the bleed orifice(s); and (ii) leakage flows through the piston/wall
clearance. The deflection discs remain closed due to relatively low-pressure differential
developed at low velocity. While the leakage flows can affect the damping characteristics
considerably, the low speed damping characteristics are mostly tuned through selection of

number and size of the bleed orificcs.
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An increase in the piston speed to the mid-speed range causes flows through three
paths; (i) leakage flows; (ii) bleed orifice; and (iii) the deflection disc valves. While the
flows through the first two are similar to those described for the low speed, the flows
through the valve occur due to deflections of the discs caused by high pressure
differential, as shown in Figure 1.8. It is essential to note that the valve openings in
compression and rebound differ due to different force-deflection characteristics of the
deflection disc stack. The mid-speed damping coefficients corresponding to compression
and rebound are thus considerably different, as evident from Figure 1.7. The flow areas
for leakage and bleed flows are relatively small in comparison with that for the deflection
disc stack. The flows through the deflection disc stack, thus, dominate the mid speed
damping characteristics. A further increase in the piston velocity to the ‘high speed’
range yields higher deflection of the discs leading to higher flow path and thus
considerably lower damping coefficient. The high piston speed causes high fluid
pressure, which in case of twin-tube design could encourages foaming of the oil that
yields significant loss of damping. The relative high pressure of the oil-gas mixture in the

annular region also causes large pressure drop across the foot-valve.

1.2.2.2 Valving mechanism in dampers

The hydraulic dampers invariably offer variable hydraulic resistance through
multiple pressure relief valves. Different valves are employed in the compression and
rebound flow paths, which result in asymmetric damping characteristics in compression
and rebound (Warmer, 1996). Apart from the fixed leakage flow path, the majority of the
damper designs, employ two parallel flow paths, (i) a constant area flow path (bleed),

which permits flows over; the entire range of speeds; and (ii) a variable flow path, whose
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flow area is controlled by the pressure differential across the piston. Desirable damping
characteristics are realized through a combination of both flow paths. The flows through
a simple orifice valve (bleed valve) generates a damping force which grows with the
square of the velocity, attributed to turbulent flows through the orifice (Gillespie, 1992),
as shown in Figure 1.9. When designed to provide adequate damping to control body
motions at low velocities, simple orifice control yields very high damping at the higher
velocities leading to poor vibration attenuations and axle hop motions. The variable flow
path is often achieved from the "blow-off’ valve or the deflection discs (Figure 1.7 and
1.8) the flow passage is blocked by a spring-loaded valve or disc stack prevent the flows
until a desired pressure is reached. As the pressure differential approaches or exceeds the
preset value, the flows yield damping force as shown in curve B of Figure 1.9. By
combining the orifice and the blow-off controls, a typical shock absorber would yield

damping behavior such as that shown in curve C.
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Figure 1.8: Schematic of damper compression mechanism for mid speed (Wamer, 1996)
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Figure 1.9: Force-velocity properties of shock absorber valving (Gillespie, 1992)

1.2.2.3 Suspension Damper Modeling

Although considerable developments in suspension system have been realized
during the past few decades, the majority of the studies in vehicle dynamics consider
damping through different forms of simplified force-velocity characteristics. The models
are therefore limited to either linear or symmetric characteristics of the damper; such
models cannot be considered valid for investigating the influence of damping asymmetry

on the vehicle response, specially the ‘packing down’ behavior of the suspensions.

The force-velocity characteristics of a hydraulic damper are complex functions of
various design and operating parameters. The total force developed by a damper is
dependent upon the fluid flows through the piston and thus the orifice geometry and the
valve characteristics, flows through the base valve, gas spring effect, seal friction, fluid

compressibility and operating temperature. A large number of mathematical models have
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been proposed to characterize the damping force-velocity characteristics of shock
absorbers. A vast majority of these models, however, have been based upon the
laboratory measured data and regression functions. The models are thus considerable as
semi empirical models involving coefficients that are identified from the measured date.
These models are thus considered suited for a specific damper and cannot be applied

generally.

Owing to complexities associated with analytical models of the hydraulic
dampers, the damper characteristics are mostly involved through laboratory tests. These
tests involve stroking of the damper mounted between a fixed inertial frame and a motion
generator under a specified displacement or velocity magnitude and frequency. The
damper is often characterized by its means peak force- mean peak velocity
characteristics, hysteresis and force- deflection properties as a function of the operating

temperature.

Segel and Lang (1981) have shown that the characteristics of a damper for
stroking frequencies up to 10 Hz are understandable in terms of simple orifice and
leakage flow models and fluid compressibility. Although dampers are normally
characterized by measured peak forces obtained during stroking tests, the dynamic
force/velocity relationships typically exhibit hysteresis loops, as shown in Figure 1.10.
The force rising faster than velocity is apparent, as also is a marked asymmetry between

bump and rebound forces for low speed.
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Figure 1.10: Force-velocity characteristics of a typical hydraulic damper (Sharp and Crolla,

1987 )
Thompson (1970) investigated the influence of such damping asymmetry by means of
analog simulation of a quarter car model in terms of sprung mass responses to positive
and negative step inputs of two different magnitudes. The study concluded that
symmetric damping properties are desirable for maintaining adequate contact between the
tire and the road under small magnitude excitations. The responses under sufficiently
large disturbances leading to loss of contact between tire and ground, suggested that
responses the performance under positive steps could be improved by providing greater
damping in rebound, which tended to deteriorates response under negative steps. Warner
(1996) analyzed the damping behavior of both an integrated and remote-reservoir mono-

tube dampers, specially the effects of temperature and fluid compressibility. On the basis
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of measured data the study proposed the component models to yield the total damper
model for incompressible and compressible flows using series of regression functions.
The model concluded that the component forces attributed to hydraulic flows, gas spring
and seal friction are strongly dependent upon the operating temperature.
1.2.24 Damping Models Applied to Vehicle Models

With different resistance combinations attribute to bleed orifices and valving, it is
possible to achieve characteristics with digressive, linear and progressive segments, as
evident in Figure 1.6 (Causemann, 2000). A mechanical or servo-hydraulic test machine
is frequently used to measure these damper characteristics. At constant speed (rpm), this
machine produces various strokes in rebound and compression direction, and
subsequently different damper compression and rebound speeds. Figure 1.11 illustrates
the force-deflection and force-velocity characteristics typical for nonlinear asymmetric
(digressive, A and progressive B) In the view of the complexities associated with
characterization and modeling of such phenomena and valving, the force-velocity
characteristics are widely used to study the role of damping design on the vehicle
responses. The characterization in terms of force-velocity offers the advantage that the
association between damping force and compression and rebound velocity can be
assessed in a convenient manner. Such formulations, however, yield only maximum
values of the damping forces in rebound and compression direction at various strokes or
compression and rebound rates. The ride dynamics models of various vehicles reported in
the literature have considered different forms of damping models. These include the
simple linear viscous model considered adequate for preliminary analyses, and piece-

wise linear models.
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Figure 1.11: Damping characteristics for A. Digressive, B. Progressive, C. Linear
(Causemann, 2000)

Rajalingham and Rakheja (2003) investigated the influence of damping
asymmetry on the displacement response of the sprung mass of a quarter-car model. The
asymmetric damping mass considered as a combination of linear viscous dampers with
different damping coefficients in compression and rebound, as shown in Figure 1.12.
The solution if differential equation of motion for the model revealed downward shifting
of the sprung mass depending upon the degree of damping asymmetry. On the basis of
measured means force-velocity data acquired from a large number of suspension
dampers, generalized piecewise linear models of suspension dampers have been proposed

to characterize both the symmetric and asymmetric force-velocity characteristics, as



shown in Figure [.13 and 1.14. Such models consider negligible contributions due to
damping hysteresis, fluid compressibility and operating temperature, but provide an
effective damping model to analyze the vehicle responses under variable damping. The
symmetric force-velocity model is derived on the basis of mean damping coefficients,
while neglecting the contributions due to asymmetry (Rakheja and Ahmed, 1993). The
symmetric model therefore cannot be applied to the packing down behavior of the sprung
mass. The piece-wise linear representation of the asymmetric force-velocity
characteristics (Figure 1.12) have been applied to study the ride dynamic behavior of an
urban bus, dynamic tire loads due to heavy vehicle and the validity of the energy
similarity principle. These studies consider either acceleration or rms displacement
responses, thereby, ignoring the ‘packing down’ phenomenon associated with

asymmetric damping.
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1.2.3 Suspension Springs Characteristics

Spring elements used for automobile suspension, in increasing order of their
ability to store elastic energy per unit of weight, are leaf springs, coil springs, torsion
bars, rubber-in-shear devices, and air springs. An important factor in spring selection is
the relationship between the load and the deflection known as the spring rate. A coil or a
leaf spring retains a substantially constant rate within its operating range of load
(Gillespie, 1992). The torsion bar, a long spring-steel element with one end held rigidly
to the frame and the other twisted by a crank connected to the axle, provides an
increasing spring rate. A soft-spring suspension provides a comfortable ride on a
relatively smooth road, on the other hand, the springs must be stiff enough to limit large
deflections at any corresponding to resonant oscillation within the permissible rattle
space. Road-handling characteristics also suffer because of what is known as sway or
roll, lateral deflection of the car body that results from centrifugal force acting outward
on turns. The softer the suspension, the more the outer springs are compressed and the
inner springs expanded. Front-end "dive" under brake action is more noticeable with soft
front springs.

The sprung mass of a vehicle is mostly supported by the spring, are often
designed to yield progressively hardening properties, which are characterized by a
cubical force-deflection relationship. Figure 1.15 illustrates the force-deflection
characteristics of a progressively hardening cubical spring. The position of the static
equilibrium of the sprung mass depends upon spring rate and the static load. As the
function of a spring is to store varying amounts of energy, the average of those varying

amounts must be approximately the sprung weight of the car multiplied by half the static



deflection of its springs (Bastow, 1998). This approximation arises principally because

the geometry of the suspension system is unlikely to provide a constant spring rate at the

wheel.
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Figure 1.15: Static equilibrium position of a gas spring
1.2.4 Vehicle Models

A vehicle represents a complex vibration system which can be modeled from one
degrees of freedom to a complex three-dimensional model with hundreds of D.O.F.
Different concepts in suspension damping, however, have been mostly evaluated using a
quarter car model comprising spring and unsprung masses constrained to move along the
vertical axis, as shown in Figure 1.16 (Ahmed, 2001). These models are widely used for

studies of different suspension concepts, and vibration isolation and dynamic travel

properties of the suspension.
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Figure [.16: A Quarter Car Models with Two-degrees of freedom system

A quarter vehicle model may be formulated as 1 to 3 degrees of freedom system
(Michael and Dongsuck, 1995; Genta, 1997), The concepts in suspension design and the
role of various asymmetric/symmetric and linear/nonlinear properties of suspension
components, however, can be effectively investigated using a Two-DOF model. This
model contains no representation of the geometric effects, and longitudinal and lateral
dynamics. Important features of a quarter vehicle model are that it includes a proper
representation of the problem of controlling the wheel load variations and the suspension
system forces, which are properly applied between the wheel mass and the body mass

(Sharp and Crolla, 1987).



