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ABSTRACT

ANALYSIS OF HYDRO-PNEUMATIC INTERCONNECTED
SUSPENSION STRUTS IN THE ROLL PLANE VEHICLE MODEL

Liwen Wu

Design of passive suspension systems for road vehicles invariably
involves complex compromise between ride, handling and directional control
performance characteristics. While a soft suspension is desired to enhance ride
quality, hard suspension springs are required to achieve good handling and
directional control performance. Auxiliary roll stiffness, in conjunction with soft
suspension, are frequently used to attain an acceptable compromise between
ride and handling performance of a vehicle. Alternatively, hydro-pneumatic
suspension struts interconnected in the roll plane have been proposed to realize
soft vertical ride and enhanced anti-roll properties. Such hydro-pneumatic struts
often require high charge pressure and large working area to achieve desired
load carrying capacity, and vertical and roll properties. This dissertation research
is focussed on analysis of a compact strut design with considerably larger
working area to reduce the design pressure requirement. Furthermore, unlike the
reported configurations with an external gas accumulator, the strut design
considered in this study integrates the gas chamber within main cylinders.

A four-degrees-of-freedom roll plane model of a heavy highway vehicle is
developed to investigate the ride and anti-roll properties of two different hydro-
pneumatic strut designs, unconnected and interconnected in the roll plane. Three

different interconnections, involving flows across different chambers of the right-

ii



and left- compact struts, are realized for the analyses. The analytical models are
solved to derive the static and dynamic properties of various unconnected and
interconnected configurations in terms of vertical spring rate, effective vertical
mode damping, effective roll stiffness and roll mode damping. From the results it
is concluded that roll plane interconnection of the suspension struts offers
considerably potential for enhancing the anti-roll properties, with insignificant
influence on the vertical ride properties.

The analytical models are further analyzed under deterministic and
random vertical road and roll moment arising from directional maneuvers. The
relative performance potentials of interconnected suspensions are presented in
terms of vertical and roll acceleration transmissibility under a harmonic excitation
transient vertical and roll responses under a tfransient road bump and roll
moment excitations, and power spectral densities and RMS values of the sprung
mass responses to random road excitation. The results show that interconnecting
the lower chamber of right-strut to the upper chamber of the left strut, and vice
versa, offers considerably potential for realizing improved anti-roll and ride

performances.
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CHAPTER 1

INTRODUCTION & LITERATURE REVIEW

1.1 GENERAL

The ride, handling and roll dynamics of a road vehicle are complex functions
of vehicle weight and dimensions, weight distribution, and static and dynamic
properties of the suspension and tires. Heavy vehicles, in general, are designed
to conform with the weights and dimensional regulations, while all other important
design variables are derived within the constraints of the regulations. These
include the drive train, suspension, tires and the brake system. Among these, the
static and dynamic properties of suspension and tire are known to affect the
vehicle dynamic responses or measures related to ride, handling and roll, most
significantly. Such measures, however, pose conflicting requirements for the
suspension design. A soft and lightly damped suspension is considered desirable
for smooth ride, while adequate handling and directional performance
necessitates relatively hard suspension. The suspension design is thus invariably
realized as a compromise among the varying conflicting requirements.

The roll and lateral stability performance of road vehicles are achieved
through auxiliary roll stiffness, such as an anti-roll bar and Pan-hard rod, such
that relatively soft springs could be employed to achieve adequate bounce ride.
Concepts in mechanically or hydraulically connected wheel suspensions have
also evolved to achieve relatively soft vertical ride, and anti-pitch and anti-roll
performance. The interconnection of suspension on different wheels tends to

equalize the loads on the connected wheels, thereby, reducing the magnitudes of



pitch and roll motions. An interconnection between the front and rear wheels
tends to reduce the magnitude of pitch response encountered under braking,
acceleration or road wheel interactions with a bump. The interconnections in the
roll plane, connecting the right and left suspension units of an axle, would yield
equalization under the actions of steering induced centrifugal force or the road
bump on one of the tire tracks, thereby, reducing the roll motion of the sprung
weight.

The interconnection between suspension units may be realized either
through mechanical means or through hydraulic means. Such suspension,
interconnected in the roll plane, offers considerable potential to realize soft
vertical mode stiffness for adequate ride, and variable high roll stiffness in the
presence of roll motion to achieve improved roll dynamics performance. The
hydro-pneumatic suspension struts comprise of hydraulic chamber for damping
control and pneumatic chamber to provide the load carrying and restoring
properties, within a single unit. Such struts thus offer considerable potential for
interconnection through the hydraulic flows.