1.2.5 Drifting in the Suspension System

Although extensive developments in suspension system have been studied during
the past few decades through repetitive field trials, the effective analytical models of the
modern suspension systems, specially the shock absorber, do not yet exist. The analytical
models developed so far have not been extensively applied or proven for the analysis of
the ‘ride height drifting’ phenomenon of a suspension system, which has been invariably
attributed to the asymmetric properties. Static riding height, often measured from the
rocker panel to the ground (Figure 1.17) is considered to be fixed for vehicles where mass
variations are relatively small. Ride height drifting is a response of the suspension system
generated due to asymmetry of the suspension dampers. This phenomenon of drifting in
the ride height researchers often called ‘ the packing down of the suspension’ (Emery,
2002, Warner, 1996) and also ‘mean line shifting of the alternating amplitude response’
(Rajalingham and Rakheja, 2003). Since majority of the studies are based upon linear or
symmetric dampers (Rengarajan, 1991; Oueslati, 1990; Haque et al., 1995, Rakheja and
Ahmed, 1993, 1994) the phenomenon associated within ride height drifting could not be

investigated.
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Furthermore, another recent study (Emery, 2002) has been undergone the
characteristics of asymmetry of dampers and cause of ‘packing down’ of the suspension.
The experimental study showed that stiffer rebound can induce ‘Packing down’ of the
suspension. Consequently it may cause considerably less suspension movement and
impose higher demands on the tire. Warmner (1996) has conducted laboratory experiments
to demonstrate that the ride height is significantly influenced by the excitation frequency.
The study reported that the average ride height is decreased significantly with the
increase in frequency of excitation as shown in Figure 1.18. The average ride height of
the sprung mass primarily depends upon the compression to rebound velocity response,
and increases with the increase in compression and/or decrease in rebound velocity
changes. Asymmetries in low-speed compression or rebound damping causes nearly
consistent changes in the ride height in the entire frequency range, while the changes in
the mid speed compression or rebound damping result in considerable variations in the
ride height at higher damper velocities. Furthermore, an increase in the mid speed
compression damping and/or a decrease in the mid speed rebound damping reduces the
magnitude of variations in the average ride height with frequency. Variations in high
rebound damping yield considerably larger variations in ride height than those caused by
proportional changes in the compression damping.

Rajalingham and Rakheja (2003) investigated that the influence of a conceptual
single-stage asymmetric damping on dynamic response of the sprung mass of a quarter-
car model. Through numerical simulation, the study showed that the damper non-linearity
introduces a downward shifting in the mean position of the sprung mass in addition to the

vibratory response. However, the response of the unsprung mass doesn’t exhibit such a



mean position shift. The mean position shift in the sprung mass is due to the mean
compression in the shock absorber spring caused by the force imbalance in the

suspension damper during vibrations.
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Figure 1.18: Average ride height response characteristics of the quarter car model
(Warmner, 1996)

[t is very imperative to keep the ride height variations within predetermined limits
in order to (i) maintain headlight dip angle, (ii) provide adequate suspension stroke, (iii)
provide an appropriate ground clearance, (iv) maximize the performance of the car’s
aerodynamics; while downward drift may be beneficial in view of the aerodynamic drag
in racing cars, the build up of pressure under the vehicle body may increase the lift
component, which be adversely affected due to reduced suspension travel (Scibor-Rylski,

1975).



1.3 Objective and Scope of the present research work

From the literature review, it is evident that nonlinear asymmetric dampers are
commonly utilized by road vehicles for enhanced ride and handling performances.
Furthermore, system with such damper is known to exhibit ride height drift phenomenon
also known as ‘packing down’. This behavior causes the vehicle to oscillate about a new
equilibrium which is lower than the static equilibrium. This behavior has been reported
in only a few studies as the basis of the field or experimental observations. Moreover,
nonlinear progressively hardening springs employed in vehicle suspension may further
affect the vehicle ride height. This nonlinear property of the spring may infact counter the
downward drifting effect of the asymmetric damper. The drifting phenomenon associated

with the asymmetric damper, however, has not been adequately investigated.

From the review of published studies, it is apparent that a majority of studies on
the suspension systems and vehicle ride dynamics employs either linear or equivalent
linear suspension components. While many studies have considered the nonlinear
stiffness and damping components, the asymmetry in their force-deflection and force-
velocity characteristics is mostly ignored. The phenomenon of ride height shift of the
suspension has been documented in only a few studies on the basis of either laboratory or
field tests. These are mostly the websites maintained by racing vehicle professionals.
Only minimal efforts have been made to systematically investigate the influence of the
suspension asymmetry on the overall vehicle response, specifically the ride height. The
scope of this dissertation research is thus formulated to investigate the fundamental
response behavior of the stiffness and damping asymmetry on the ride height response of

a vehicle using a simple quarter vehicle model.
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The objective of this work is to demonstrate the phenomenon of ride height drift
utilizing a quarter vehicle model. The ride height responses of a nonlinear and
asymmetric damper along with a linear and nonlinear spring are investigated. A
parametric  sensitivity analysis is conducted to study the effects of suspension

nonlinearity.

The specific objectives of the thesis are thus as follows:

1. To characterize the nonlinear asymmetric behavior of the suspension damping and

stiffness components, and formulate associated models.

9

To formulate a quarter-vehicle model incorporating asymme[ﬁc suspension

components to study their response behavior.

3. Analyze the vehicle model to study the phenomenon of ride height drift.

4. To perform a parametric sensitivity analysis to identify the role of suspension
parameters on the sprung and unsprung mass drift.

5. To establish a relationship between the ride height drift and the suspension

component properties.
1.4  Organization of the Thesis

In chapter 2, a suspension system with a nonlinear spring and damper has been
analytically modeled. A quarter-vehicle model with two degrees of freedom dynamic
system has been taken into consideration for this purpose. Since the drifting is due to
relative shifting of the sprung and unsprung masses in vertical direction from its mean

position; a quarter vehicle model is considered to be sufficient for this investigation. A
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conventional nonlinear damper and an air spring that exhibits cubical force-displacement
are modeled analytically.

In chapter 3, the ride dynamics of the vehicle model is investigated in terms of
responses of the sprung and unsprung masses amplitudes in time domain. The responses
are analyzed to examine the drifting effects of different component characteristics in the
wheel hop frequency (9.5 Hz).

In chapter 4, a comprehensive parametric study is performed to establish the
influence of variation in characteristics of linear, symmetric and asymmetric suspension
components on the ride height responses in the wide range of frequency. A normalized
drift is also identified to obtain a relationship between drift and other suspension
component parameters.

The major conclusions and the needs for further studies are summarized in

chapter 5.



CHAPTER 2

ANALYTICAL MODELING OF SUSPENSION SYSTEM COMPONENTS

2.1  General

The total dynamic force developed by a hydraulic damper is the resultant of the
hydraulic, gas spring and frictional forces, which are complex functions of the fluid
compressibility, valving, seal friction, velocity, acceleration, temperature, etc. (Su, 1990;
Warmer, 1996). The suspension dampers are therefore mostly characterized through
laboratory tests performed under controlled conditions and a number of analytical models
have also been developed. These models may be grouped in three categories on the basis
of the modeling approach. The first group of models is derived on the basis of the
physical system involving fluid flows through orifices (Ikenaga and Lewis, 1991; Hrovat,
1997). These models, however, do not characterize the asymmetric nature of the damping
and valve dynamics, while the seal friction is considered as an ideal friction force. The
second group of models is based upon regression analysis of the measured data and
involves identification of several coefficients (Warner, 1996; Segel and Lang, 1981;
Thompson, 1970). These models can effectively characterize the effects of fluid
compressibility, valve dynamics, asymmetry, and temperature. The models, however, are
damper specific and thus could not be considered for general applications. The third
group of models describes the peak force-peak velocity characteristics in a piecewise
manner to study the role of damping characteristics on the vehicle response in a
convenient manner (Rajalingham and Rakheja, 2003; Rengarajan, 1991; Oueslati, 1990;

Rakheja and Ahmed, 1993, 1994). Such models are also damper-specific and can
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effectively characterize the asymmetric force-velocity nature of the damping attributed to
the valving. Although a number of models could characterize the asymmetric nature of
the damping, only a few studies have explored the effects of damping asymmetry on the
vehicle rnide response. Through laboratory experiments and simulations, Warner (1996)
concluded that asymmetric damping strongly affects the vehicle ride height response that
could deteriorate the lap-time performance of racing cars. Apart from the Wamer’s study,
the effects of asymmetric damping have been mostly observed in laboratory situations
and the resulting ride height response is often referred to as the ‘packing down’ behavior
of the suspension (Emery, 2002). This ‘packing down’ behavior would also influence the
suspension static equilibrium and thus the suspension spring forces, which have not been

explored.

In this chapter, the symmetric as well as asymmetric restoring and damping forces
due to suspension components are characterized using simplified models on the basis of
the mean measured characteristics. The analytical damping and spring models

incorporating their asymmetric and nonlinear properties are also discussed.

2.2 Characteristics of a Hydraulic Damper

The dynamic force developed by a hydraulic vehicle suspension damper
comprises the following major components: (i) hydraulic force attributed to pressure drop
across the flow paths, such as orifices and valves; (ii) restoring force due to gas spring;
and (iii) seal friction force. The magnitudes of the two latter components are considerably
small when compared to that of the hydraulic force. The suspension dampers are

therefore mostly characterized by their hydraulic force components (Sharp and Crolla,
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1987; Oueslati, 1990), which are strongly nonlinear function of the velocity. Figure 2.1
illustrates a typical peak force-peak velocity behavior of a hydraulic damper measured
under sinusoidal piston velocity (Warner, 1996). The force-velocity curve exhibits
hysteretic behavior attributed to fluid compressibility and inertial effects. The
contributions due to such factors are often considered to be small such that the damping
characteristics are represented by the mean force-velocity curve, as indicated by the bold

line in Figure 2.1 (Segel and Lang, 1981; Thompson, 1970; Warner, 1996).
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Figure 2.1: Peak force-peak velocity characteristics of a hydraulic damper (Warner,
1996)
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The mean force-velocity characteristics suggest that the damper generates highly
asymmetric force in compression (v> 0) and rebound (v< 0). The damping force in
rebound is nearly 5 times larger than that in compression. The asymmetry in the
compression and rebound damping forces is further evident from the force-deflection
curves obtained under sinusoidal excitations of varying velocity amplitudes, as shown in
Figure 2.2. Moreover, the damping coefficient (the rate of change of force with respect
to velocity) corresponding to low velocities tends to be considerably larger than at a
higher velocity. The variations in damping coefficient as function of velocity are attained

through different forms of valving, such as blow-off valves (Warner, 1989; 1996).

Compression

Rebound

Displacement

Figure 2.2: Force-velocity characteristics of a hydraulic damper. (Causemann, 2000 )
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Dampers invariably employ valving in the form of one or more orifices and
pressure relief valves. The flow through the valves may occur under either laminar or
turbulent flow conditions (Hanly, 1967; Wahi, 1967; Warner, 1996). Based on the
assumption of the turbulent flow, the characteristic equation for flow rate (Q) through an

orifice is given by:

Where AP is the pressure drop across the valve or the orifice and A. is the effective flow
area, p is the density of the fluid and Cy is the discharge coefficient. Cqis a complex
function of fluid pressure, orifice geometry or valve design. A previous study (Lang,
1985) investigated an inclusive damper model and concluded that the flow rate prediction
cannot be made with an accuracy of better than 10%, while the experimental study
demonstrated the strong dependence of discharge coefficient on the Reynolds number,
geometric properties of the parts, and other design factors. As a result the modeling of

damper valves is considered to be quite complex.

Furthermore, a hydraulic damper employs different configurations of valving
resulting in asymmetric damping characteristics in compression and rebound. The
majority of the damper designs, however, employ two parallel flow path, where one of
them remains functional at all times and is referred to as the ‘bleed flow path’. The flow
through this path alone yields rapid change in the damping force and thus the high
damping coefficient at low velocities, as shown in Figure 2.1. The second path becomes

active when the pressure differential approaches a preset value. The effective flow area
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thus increases at a higher velocity resulting in relatively lower damping coefficient

(Figure 2.1).

Furthermore, consideration of compressibility of oil inside the damper results in
greater complexity in damper characteristics. The thermal expansion and contraction of
the cylinder walls and damper components may also cause variations in the chamber
pressures and the fluid volume. This effect, although being similar to the fluid
compressibility, is of second order (Wamner, 1996). The combined effect of the fluid
compressibility and compression/extension of the cylinder, however, can be effectively
incorporated using a coefficient modified to include oil and cylinder wall effects (Lang,

1985). The fluid compressibility can be expressed as:

Where 4 is the compressibility of the liquid, V, is the chamber volume, P is the

chamber pressure, and dV, is the change in volume due to compressibility. The

dependency of f on the pressure may be attributed to a number of factors: (i) the

compressibility of oil decreases with increase in pressure (Hanly, 1967), (i) any air
volume entrapped in the oil results in an increase of the effective compressibility (Wahi,
1967), and (iii) variations in effective fluid compressibility caused by nonlinear
deformation of rubber O-rings and other components with fluid pressure. Among these
factors the entrapped air is known to affect the fluid compressibility most significantly

(Warmner, 1996).
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Furthermore, the temperature sensitivity of the damping force can be
characterized upon consideration of thermal expansion of the oil and the damper body.
The influence of temperature changes on the component dimensions in considered to be
relatively small compared to the thermal expansion of the fluid (Warner, 1996). Equation
(2.3) illustrates that a decrease in fluid density caused by an increase in the oil
temperature yields reduced damping force. The ratio of damping forces developed at two
different temperatures can thus be directly related to the inverse ratio of fluid volumes

corresponding to the two temperatures, given by:

F,ﬂ' - VOILTrt]' (2.3)
FdT et VOILT

Where F, and Vour are the damping force and the volume of oil, respectively at
an operating temperature 7; F, and V. . are the damping force and the volume of
ref

oil, respectively at a reference temperature T,. Owing to the strongly nonlinear
dependency of damping force on valve flows, operating temperature, compressibility etc.,
the analytical modeling of dampers is considered to be quite complex. Consequently, the
majority of the models are based upon regression analysis of the measured data. Such

models are damper-specific and require identification of several coefficients.
2.3  Modeling of the Damping Characteristics

The dampers are designed to yield variable and asymmetric characteristics to
achieve improved ride and road holding performance (Rakheja and Ahmed, 1992). The

complex nature of the damping characteristics, however, poses considerable challenges
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associated with analytical modeling and analyses as discussed in the previous section.
Owing to such complexities, the majority of the studies on vehicle ride dynamics,
pavement loads and road-holding analysis consider either linear or linear equivalent
damping characteristics (Walker.1996; Joo, 1991; Rengarajan, 1991; Rakheja and
Ahmed, 1994; Su, 1990). Such analyses neglect the effects of damping asymmetry and
nonlinear variations with the relative velocity, but facilitate preliminary design analysis
and exploration of different damping concepts. Alternatively, a few studies have
characterized asymmetric damping properties by a piecewise linear describing function,
as illustrated in Figure 2.3 (Rajalingham and Rakheja, 1993; Rakheja and Ahmed, 1994;
2003; Ahmed, 2001). In this formulation, the low and high speed damping coefficients in
compression (C;, C;) and rebound (C3, Cy) for a specific damper are identical from the
mean of the laboratory-measured data, while neglecting hysteresis. The velocities (0. ),
where the transitions from low speed damping coefficients (C, and Cs) to the high speed
coefficients (C; and Cy) occur, are also identified from the measured data. The piece-wise
linear describing function models of symmetric and asymmetric suspension dampers have
been effectively employed in ride dynamic models of different Vehicles (Rakheja and
Ahmed, 1993). The piecewise linear representation is considered adequate to study the
effects of damping asymmetry and nonlinearity. A number of different piecewise linear
models, however, may be considered to investigate the fundamental response behavior of
symmetric as well as asymmetric damping. These models are described in the following

subsections.
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Figure 2.3: A piecewise linear damper characterization of asymmetric force-velocity
characteristics (Rakheja and Ahmed, 1993).

2.3.1 Piecewise Linear Models

An asymmetric damping property could be simply characterized by a single-stage
force-velocity curve, as shown in Figure 2.4. Such damping characteristics reveal
rebound damping coefficient considerably higher than that in compression. A single-
stage damping would imply the presence of a single flow path, while the flow resistances
in compression and rebound would differ. A model of this type has been used in a recent
study (Rajalingham and Rakheja, 2003), as shown in figure 2.5. The damping force due
to such a damper can be expressed as:

F - {c,é; forz<0 (2.4)
¢ ;3 forz20

where C, and C; are compression and rebound damping coefficients, respectively. Fj is

the damping force and 2 is the piston velocity.
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Figure 2.5: A single-stage asymmetric Damping Model
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Denoting p as the asymmetry factor (C3/Cy), the damping force may be expressed as:

Cz; forz<o0
F, = . . (2.5)
pCz; forz20

The dampers, however, invariably exhibit two or more stages of damping where
the low speed damping coefficient is considerably larger than those attained at medium or
high velocities, as evident from Figures 2.1 and 2.4. A few studies have considered multi-
stage damping either in the form of regression models (Thompson, 1970; Sharp and
Crolla, 1987; Chaudhury, 1998, Purdy, 2000) or piecewise linear models (Rajalingham
and Rakheja, 2003; Hac and Youn, 1993; Rakheja and Ahmed, 1993, 1994). The
piecewise linear models reported in these studies consider two-stage damping, although
symmetric in compression and rebound. A symmetric force-velocity characterization of a
damper is often realized through reduction or simplified representation of the asymmetric
force-velocity properties to facilitate linear analysis in the convenient frequency domain
(Rakheja and Ahmed, 1993). The force-velocity characteristics, symmetric in
compression and rebound illustrated in Figure 2.6, reveal high damping coefficient (C;)
corresponding to a lower velocity and a lower damping coefficient (Ca) at higher
velocities. The transition from low to high damping coefficient occurs at a preset velocity

a. The damping force may be expressed as:

_] G& for|f < (2.6)
‘7 |Casen@) +C [z —asgn(d)];  for|q|za
Where,
I for(.)20
sgn(.) =
-1; for(.) <1

43



The sgn function is taken as 0 when z=0.
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Figure 2.6: Idealized representation of force-velocity characteristics symmetrical compression and

rebound.

Denoting the ratio of high speed damping coefficient to the low speed coefticient as a
damping reduction factor attributed to the flows through the valve (y=Ci/C)), the

damping factor could be expressed in terms of the low speed damping coefficient C,:

|Gz for|z| <

= 2.7
(1-y)C,asgn(z) + ¥C,z; for|z]> a

d

The composite force-velocity curve of a typical hydraulic damper, however,
exhibits multi-stage and asymmetric damping characteristics, as illustrated in Figure 2.1.

Such a composite curve can be obtained from the hysteresis loop of the force-velocity



diagram by computing mean values of the peak forces for given velocities. The resulting
composite curve consists of variable damping properties at different velocities. Although
such composite force-velocity characteristics neglect the contributions due to fluid
compressibility and thermal effects, they are considered to adequately describe the mean
characteristics and the damping asymmetry. On the basis of laboratory characterization of
14 different bus suspension dampers, it was shown that the damping characteristics for
the purpose of vehicle ride dynamic analysis can be effectively represented by the
composite curve (Rakheja et al., 2001). The force-velocity curve illustrated in Figure 2.4
effectively applied to describe the low speed and high speed asymmetric damping

characteristics.