Although the designs of interconnected hydro-pneumatic suspension have
been developed for over 20 years (Moulton, 1979; Felez and Vera, 1987; Fraser,
1982; Rosam and Darling, 1997), only a few studies have investigated their static
and dynamic properties through modeling and analysis tools (Fraser, 1982; Felez
and Vera, 1987, Liu, 1994; Chaudhary, 1998). The reported analytical studies
have explored the hydro-pneumatic suspension strut, which provide the load

carrying capacity related to the rod area (Liu, 1994). Such struts, therefore,



require a large rod area or extremely high pressure to meet the load carrying
demand. The use of large rod area would yield a relatively large size strut, while
the use of high pressure would pose considerable challenge in the design of
seals. Alternatively, smaller size hydro-pneumatic struts interconnected in the roll
plane in conjunction with passive unconnected springs have also been
investigated in a recent study in an attempt to reduce the high pressure
requirement (Chaudhary, 1998). The study showed that sharing the load with
unconnected springs tends to reduce the effectiveness of the interconnected
suspension considerably.

This dissertation research explores two different configurations of hydro-
pneumatic struts interconnected in the roll plane. The static and dynamic
properties of both configurations with different interconnected chambers are
investigated to assess their anti-roll and ride performance potential. The first
configuration considers the struts reported in an earlier study (Liu, 1994), where
the relatively small piston rod area requires very high fluid pressure to support
the static load. The second configuration proposes an alternate strut design,
where the volume within the large size piston rod acts as the pneumatic spring.
Unlike the first configuration, which utilizes an external pneumatic reservoir, the
latter configuration is a compact design, which comprises both the hydraulic and
the pneumatic chambers. The roll-plane analytical models developed are
analyzed under both the steering induced centrifugal force, and road roughness

induced vertical and roll motions.



1.2 LITERATURE REVIEW

In the last three decades, extensive developments in passive, semi-active,
and active vehicle suspensions have been realized on the basis of results
attained from conceptual and total vehicle models, and laboratory and field
measurements. Many studies have demonstrated that the performance
characteristics of suspension concepts and the control systems can be effectively
investigated using simplified vehicle models (King, 1998; Sayers, 1996; Suresh,
1994). The studies of vehicle suspension dynamics include those related to ride
dynamic responses to road roughness induced excitations, roll dynamics and
handling characteristics. The majority of the studies on suspension dynamics are
conducted with an objective to achieve improved design compromise between
the ride, handling and directional dynamics performance. These studies include
the classical passive, semi-active and active suspension units or components,
while only a few studies have explored different types of interconnected
suspension. The reported studies on interconnected suspension are briefly
reviewed in the following sections in order to build a background on the concepts
and methods of analysis, and to formulate the scope of this dissertation.
1.3 INTERCONNECTED ROLL CONTROL SUSPENSION SYSTEM

The vast developments in advanced suspension systems, including fully
active, semi-active and slow active suspensions, have been documented in a
number of articles (Rosam and Darling, 1997; Horton and Crolla, 1986; Ei-
Demerdash, 1996). The majority of the reported studies concentrate on solving

for the design conflict between the ride comfort, and handling performance



requirements. While the majority of the studies focus more on the ride dynamics
aspects using independent suspension, a few studies have also explored roll
control through interconnected suspension (Felez and Vera, 1987; Rosam and
Darling, 1997). Several studies have investigated the use of active roll control to
reduce the body roll of heavy vehicles (Felez, and Vera, 1987; Lang and Walz,
1991 and Sharp and Pan, 1993). On the basis of the results attained through
computer simulation of models or experiments, it is generally shown that the
maneuver induced roll dynamic motions could be either reduced or eliminated
using feedback controlled hydraulic actuators with only moderate power
consumption and cost. Many other earlier studies have explored the performance
characteristics of mechanically interconnected suspension units to achieve
enhanced anti-roll and anti-pitch response (Pevsner, 1957; Bastow, 1987,
Newton, 1989). The relevant studies in the field of interconnected suspension
(passive, semi-active, and active) for attenuation of roll or pitch motion are

discussed in the following subsections.

1.3.1 Mechanically interconnected suspension system

The roll and pitch properties of a suspension system can be varied
considerably by interconnecting the different wheel suspensions of a vehicle. The
well-known French Citroen 2CV Saloons employed interconnected suspension
system, which permitted the use of soft springs for adequate ride quality, while
maintaining good vehicle handling and control through ~mechanical
interconnections (Newton, 1989). The effect of mechanical coupling on the pitch

and bounce frequency of the suspension can be best seen from Figure 1.1 (a).



Under a pure vertical excitation at the front and rear wheels, the vehicle body D
and the conneqting lever C remain parallel to the ground surface. The
corresponding suspension rate thus depends on the stiffness of springs 4, which
are chosen to be relatively soft to achieve good ride quality. Under motions
around the oscillation center O, the pitch oscillation frequency of the body would
depend on the stiffness of the spring B. The rate of springs 4 and B can be
thus selected to achieve desirable pitch and bounce natural frequencies. Earlier
designs employed a soft pitch spring B and a hard bounce spring 4 to achieve
the lower pitch frequency than the bounce frequency. Such suspensions thus
resulted in poor anti-pitch performance and low resistance to attitude changes
caused by dynamic load transfers. Figure 1.1(b) and 1.1 (c) illustrate different

design configurations of mechanically interconnect suspensions (Newton, 1989).