The damping curve reveals high damping constants (C; and Cs) corresponding to
bleed-control at low piston velocity in compression and rebound, and low damping constants
(C; and Cy) due to blow-off flows at high piston velocity. The transitions from high to low
damping in compression and extension occur at certain preset velocities, o and @

respectively, in compression and rebound. The damping force can then be expressed as:

Cl Z; fOI'a(. <z< (2.8)
Fd=<clac+cz(z._af); for ZSCZf
C, % for 0<:i<a,
Ca, +C (2-a,); for z2a,
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Denoting p=Cy/C, as the asymmetry factor corresponding to low piston velocity, and
compression and rebound damping reduction factors as, 7.=C/C; and y,=Cy/C;j, the

damping force can be expressed in term of low speed damping coefficient, C;:

Gz fora, <2<0
F,={ I-r)Ca +y.C % for :<a,
pCi % for 0<i<a, 2.9)
~(l_y¢)pclae+p},eclz; for ZZCZ,_,

24 Analytical model of a nonlinear suspension spring

Apart from the suspension dampers, the suspension springs also exhibit nonlinear
progressive hardening characteristics. The leaf, air and rubber springs employed in
medium size and heavy vehicles, invariably exhibit nonlinear force-deflection
characteristics, where the spring rate tends to increase with increase in the load. An
increase or decrease in the load tends to cause a shift in the static equilibrium position in
the absence of a ride height control. Moreover, the air springs yield asymmetric force-
displacement behavior due to compressibility of the air (Quaglia and Sorli, 1998; Rakheja
et al., 1999). This asymmetry coupled with the nonlinear characteristics, may influence
the downward drifting phenomenon associated with asymmetric dampers. Majority of the
reported studies on vehicle ride dynamics tend to consider either linear or linearized
spring characteristics (Rengarajan, 1991; Haque et al., 1995; Rakheja and Ahmed, 1994;
Su, 1990; Joo, 1991). The influence of stiffness nonlinearity on the ‘packing down’ or

‘ride height drifting’ behavior has not been investigated.
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Force (Ibs)

An air spring exhibits force-displacement characteristics as a hysteresis loop as
shown in Figure 2.7. Owing to relatively small hysteresis magnitudes, a composite mean
force-displacement curve can be used to characterize the force-displacement

characteristics as shown in Figure 2.8 (Rakheja et al., 1999).
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Figure 2.7: Force-displacements characteristics of an R11-130 air spring (Rakheja et al.,
1999).
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Figure 2.8: Force-deflection characteristics of an air suspension spring

47



The study suggested that, the force-deflection characteristics of air springs can be
established as a function of the preload, while the static ride height is maintained at the
recommended value. The instantaneous restoring force developed by an air spring is related

to the instantaneous pressure and the effective area:
Fraa (@)= (Dy = Pum)Ac(4,) (2.10)

where p4 is the absolute gas pressure, and Ag is the effective area as a function of the
spring deflection J; with respect to static design height. The instantaneous pressure and
effective area are nonlinearly dependent on the air bag height, which may be clearly
observed from the measured data. The instantaneous gas pressure may be related to the
static charge pressure and the spring deflection using the gas law. Assuming a polytropic
process, the instantaneous pressure may be derived from:

n
PoVo

6, )=—""T" 22—
p.09,) (e = A0.)" (2.11)

where py is the absolute pressure corresponding to static ride height, vg is the static

volume and n is the polytropic constant.

The resulting curve reveals progressively hardening characteristics, which can be
alternatively described by a cubic force-deflection relationship during compression. The
softening behavior in the rebound suggests nearly linear force-deflection relationship.

The force-deflection relationship may thus be expressed as:

f = F,-(K,z+K,z’); for z<4,
* F,-K,z for z>4,
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Where f; is the spring force, K, and K are the linear and cubic stiffness coefficients, 8y is
the static deflection of the spring which depends upon the load, Fy supported by the
spring. Equation (2.12) can be used characterize the nonlinear and asymmetric force-
deflection characteristics of suspension springs, similar to the damper models.
2.5 A Quarter-Vehicle Model

A vehicle model to be selected for the purpose of vibration analysis is largely
dependent on the objective of the analysis. The objective here is to illustrate a simple but
credible model that can be utilized for fundamental investigation into the ride height
drifting or ‘packing down’ phenomenon of the suspension system. The model is thus
required to characterize the vertical dynamics of the sprung and unsprung masses under
road-induced excitations. The analytical model should be capable of predicting the
bounce responses of the sprung and unsprung masses where the nonlinear characteristics
of the suspension elements can be adequately represented. A quarter vehicle model is
commonly used to obtain a qualitative insight into the functions of the suspension,
particularly the effects of the sprung and unsprung masses, spring stiffness, and damping
concepts on the dynamic responses of the masses, rattle space, and the tire and
suspension forces. A quarter vehicle model constrained along the vertical axis can be

formulated using 1 to 3 degrees-of-freedom (DOF) (Genta, 1997).

A single-DOF model is used to study various concepts in suspension assuming
negligible contribution due to unsprung mass of the wheel and axle assembly and visco-
elastic properties of the tire, as shown in Figure 2.9(a). A two-DOF quarter vehicle model
is used most commonly, which incorporatés the dynamics of the unsprung mass and

elastic properties of the tire, as illustrated in Figure 2.9(b). A three-DOF quarter-vehicle
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model may further include the secondary suspension, such as body mounts, seat
suspension or cab suspension as illustrated in Figure 2.9 (c). A two-DOF quarter vehicle
model would be adequate for the study of asymmetric/symmetric and linear/nonlinear
properties of suspension components, as it could fully describe the essential bounce
motions of the vehicle sprung mass, wheel and suspension components. This model
contains no representation of the geometric effects of having four wheels, and any effect

of roll and pitch motions.

Sprung
mass 1
Secondary
H Suspension
Sprung Sprung
mass mass 2
Suspension $ * ? Suspension
Sprung Unsprung Unsprung
mass mass mass
Tire
Tire Tire i a
M —/\_/\
(a) (b) {c)

Figure 2.9: a) Single-DOF, b) Two-DOF and c¢) Three-DOF quarter-vehicle models.
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A quarter vehicle model is also useful for representation of wheel load variations
and suspension system forces (Sharp and Crolla, 1987). The most common and simple
two-DOF quarter vehicle ride model that can be utilized for evaluation of sprung and
unsprung mass bounce characteristics is presented in the Figure 2.10 (Ahmed, 2001).
Here, the suspension components are modeled as non-linear elements for the ride
analysis. The mass of the vehicle supported by the suspension is represented by the
sprung mass m, while the masses due to wheel and tire assembly, and the brakes, are
lumped together with portions of the steering and suspension masses, and represented as
the equivalent unsprung mass, m,. The sprung mass, m of the vehicle model is derived

upon subtracting the unsprung mass m, from the total of the vehicle mass supported by a

L

Xs

single tire.

Ks H Cs

o

"' e ©

J ]

Figure 2.10: A two-DOF quarter vehicle Model.
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The differential equations describing the motions for a nonlinear two-DOF quarter

vehicle model subject to road excitation xy can be expressed as:

mZ +F,(2)+ f,(z2)+m,g=0 (2.13)

mz, —F,(2)-f,(D)+F,(z)+m,g=0 (2.14)

Where Fp and f; are suspension damping and spring forces respectively, as described by

the component models in equations (2.4), (2.6), (2.8) and (2.12). It should be noted here
that Fp is the function of the relative velocity, Z= X, - X, . The spring force f; is the
function of relative displacement, z=X,-X,. F; is the force developed by the tire.
Assuming linear spring rate and viscous damping due to tire, the tire force can be

expressed as:

F(z))=k(z,-0,)+C,2; for (v, =9,)<0
=0; otherwise

where z;=X,-Xo, represents the relative deflection of the tire and ¢, is the static tire

deflection.

2.6 Summary

[n this chapter, a suspension system with a nonlinear spring and asymmetric
damper has been analytically modeled and incorporated within a two degrees-of-freedom
quarter-vehicle model. Since the ‘packing down’ phenomenon is a net effect due to
vertical motions of sprung and unsprung masses, a quarter vehicle model is considered to

be sufficient for this investigation. An air spring that exhibits cubical force-displacement
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characteristics in compression and linear properties in extension is considered for
suspension spring. The nonlinear and asymmetric force-velocity characteristics of the
hydraulic suspension dampers are modeled using piece-wise linear properties with
asymmetry between compression and extension. The parameters of this damper model
could be varied to represent either a single-stage or multistage asymmetric damping
characteristics. The differential equations of motion for quarter-vehicle model derived in
this chapter are solved in the following chapter to study the influence of asymmetric

suspension properties on the response of the sprung and unsprung masses.
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CHAPTER3

VEHICLE RIDE ANALYSIS

3.1 General

The shock and vibration attenuation performance of a suspension system is
evaluated from the response to known dynamic excitations. These evaluations may be
performed either in laboratory or via computer simulation of the suspension dynamics as
described by a mathematical model. Generally, it is more practical, versatile and
economical to perform the analysis via computer simulation rather than laboratory or
field-testing. A mathematical model validated against known characteristics provides a
powerful tool for detailed analysis, evaluation of parametric sensitivity and functional
limits. Since low frequency ride in terms of sprung and unsprung mass vertical motions
and influence of nonlinear suspension are the focus of this investigation, the use of a
simplified quarter vehicle model was justified in the chapter two. The nonlinear equations
of motion for a quarter car model were presented in the previous chapters. This chapter is
devoted to the ride analysis of the model with nonlinear suspension system. The
simulations are carried out utilizing Matlab ‘simulink’ for various sinusoidal excitations.
A set of baseline parameters for the vehicle and suspension are adopted from literature.
The model with nonlinear damper and linear spring is first validated by comparing the
simulated results over a wide frequency range with those published earlier. The validated
model is then used systematically to simulate time history of sprung and unsprung masses
to characterize the ride responses. The responses are examined to establish the influence

of suspension nonlinearity and asymmetry on the drift of sprung mass dynamic
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equilibrium referred to as drift. The influence of some asymmetry parameters on drift is
also examined and presented in this chapter.
3.2 Basic System parameters

Basic system parameters for the quarter vehicle model are adapted from literature
(Rakheja and Ahmed, 1993) and are typical of those used for a mid-size passenger car.
These parameters are presented in Table 3.1. The table further presents a set of baseline
parameters for the nonlinear damper and spring of the suspension as established in
chapter 2. Parametric sensitivity of the response for the suspension parameters around

their baseline values are investigated and presented in the next chapter.

Table 3.1

Parameters " s - L ) "Value
Parameters for linear system - ;
Sprung mass, m, 240 kg
Unsprung mass, m, 40 kg
Linear suspension damping coefficient, C.q 975 N-s/m
Linear suspension spring coefficient, K. 16000 N/m
Tire damping co-efficient, C, 200 N-s/m
Tire stiffness co-efficient, K, 120000 N/m
Non-linear Suspension Damping and spring Parameters:
High damping coefficient at compression side, C, ‘ 514.5 N-s/m
High damping coefficient at extension side, C3 2747.5 N-s/m
Low damping coefficient at compression side, C» 177 N-s/m
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Table 3.1 (continued)

Low damping coefficient at extension side, Cy 462 N-s/m
Preset velocity at extension side a. 0.1524 m/s
Preset velocity at compression side a, -0.2163 m/s
Asymmetry ratio, p 5.34
Nonlinear stiffness co-efficient, K; 12000 N/m
Nonlinear stiffness co-efficient, K, 1.953e6 N/m’
Static equilibrium position of the sprung mass, 3 0.0l m

3.3 Model Validation

Dynamic responses of the vehicle and suspensions have been extensively
investigated for either linear or equivalent linear suspension components (Thompson.
1970; Sharp and Crolla, 1987; Rengarajan, 1991; Wong, 1993; Rakheja and Ahmed,
1994), and can be readily compared with the developed model for its validation. Ahmed
and Rakheja (1994) presented an equivalent linearization for nonlinear asymmetric
damping in vehicle suspension. The study utilizing a quarter-car model compared the
responses of the equivalent linear model in frequency domain obtained as exact solution
through numerical integration. Figure 3.1 shows the published results in term of
displacement transmissibility of the sprung and unsprung masses for frequencies in the
range of 0.1 to 10 Hz. The parameters used in this study are (Rakheja and Ahmed, 1994):
Sprung mass, m= 240 kg.
Unsprung mass, m,=40 kg,

Tire damping co-efficient, C,= 200 N-s/m
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Tire stiffness co-efficient, K, =120000 N/m
Linear suspension spring co-efficient, K.q= 16000 N/m
High damping co-efficient at compression side, C; = 514.5 N-s/m
High damping co-efficient at extension side, C3;=2747.5 N-s/m
Low damping co-efficient at compression side, C;=177 N-s/m
Low damping co-efficient at extension side, C;=462 N-s/m
Preset velocity at extension side a.= 0.1524 m/s
Preset velocity at compression side a.= -0.2163 m/s

The model developed in this study and simulated using Matlab simulink is
assigned the above parameters for simulation under sinusoidal excitation of amplitude
0.05 m. The steady state time response computed at selected frequencies is used to
establish the frequency domain transmissibility in the range of 0.2 to 10 Hz. The results
established as sprung mass (X¢/Xo) and unsprung mass (X,/Xo) transmissibility are
presented in Figure 3.2 in logarithmic scale. These results are identical to Figure 3.1 both
in trend and quantity, and provide a positive validation of the present model and its
simulation using simulink. It should be pointed that, these results (Figure 3.1 and 3.2) are
influenced by the excitation amplitude due to strong nonlinearity of the suspension
elements. It was thus important to carry out the validation for the same input as that used
by Rakheja and Ahmed (1994).
3.4 Ride analysis of the Vehicle Model

The model for vehicle ride and simulation methodology, which is validated in the
previous section, can be used for systematic analysis of ride properties. The primary

objective is the analysis of ride is to examine the influence of suspension nonlinearity
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and asymmetry on the drift of sprung and unsprung mass at dynamic equilibrium. For a
through understanding of the suspension influence, it is however necessary to introduce
one of the characteristics at a time. For this reason, the model is simulated for a range of
suspension characteristics from fully linear to nonlinear, asymmetric with nonlinear
spring.

All results are obtained in time domain for a set of sinusoidal excitations in the
frequency ranges of 0 to 20 Hz. Results of interest are: motions of sprung and unsprung
masses, relative motions and velocities across the suspension. These results are recorded
once the steady state is reached. The following sub-sections present the results in
sequence starting from the linear suspension.

3.4.1 Linear suspension

A full linear system is established by selecting an equivalent linear parameter for
suspension stiffness and damping. The linear system responses are obtained by setting all
nonlinear damping parameters C; and C; to the value of 975 N-s/m, while linear
suspension stiffness is set to the value of 16000 N/m.

Steady state time history of the responses to sinusoidal excitation of amplitude
0.05 m are examined at several frequencies. A sample set of results at the wheel-hop
natural frequency of 9.5 Hz is presented in Figure 3.3. As the results indicate, for
symmetric linear suspension, the responses are symmetric about the static equilibrium,
which is indicated by position zero. Variation of relative amplitude symmetrically about
zero is the indication used to establish drift of the ride. The drift is defined as shift of the
zero line in the relative amplitude response. As expected, for the linear suspension there

is no drift and the response shown in Figure 3.3 are typical of a linear system.
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Figure 3.3: Linear suspension ride responses at 9.5 Hz
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3.4.2 Suspension with Nonlinear Symmetric Damping

Neglecting the difference in compression and extension strokes of the suspension,
the model can be simplified to a nonlinear but symmetric characteristic. Such a nonlinear
damper characteristics is shown in Figure 2.6. A similar characteristic is considered in
investigations of suspension modeling and performance (Rakheja and Ahmed, 1993). As
discussed in chapter 2, a symmetric nonlinear damper is represented by a high and low
damping with a preset velocity a. Furthermore, the characteristic is symmetric in
compression and extension. The high and low damping for this case is taken as the
average of baseline high and low damping presented in Table 3.1. The resulting values
utilized for this section are C;=C3=1631 N-s/m and C>=C,4=320 N-s/m. The preset break
velocities where damping change is taken as d..= =0.1524 m/s.

Similar to linear system, steady state responses are examined for frequencies 0.5
to 20 Hz. A sample result for excitation frequency of 9.5 Hz is presented in Figure 3.4.
For nonlinear symmetric damping it is observed that the effective damping in the
suspension is sensitive to the amplitude of excitation. It is expected since the extent of
high damping value utilized depends on the magnitude of relative velocity across the
damper in relation to the preset break velocity (a).

An examination of results presented in Figure 3.4 indicate symmetric variation in
the relative amplitude about the static equilibrium. Thus similar to linear response,

symmetric nonlinear suspension does not lead to any drift in the ride height.
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Figure 3.4: Ride response for a nonlinear symmetric damper at 9.5 Hz.



3.4.3 Ride Analysis of a Nonlinear Damper

As discussed in chapter 1 and modeled in chapter 2, suspension dampers are
designed to provide variable damping with asymmetry between compression and
extension. The damping Force-Velocity curve reveals high damping constants
corresponding to bleed-control at low piston velocity, and low damping constants due to
blow-off at high piston velocity. The transition from high to low damping in compression
and extension occurs at certain preset velocity. Such a characteristic idealized by four
piecewise linear segments is shown in Figure 2.4. These four coefficients used in this
investigation are given in the Table 3.1, and are C;= 514.5 N-s/m and C3=2747.5 N-s/m,
C;=177 N-s/m, C4=462 N-s/m. The preset velocities in extension and compression are:
0e=0.1524 m/s, a.=-0.2163 mV/s, respectively. Prior to considering a damper with two-
stage in compression and two-stage in extension, this investigation first examines a
single-stage asymmetric characteristics. A two-stage asymmetric damper can be
simplified to a single-stage damper model (Figure 2.5) by assigning a constant low
damping value for compression and a constant high damping value for extension. This
section finally considers a two-stage asymmetric damper model, which uses C; to Cy with
. and a. to describe force in compression and rebound.
34.3.1 Ride Analysis of a Single-Stage Damper Model

The single-stage asymmetric damper is modeled by assigning C,=C; and C4=C;in
the nonlinear Matlab simulink model such that the damper behaves as single-stage. The
damping coefficients in compression and extension are taken as average baseline
damping values in compression and extension of multi stage asymmetric damper. The

compression and extension damping values are thus taken as: 345.6 N-s/m and 1604.75
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N-s/m, respectively. These parameters provide an asymmetry ratio, p=4.64. The steady
state time-history of the responses is obtained following the same steps as those in the
previous cases. The results corresponding to wheel hope natural frequency (9.5 Hz) is
shown in Figure: 3.5. These responses corresponding to asymmetry ratio of 4.64, defined
as C5/C,. The relative amplitude across the damper in this case clearly indicates
oscillation about a new equilibrium. For an excitation amplitude 0.05 m and damper
asymmetry of 4.64, the zero line has shifted by —0.14 m, and is referred to as drift.
Researchers observing such behavior (Warner, 1996; Emery, 2002) refer to such
phenomenon as packing down of suspension. This behavior results from the fact that
asymmetric damper generates unequal force in compression and extension. Since less
force is developed against compression, the sprung mass tends to oscillate about a new
equilibrium that is considerably lower than the static equilibrium. This will thus result in
a reduction in the working space for the suspension by the amount of the drift. The results
further reveal that the packing down of the sprung mass is primarily responsible for the
drift of relative motion.

To examine the influence of asymmetry on the drift behavior, further results are
obtained at wheel hop natural frequency for variation of ‘p’. The results summarized as
peak drift as a function of asymmetry ratio (p) for excitation amplitude 0.05 m are shown
in Figure 3.6. This clearly attributes the phenomenon of drift to extent of asymmetry in
the damping force. An extensive parametric study is carried out in the next chapter to

examine influence of suspension parameters over a frequency range.
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Figure 3.5: Ride response for a single-stage damper with asymmetry ratio 4.64 at 9.5 Hz.
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Figure 3.6: Effect of asymmetric ratios on the suspension drift for a single-stage damper
at 9.5 Hz.

3.4.3.2 Ride Analysis of a Two-Stage Nonlinear Asymmetric Damper
Two-stage nonlinear asymmetric damper is represented by two damping constants
for each of compression and extension strokes. The preset velocities are also defined to
identify the relative velocity where the damping coefficients change. The simulation is
carried out for the baseline parameters presented in Table 3.1 except for the suspension
spring. Here the suspension spring is taken as linear with stiffness Ks= 16000 N/m. The
baseline asymmetry ratio ‘p’ defined, as Cy/C; is 5.34. Figure 3.7 presents the simulated
ride responses in time domain corresponding to the wheel hop natural frequency of 9.5
Hz. As is observed for single-stage asymmetric case, the two-stage asymmetry also leads

to a shift in the ride height.
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Figure 3.7: Ride response for a two-stage nonlinear damper with base line system
parameters.
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For p=5.34, the results in Figure 3.7 show —0.07 m shift from the mean line for relative
amplitude across the suspension. The drift is thus established as -0.07 m. The magnitude
of drift in this case of two-stage asymmetric damper is found to be less than that of a
single-stage. Comparison of results with single-stage damper further indicates reduced
magnitude of the sprung mass motion at 9.5 Hz. The change of response is a combined
effect of change in equivalent damping and asymmetry realized with the baseline damper.
For a two-stage asymmetric damper, four damping constants are involved and its
asymmetry characteristics can only be defined by minimum of these parameters. These
parameters defined as: asymmetry ratio (C3/C,), compression reduction factor (Cy/C))
and extension reduction factor (C4/C;). Simulations are carried out for variation of one
parameter at a time. In all cases the results are recorded corresponding to wheel hop
natural frequency (9.5 Hz).
a) Affects of Asymmetry Ratio

The Asymmetry ratio for the two-stage nonlinear damper (p) is varied between 2
to 7 and the steady state magnitude of the drift is recorded for each simulation. The
results summarized in Figure 3.8 presents the drift versus p relationship for excitation
frequency 9.5 Hz. These results indicate a linear relationship between asymmetry ratios
and ride drift. Compared to single-stage, the influence of p is significantly less for two-
stage damper as it alters only high damping ratios at low velocities.
b) Affects of Extension Reduction Factor of the Damper

The damper extension reduction factor is defined as the ratio of two damping
coefficients in the extension stroke and is defined as C4/C;. For the base line model, the

extension reduction factor is 0.168 and the corresponding drift as shown in Figure 3.7 is -
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0.07 m. Further results are obtained for extension reduction factor 0.05, 0.10 and 0.2.

This is achieved by changing C, while C;
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Figure 3.8: Drift as function of asymmetry for two-stage damper at 9.5 Hz.
and all other parameter maintained at the baseline value. The results as magnitude of drift
for the selected extension reduction factor are shown in Figure 3.9. As the results show,
increase in extension reduction factor reduces the drift to some extent. Since extension
reduction factor is defined as Cy/C;, an increase in the ratio using reduced Cs leads to
lower overall asymmetry of the damper. The reduced asymmetry in tum reduces the
magnitude of drift.
¢) Affects of Compression Reduction factor

Similar to extension reduction factor, compression reduction factor is defined as
the ratio of the two damping coefficients on the compression side, and is defined as

C,/C,. For the baseline parameters presented in Table 3.1, the compression reduction
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factor is 0.34 and the corresponding drift as shown in Figure 3.7 is <0.07 m. To examine
the effect of this parameter, further results are computed at 9.5 Hz for compression
reduction factor 0.1, 0.5 and 0.8. This is achieved by changing C, while C, and all other

parameters maintained at the baseline value.
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Figure 3.9: Drift as a function of extension reduction factor at 9.5 Hz.

The results as magnitude of drift for the selected compression reduction factor s
are presented in Figure 3.10. These results show a slight increase in the drift as
compression reduction factor is increased, and is trend is opposite to that of extension
reduction factor. In the case of compression reduction factor, larger ratio requiring lower
value of C; leads to increased asymmetry of the damper. In analyzing Figure 3.9 and 3.10
showing the effect of coefficient ratios, it should be pointed out that the variation in the
ratios are achieved by modifying the coefficient corresponding to the higher velocity
only. Effect of this is therefore dependent on the magnitude of relative velocity attained

across the damper in the response.
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A more meaningful conclusion can only be drawn from a comprehensive
parametric study with variation in excitation amplitudes. Such study is carried out and

presented in the next chapter.
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Figure 3.10: Drift as a function of compression reduction factor at 9.5 Hz.

3.5 Ride Analysis of a Nonlinear Asymmetric Damper and Spring

Simulation and analysis of results presented in section 3.4 dealt with nonlinear
asymmetric damper with a linear suspension spring. Finally, in this section, the complete
system as proposed to contain nonlinear damper and nonlinear spring is considered. The
suspension spring as proposed in section 2.4 and represented by equation 2.12 is
nonlinear with asymmetric characteristics. The asymmetry of the spring is however,
opposite to that of the damper. The springs are significantly stiffer in compression than
the rebound mode. The baseline spring parameters for the nonlinear representation are

given in Table 3.1.
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Similar to previous sections, the ride response results obtained from simulation at
9.5 Hz excitation are presented in Figure 3.11. An examination of responses of the sprung
mass and suspension indicates small positive drift while the results due to same damper
parameter with linear spring presented in Figure 3.7 showed significant negative drift.
Such trend in response is attributed to the fact that the asymmetry of suspension spring is
opposite to that of damper, and tends to cancel the effect of asymmetry. The results
obtained so far for wheel hop natural frequency indicate that potentially once can find a
nonlinear spring such that the drift due to asymmetric damper is zero. A constructive
conclusion can however, be only drawn after an extensive parametric study over a wide
frequency range with variation in spring parameters.
3.6 Summary
The vehicle Ride analysis model developed in chapter 2 with nonlinear asymmetric
suspension and nonlinear spring is simulated in this chapter through Matlab simulink
tool. The model and simulation is first validated by comparing nonlinear time history
responses over a wide frequency range with those of published data. The validated model
is utilized in a systematic manner to investigate the effect of suspension nonlinearity and
asymmetry. Simulation results are obtained in sequence from linear system to full
nonlinear. All the results presented and analyzed in this chapter corresponding to wheel
hop natural frequency where the magnitude of relative motion across the suspension at its
maximum and drift is most likely. The results clearly reveal the role of suspension
damper asymmetry on the drift phenomenon. Damper with lower coefficient in
compression than extension lead to ‘packing down’ behavior where the sprung mass and

suspension motions are not about its static equilibrium, but about a new zero line lower
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Figure 3.11: Ride analysis of an asymmetric damper and spring for excitation at 9.5 Hz
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than the static equilibrium. The extent of this drift can be directly related to the
asymmetry of the damper.

The drift due to asymmetry of damper can be identified from simulations with
linear suspension stiffness. When nonlinear stiffness is introduced the drift is found to
reduce significantly. This is attributed to the fact that suspension stiffness nonlinearity
produces larger force in compression and is opposite to the asymmetry in the damper.
Spring nonlinearity, thus tend to cancel the drift introduced by damper at the wheel hope
frequency. Consequently there may exist stiffness characteristics that will neutralize the
drift created by damper.

While it is obvious that asymmetry of damping leads to drift at wheel hop natural
frequency, it is essential to characterize this over a wide frequency range. A
comprehensive parametric study is undertaken in the next chapter to examine the
influence of parameters over a wide frequency range as well as to explore the prospect of
establishing a nonlinear spring characteristics to minimize the drift over the entire

frequency range.
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CHAPTER 4

INFLUENCE OF DAMPER PARAMETERS ON RIDE HEIGHT DRIFTING

4.1 General

The road vehicle ride model with nonlinear suspension characteristics developed
in chapter 2 is simulated to examine the influence of suspension properties on the ride
height drift phenomenon. The simulation results presented in chapter 3 in terms of time
history clearly demonstrates that the nonlinearity and asymmetry in the damping property
lead to drift in the ride height. The magnitude and the direction (up or down) of the drift
depend on the magnitude of damping and asymmetry between extension and
compression. In general, increased asymmetry with lower damping in compression leads
to downward drift of the sprung mass and relative motion. The drift is also found to be
maximum at the wheel hop natural frequency. The results presented in chapter 3 are

obtained for a fixed sinusoidal input at the wheel hop natural frequency.

This chapter is devoted to the study of suspension parameters and their influence
on the drift magnitude over a wide frequency range for different excitation amplitudes. A
frequency range of 0 to 20 Hz is considered here as appropriate for ride performance
study. The parameters that characterize nonlinear asymmetric damper include: the

asymmetry ratio (p) defined as C3/C;; damping ratio () defined with respect to C,; preset
velocities (&, o.); extension reduction factor (y.) defined as C4/Cs; and compression

reduction factor (y.) defined as C,/C,.
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The nonlinear spring modeled in chapter 2 is also examined here for its effect in
combination with linear and nonlinear asymmetric dampers. Finally, an attempt is made
to establish parameters for a nonlinear spring that may minimize the influence of damper

asymmetry on the ride height drift over the frequency range.

4.2 Influence of Suspension Parameters on Ride Height Drift

The proposed vehicle suspension system model comprises a cubical spring and a
nonlinear asymmetric damping mechanism to achieve a full nonlinear asymmetric
suspension system. The effects of suspension asymmetry on the drift of dynamic
equilibrium as ride height drift, established from steady state time response at selected
frequency are demonstrated in chapter 3. The results are obtained systematically from
linear damping and stiffness characteristics to fully nonlinear suspensions. The results
clearly demonstrate that the drift is only present in the case of asymmetric suspension
characteristics. The section on parametric study thus only considers asymmetric damper

characteristics with linear and nonlinear springs.

The influences of damper parameter are examined for two cases, namely: single-
stage asymmetric damping and two-stage asymmetric damping. [n these cases the spring
is assumed linear. Finally a nonlinear spring is introduced with a two-stage damper and

studied for the combined effect on the ride height drift behaviors.

4.2.1 Single-Stage Damper with a Linear Spring
As shown in Figure 2.5, a single-stage damper is essentially piecewise linear with
lower coefficient in compression and can be considered for a reasonable representation of

a real damper. The nominal parameters are taken as average value of coefficients in
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compression and extension side which yields C,= 345.63 N-s/m and C, =1604.75 N-s/m
respectively. The simulations are carried out using Matlab simulink model in time
domain as presented in chapter 3. Results are obtained by measurements of steady state
time domain response for sinusoidal excitation of 0.05 m in the frequency range of 0 to
20 Hz. The magnitude of drift as defined in chapter 3 is established at discreet
frequencies and presented in Figure 4.1. The results as shown indicate that for such
damping characteristics the sprung mass experiences "packing down’ phenomenon over
the entire frequency range. The drift increases rapidly producing a small peak at sprung
mass natural frequency and reaches its peak value of -0.13 m corresponding to the wheel
hop frequency where the relative amplitude between the sprung and unsprung masses is

maximum.

The results of drift normalized by the relative amplitude plotted over the
frequency range are shown in Figure 4.2. This shows interesting result, indicating that

the normalized drift is a linear function of the frequency of excitation.

The baseline model with single-stage asymmetric damping and linear spring is
next examined for influence of parameters. The parameters considered are asymmetry

(p), amplitude of excitation (Xg) and damping ratio (§).
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Figure 4.1: Frequency response of drift for baseline single-stage asymmetric damper
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Figure 4.2: Normalized drift for single-stage asymmetric damper.
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4.2.1.1 Influence of Asymmetry (p)

The results presents in Figures 4.1 and 4.2 correspond to p=4.6, indicating that the
damping coefficients in extension is 4.6 times that of compression stroke. Further results
are obtained for p=2 and 3 over the frequency range and presented in Figure 4.3. As the
results show, identical trend in drift is produced for all values of p whereas drift reduces
with reduced asymmetry. The results normalized with respect to relative amplitude
shown in Figure 4.4 also indicate linear relationship with frequency for all values of p.
The rate of change of normalized drift with frequency shown in Figure 4.4 for p=2, 3 and
4.6 are found to be 0.08, 0.16 and 0.3 Hz, respectively, indicating a near linear

relationship of the drift rate with the asymmetry.
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Figure 4.3: Frequency response of drift for different asymmetry in a single-stage damper
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Normalized Drift
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Figure 4.4: Normalized drift for a single-stage damper which various asymmetry

4.2.1.2 Influence of excitation magnitudes (X)

Since relative amplitude across the suspension is a function of the excitation
amplitude, it is expected that the magnitude of drift will also be affected by the input
magnitude. To investigate the influence of excitation amplitude (Xo), the baseline model
response is computed over the frequency range for X(=0.03, 0.05 and 0.07 m. The results
in terms of drift are presented in Figure 4.5. These results clearly demonstrate that the
increase in excitation amplitude leads to larger drift over the entire frequency range with

maximum influence around the wheel hop natural frequency.

The drift magnitude presented in Figure 4.5 normalized with respect to the
relative amplitude across the damper at each frequency is presented in Figure 4.6. These

results indicate that the excitation amplitude does not affect the normalized drift. This is

80



________________________________________________________

Drifts (m)
S

.

Frequency (Hz)

O
()
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owing to the fact that an increase in Xy leads to an increase in drift, which is proportional

to the increase in the relative amplitude.

4.2.1.3 Influence of Damping ratio (f )

A measure of damping offered by a single-stage asymmetric damper is defined as

. . C . .
all damping ratio due to C, and expresses as & = —————— where K.q is the equivalent
7,/ m
eq 5

linear coefficient of the suspension spring. For any change in damping ratio, both C, and
C. are modified, since the asymmetry ratio ‘p’ is maintained constant and equal to the

baseline value.

Simulation results in terms of drift over the frequency range for £ =0.08 to 0.2 are
presented in Figure 4.7. These results show that for a fixed asymmetry, the drift decreases
as the damping is increased, and the influence is maximum around the wheel hop
frequency. The corresponding results in terms of normalized drift, ratio of drift to the
magnitude of relative displacement response across the suspension is shown in Figure
4.8. Again a linear relationship can be established between normalized drift and

frequency for all values of damping ratio considered.

It should be noted, that the results presented so far in this section are for single-
stage asymmetric damper. A more realistic suspension damper typically exhibits multi
stage nonlinearity in both extension and compression. The next section focuses on the

parametric influence for suspension with two-stage nonlinear asymmetric damper.
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Figure 4.7: Drifts response for a single-stage nonlinear damper for variation of damping
ration in frequency domain.
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Figure 4.8: Normalized drift corresponding to different damping ratio for a single-stage
nonlinear damper in frequency domain.
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4.2.2 Two-Stage nonlinear asymmetric damper with a linear spring

The baseline ride model with linear suspension spring and two-stage asymmetric
damper presented in chapter 2, and used for time simulation in chapter 3 is considered
here for parametric study. This section focuses on the influence of asymmetry on the
magnitude of drift from static equilibrium. The measure of asymmetry (p) as defined
earlier represents the ratio of damping constant in extension to the compression strokes
for low velocities. Hence, ‘p’ is defined as C3/C; while C, and Cg are maintained at their
nominal value. The influence of C; and C; are examined later for variation of
compression and extension reduction factor defined as C»/C, and CJC;, respectively.
Other than the above damper parameters, this section also examines the influence of
preset velocities and amplitude of excitation.
4.2.2.1 Influence of Asymmetry (p)

The baseline asymmetry for a two-stage asymmetric damper as defined as C5/C;
is 5.34. Here the model is simulated for p=2, 5.34 and 8 over the entire frequency range
of interest. The magnitude of drift for the selected values of p is shown in Figure 4.9. As
the results show, larger asymmetry tends to larger drift over the entire frequency range.
The trend is similar to that of a single-stage asymmetric damper, however, the influence
in this case is significantly less due to the fact that asymmetry is defined with respect to

Ci and C; which is valid only upto the preset velocities.

The drift magnitude normalized by the relative amplitude across the suspension
over the frequency range is presented in Figure 4.10. These results reveal that normalized
drift changes with frequency in a nonlinear manner upto the wheel hop natural frequency,

and increases linearly as frequency is increased further. It is recalled that for the case of
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Figure 4.10: Normalized drift for a two-stage damper for various asymmetries




single-stage damper, this relationship was found to be linear. Such change in response
can be attributed to the fact that other than asymmetry, the motion in this case goes
through multi stage of damping over a cycle, especially for frequencies corresponding to

one of the natural frequencies of the system.

4.2.2.2 Influence of Breaking Velocities (a,, a.)

Breaking velocities are the damper preset velocities in compression a. and in
extension a., where the damping constants change. The base line values used for these
parameters are 0.=0.1524 and 0.=-0.2163 m/sec. The influence of the parameter is
examined by changing one at a time. Figure 4.11 presents the drift magnitude for three
sets of preset velocity in order to examine the trend of their influence over the frequency
range. These results represent the baseline response as well as for change in . or o, to a
value of Im/sec. As the results show, the increase in the extension preset velocity (a.)
leads to a significant increase in the drift magnitude over the frequency range. On the
other hand, an increase in compression reduction factor , preset velocity (a.) leads to
slight reduction in the drift magnitude. This can be attributed to the fact that overall
asymmetry of the damper increases when a, is increased, whereas it decreases when o is
increased. Such trend is also reflected from the normalized drift over the frequency range
presented in the Figure 4.12. Once again the trend in the variation is similar to that of

changing asymmetry presented in Figure 4.10.
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Figure 4.11: Frequency response of drift for a Two-stage damping model corresponding
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Figure 4.12: Normalized drift for a two-stage damper for various preset velocities.
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4.2.2.3 Influence of Excitation amplitudes (Xj)

The influence of excitation amplitude on the ride drift is examined for the baseline
model under sinusoidal excitations. Simulation results are obtained for excitation amplitudes
of 0.03, 0.05 and 0.1 m. The magnitude of steady state drift over the frequency range is
presented in Figure 4.13. The results indicate that the dnft increases with the increase in
excitation amplitude throughout the frequency range. Furthermore, the increase in drift is
proportional to the increase in the excitation amplitudes. The results further indicate that
theoretically large excitation amplitude at the wheel hop frequency can lead to a very
significant ride drift, severely limiting the suspension workspace.

These results in terms of normalized drift over the frequency range are presented in
Figure 4.14. These results indicate relatively small effect of excitation amplitude until the
wheel hop natural frequency. The influence is relatively large at higher frequencies. In
comparison to single-stage damper, which showed negligible influence of the excitation
amplitude, on the normalized drift (Figure 4.6), multistage does show some influence. This
can be attributed to the strong nonlinearity that exists in the case of a multistage asymmetric
model. Another interesting result observed here is the reversal of the trend from absolute drift
as the amplitude of excitation is increased. In this case an increase in excitation amplitude
leads to the fact that as input amplitude is increased, drift increases, while the increase in

relative amplitude is even greater.
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Figure 4.13: Frequency response of drift for a two-stage damping model corresponding to
different excitation amplitudes
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Figure 4.14: Normalized drift for a two-stage damper for various excitation amplitudes
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4.2.2.4 Affect of Extension Reduction Factor, (;_)
The damper extension reduction factor () is defined as C4/C; to characterize the

extent of nonlinearity in the extension stroke. The variation is obtained by changing C,
only in order to ensure that the asymmetry parameter ‘p’ is not altered. Baseline value of
the parameter is 0.1682. Simulations are carried out for y, =0.1, 0.168 and 0.5, where

y.= 0.1 represents stronger nonlinearity with reduced damping in extension. The

simulation results in terms of sprung mass drift over the frequency range for three values

of y, is presented in the Figure 4.15.

1 . _—— e —— ——
. —— —— :
p——
—

-0.02 +--\ D i R P s pEp B
0.04 - me NN\ - -

o006 N\ NG S

-0.08 +----- SEERE e \ - AT IR - A S S o
04 fooebt e N L — ycorem ||

;

Drift (m)

012 +----- r,r rr ._ """"""""" ¥ ¢=0.1 . |
Ra— ¥.=0.5 :

014 f----- A R N L
-0.16 AR S

0 2 4 6 8 10 12 14 16 18 20
Frequency (Hz)

Figure 4.15: Frequency response of drift for a two-stage damping model corresponding to
different extension reduction factors
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As these results show, the extension reduction factor has very significant
influence on the drift response over the entire frequency range. From the damper
characteristics it is easy to see that although the asymmetry as defined by ‘p’ is held

constant, an increase in }, significantly increases these overall asymmetry of the damper.
As a result an increase in y, although increase damping, it also leads to significant

increase in the drift magnitude over the frequency range. Same trend is also observed

from normalized drift response presented in Figure 4.16.
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Figure 4.16: Normalized drift for a two-stage damper for various extension reduction
factors

4.2.2.5 Influence of Compression reduction factor s (7 _)

The damper compression reduction factor (7. ) is defined as C»/C; to characterize

the extent of nonlinearity in the compression stroke. The variation is obtained by

changing C; only in order to ensure that asymmetry parameter ‘p’ is not altered. Baseline
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value for the compression reduction factor parameter is 0.3416. Simulation are carried

out for y_=0.1, 0.3416 and 0.5, where j = 0.1 represents stronger nonlinearity with
lower damping in compression. Figure 4.17 presents the drift magnitude for the three
values of y . over the frequency range. These results show opposite trend when compared
with those obtained as influence of }, . In this case, an increase in y_ leads to significant

decrease in drift around the wheel hop natural frequency. The results showing the
influence of } ., therefore suggest that while increasing j_, increases damping, it also
reduces overall asymmetry of the damper. This can easily be confirmed from the damper
characteristics to demonstrate that although the asymmetry as defined by "p’ is held

constant, an increase in y _reduces the overall asymmetry of the damper. This trend is

also reflected in the normalized drift trend presented in Figure 4.18.
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Figure 4.17: Frequency response of drift for a two-stage damping model corresponding to
different compression reduction factors
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Figure 4.18: Normalized drift for a two-stage damper for various compression reduction
factors
4.3  Ride Drift Characteristics for Suspension with Nonlinear Spring

The results of parametric study presented so far in this chapter consider a linear
suspension spring. The spring was represented by an equivalent linear system to represent
a cubical spring. In this section, a complete nonlinear suspension is considered
incorporating the nonlinear asymmetric damper and a cubical nonlinear spring. The
parameters used are presented for the baseline model in table 3.1, where K;=12000 N/m
and K»=1.953e6 N/m’ is used to represent the cubical spring. Simulations are carried out
in steps to understand the influence of each component. The first simulation is thus
carried out for linear damper with nonlinear spring, which is followed by a complete
nonlinear suspension. Finally a parametric study is carried out to examine the influence

of nonlinear spring parameter, K, on the overall drift response.
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4.3.1 Nonlinear Spring with Linear Damper

The baseline quarter vehicle model with proposed cubical spring and a linear damper
(C=975 N-s/m) is simulated in time domain for frequencies 0 to 20 Hz. The magnitude of
drift is recorded for each trequency once the steady state is reached. The drift responses
over the frequency range for excitation amplitude of 0.05 m and three different values of
K, are presented in Figure 4.19. As the results show, the nonlinear spring also introduces
drift over the frequency range with larger magnitude at the two natural frequencies. In
this case, however, the drift is positive indicating a ‘packing up’ response of the sprung
mass. It is expected since the cubical spring is a hardening spring that produces
significantly larger force against compression than that in extension. As a result the
center of oscillation for the sprung mass for large motions moves upward from the static
equilibrium. As the spring parameter K, is increased reducing the asymmetry of the

spring, the drift magnitude around the wheel hop frequency reduces. Such trend can be

attributed to the fact that as K, is increased, the critical damping defined as C. =2Vkm

is increased, and the resulting damping ratio for the system & = i decreases. This in

turn produces larger sprung mass response at the resonance frequency, which also
increases with the increase in stiffness. On the other hand, increasing stiffness values, it
reduces positive drifts at wheel hop frequency. It should be noted here that, the peak of
the drift responses shift while changing stiffness coefficients, that is due to, changing the

stiffness coefficients also changes its natural frequencies.
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Figure 4.19: Frequency response of drift for a linear damper with nonlinear spring
corresponding to different stiffness coefficient values
4.3.2 Nonlinear Spring with Nonlinear Damper

Based on the results obtained in Figure 4.19, it is expected that the frequency
response of the drift produced by asymmetric damper will be significantly modified by
the introduction of the nonlinear spring, especially around the natural frequencies. A
combined effect of baseline asymmetric damper with the selected set of nonlinear spring
over the frequency range is shown in Figure 4.20. As the results show, the combined
effect yields more or less constant negative drift throughout the frequency range except
for positive drift for a very narrow band around sprung mass natural frequency and
around the wheel hop natural frequency. The results further reveal that it is possible to
select a nonlinear spring characteristics that will minimize the drift magnitude due to
asymmetric damper throughout most of the frequency range. However, this can be

achieved at the expense of a larger drift at the sprung mass natural frequency. This trend
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is also reflected in the normalized drift trend presented in Figure 4.21 which shows, the

normalized drift is nearly linear after the wheel hop frequecies.
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Figure 4.20: Frequency response of drift for a complete nonlinear model corresponding to
different stiffness coefficient values
4.3 Summary

A comprehensive parametric study is performed to establish the influence of
variation in design and operating parameters on the performance characteristics of linear,
nonlinear, symmetric and asymmetric damper models associate with either linear or
nonlinear spring. Simulations are presented in terms of frequency response of drift and
normalized drift defined as drift/relative amplitude. The results are obtained for variation
of one parameter at a time while others are held constant and equal to their nominal
value. The parameters that are varied and their general influence on the drift behavior are

summarized here. The specific conclusions are presented in the next chapter.
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Figure 4.21: Normalized drift for a complete nonlinear model for various stiffness
coefficients.

Increase in asymmetry (p) leads to increased drift with more influence on single-
stage damper. Increase in excitation amplitude (Xg) increases the drift. Normalized drift
is unaftected for single-stage damper while two-stage system show influence for larger
frequencies. A change in preset velocities primarily changes the asymmetry
characteristics. An increase in a. reduces asymmetry and drift while increase in a.
increases asymmetry and resulting drift. An increase in damping ratio in general reduces
the amplitude motions and resulting drift. For a fixed asymmetry ratio (p) an increase in

compression reduction factor (jy_) reduces overall asymmetry and resulting drift. A
reverse of the above trend is observed for a change in extension reduction factor (y_) as
an increase in }, increases the overall asymmetry of the damper. Nonlinear hardening

spring introduces positive drift around the system natural frequencies. The combined
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effect of nonlinear spring and asymmetric damper reduces negative drift throughout the
frequency range with significant positive drift introduced at sprung mass natural
frequency. A suspension system designed with asymmetric characteristics for damper and
spring to achieve improved ride and handling may thus introduce drift in dynamic
equilibrium through out the frequency range. A suspension designer therefore, should
also consider the resulting drift to ensure that it does not adversely affect the performance

of the suspension system.
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CHAPTER S

CONCLUSION AND RECOMMENDATIONS FOR THE FUTURE WORK

5.1  General

Highly significant developments in suspension system have been realized during
the past few decades through modeling, simulations, repetiti_ve filed trials and tuning.
Suspensions are designed with blow off and bleed-control valves to produce nonlinear
asymmetric characteristics to provide improved ride performance over a wide frequency
range and to ensure adequate wheel-road contact for handling. Although such designs
have been extensively investigated, one of its characteristics, namely ‘packing down’
phenomenon was not reported until recently. Furthermore, such behavior has not been
explored through analytical modeling and parametric study.

This investigation presents a detailed analysis of a simple quarter-vehicle model
with comprehensive representation of suspension system to demonstrate the ‘packing
down’ phenomenon or ride height drift characteristics of a modem suspension system.
The suspension system considered incorporates a nonlinear asymmetric damper and
nonlinear cubical spring to represent air spring system. The model developed for ride
analysis is validated against published frequency response results. A detailed parametric
study is also carried out to investigate the influence of various suspension damper and
spring parameters in the ride height drift characteristics over a frequency range of 0-20
Hz.

Simulations are carried out in time domain using “Matlab simulink’ for selected

amplitudes of excitations and frequencies within the range. Steady state response is then
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used to establish the centre of oscillations for sprung and unsprung masses. Results are
extracted to represent drift magnitude and normalized drift (ratio of drift over relative
motion across the suspension).

The major conclusions drawn from the response results, and a list
recommendation for future works are presented in the following subsections.
5.2 Major Conclusions

The study utilizing a validated vehicle ride model is carried out in several stages
to systematically characterize the ride drift phenomenon of modern vehicle suspension.
The major conclusions that can be drawn from the results presented and observed are:

a) Suspension nonlinearity has no influence on the drift as long as characteristics is
symmetric.

b) Ride drift is a phenomenon directly related to the asymmetry of suspension
damping. Drift increases as damper asymmetry is increased.

c) Both single-stage and multi stage asymmetric damper lead to ride drift where
single-stage produce larger drift.

d) Lower damping in compression than extension lead to drift down or ‘packing
down’ and vice versa.

e) There is drift at all frequencies with a slight increase at sprung mass resonance
and is maximum for frequencies corresponding to wheel hop or unsprung mass
resonance.

f) Normalized drift defined as drift/relative amplitude increases linearly with

increasing frequency for single-stage damper whereas for two-stage damper linear
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5.2.1

relationship only exists for frequencies greater than the wheel hop natural
frequency.
Parametric Study

All suspension damping parameters that characterize a nonlinear asymmetric

damper will change the effective damping and asymmetry of the damper. Some general

and specific conclusions drawn from the parametric study are as follows:

a)

b)

c)

d)

g)

A parameter that reduces effective damping without affecting asymmetry will
increase the drift magnitude.

A parameter that increases asymmetry without affecting the damping will
increase the drift magnitude.

A change in parameter for damper affects both effective damping and
asymmetry. [t is therefore, difficult to identify the cause when only one
parameter is changed at a time that affects both damping and asymmetry.

For single-stage asymmetry, increase in asymmetry or excitation amplitude
increases drift in a similar manner.

The rate of change for normalized drift for a single-stage damper is unaffected
by the amplitude of excitations indicating proportional increase in drift and
relative motion with excitation amplitude.

For two-stage damper, asymmetry as defined with respect to high damping
has relatively less effect on the drift magnitude.

Based on the parameters considered, the influence of excitation amplitude has

opposite effect on drift and normalized drift.
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h)

)

i)

k)

)

m)

Drift is highly influenced by the increase in break velocity (a.) in extension

than that of increase in break velocity (a.) in compression.

An increase in two-stage extension reduction factor (y.), decreasing the

effective damping, also decreases the drift magnitude significantly as it tends

to reduce the asymmetry. A change in y. thus has more influence on
asymmetry.

An increase in two-stage compression reduction factor (y.), decreasing

effective damping,.

Nonlinear cubical spring with softer stiffness in extension leads to upward

drift at the natural frequencies.

A suspension with asymmetric damping and hardening spring exhibit positive

drift at natural frequencies while the drift is negative at other frequencies.

The drift around one natural frequency can be minimized by selecting spring

parameters, at the expense of larger drift at the other natural frequency.

Finally it is concluded that both asymmetric spring and damper leads to drift
in dynamic equilibrium, the drift can be significant for realistic asymmetric
damper with linear spring. Suspension design should therefore consider such
behavior as it may effect the available suspension working space and ride height
at some frequencies. Vehicle systems with different load in front and rear or
suspension with different characteristics in front and rear may result in a different
ride height in the front and rear, and thus affecting the pitch orientation. Further
studies should therefore be carried out to investigate the phenomenon of vehicle

suspension drift. A list for possible further studies summarized in the following.
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53

Recommendations for Future Investigations.

The present work yields a dynamic model that provides a basic insight to the drift

phenomenon of the conventional suspension system with asymmetric properties. The

knowledge gained from this investigation is a starting point and establishes the direction

for future works.

a)

b)

d)

More elaborate pitch plane vehicle model should be studied with the proposed
damper models to study dynamic equilibrium in bounce as well as pitch modes.
Experimental validation of the results obtained may be under taken by laboratory
and field testing of an instrumented vehicle.

A more refined damper model with temperature effect, friction and valve
dynamics may be undertaken to explore the drift phenomenon.

The present investigation examined the response to deterministic excitation.
Future work may examine the response of the suspension to stochastic road
excitations.

In the present work, a conventional damper and a gas spring are considered for a
mid size car parameters. Various types of suspension systems such as
hydropneumatic, semi active configurations, interconnected suspension etc.
should be considered in conjunction with different on-road, off-road and tracked

vehicle configurations.
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