@ (b)

(€)

Figure 1.1: Schematics of mechanically interconnected suspension systems
(Newton, 1989)



1.3.2 Hydro-mechanical interconnected suspension

Control of body roll motion in vehicles is mostly achieved through anti-roll
bars, which provide additional roll stiffness. Actively controlled roll bar
mechanisms have also been investigated to realize improved lateral and roll
stability of vehicles. Darling and Hickson (2000) conducted an experimental study
of a prototype vehicle with actuation of a roll bar. Figure 1.2 illustrates a
schematic of the roll plane of the vehicle with an active roll bar. In this study the
active roll bar was mounted forward of the front axle, while the end levers were
cranked backwards. The transverse section was mounted in bushes fixed to the
chassis section running across the front of the vehicle. A vertical drop link and a

linear actuator were used to connect the roll bar ends to the suspension tie rods.

/—\M ARC

Figure 1.2: A schematic of an actively controlled anti-roll bar.
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Figure 1.3: Schematic layout of the hydraulic actuators and the valve.



The prototype system consisted of two single ended linear hydraulic |
actuators, connected in parallel to the same valve as illustrated in Figure 1.3. The
forces, F, =PRA,-PA4,, and F, =PA,~-P4,, must remain proportional to

each other on both extension and retraction.

A
F, = KF, and k=4 Zn (1.1)
A, 4

2
where F, and F,are the forces developed by the actuators, and K represents
the active anti-roll bar linkage gear ratio distribution. Since the front and rear
actuators were supplied through a single control valve, the two actuators incurred
identical fluid pressures. High pressure of fluid flows from a pump driven by the
engine was supplied to two linear hydraulic actuators connected in parallel, which

produced twist in the front and rear roll bars.
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Figure 1.4: Block diagram of the active roll moment control system.

Figure 1.4 illustrates the roll moment conirol block diagram. A simple PID

controller (G, ) is implemented using the roll angle feedback (¢, and 6,,) to
track the target roll moment (A, ). The output of the PID controller is the

desired electric current signal (7_), which permits the desired fluid flow to the



front and rear actuators. The roll and warp modes of the roll bars can be
eliminated by a suitable choice of feedback gains, g, and g, .
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Figure 1.5: Comparison of roll displacement responses of active and passive
suspension under a step steer input.

Dynamic handling performance tests were conducted under a clockwise

steer input of ramp type, where the steering wheel angle increased to 120° over
a period of 0.3 s at a vehicle speed of 6.5 m/s. The measurement of the handling
response In terms of the roll angle revealed that the active roll bar could
considerably reduce the magnitude of sprung mass roll displacement when
compared to that of the vehicle with a passive roll bar, as presented in Figure
1.5, for a step steer input. It was estimated that the peak roll angle could be
reduced by approximately 80% under lateral acceleration of up to 0.5 g, but the
selection of feedback gains was strongly influenced by the properties of the front
and rear suspension system, actuator dimensions, roll bar stiffness, actuator

lever arm linkage length and secondary suspension stiffness.



Sharp and Pan (1992, 1993) investigated the potential performance gains of
an active roll control system for a luxury car. The car was fitted with rotary
actuators within the anti-roll bars at the front and rear axles. The lateral
acceleration, and the actuator displacement and velocity signals served as
feedback for the controller. The study suggested that the control performance
deteriorated with valves with a bandwidth lower than 40 Hz. Furthermore, the
high power consumption (peak power consumption of around 2 kW) was a clear
disadvantage of the fully active system. A similar controller developed on the
basis of active roll bar technology and lateral acceleration as the control input

was developed and successfully implemented by Lang and Walz (1991).

1.3.3 Hydro-pneumatic interconnected suspension

Moulton (1979) developed a hydro-pneumatic suspension, referred to as
hydrogas suspension, to improve the ride quality of small cars, which combines
the nitrogen gas as the springing medium and the hydraulic fluid pressure drop
across the flow path served as a damping mechanism within a single unit, as
shown in Figure 1.6. The hydraulic and pneumatic chambers are separated from
a flexible separator. The suspension also employs a tapered aluminium piston
and different orifice flow paths to achieve variable spring rates and damping
coefficients.

The damping fluid chambers of the front and rear wheels on each track
could be connected via hydraulic lines to realize pitch plane interconnection.
Such an interconnection permitted load equalization and thus the pitch control

through fluid flows through the interconnected pipe, whenever either the front or
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the rear wheel encountered an excitation, or when the vehicle experienced pitch
motion during braking and acceleration. An excitation at the front wheel alone
would vield an increase in the fluid pressure within the rear suspension unit,
thereby creating an upward force on the sprung mass and, thus reducing the
differential between the suspension forces acting on the front and rear of the car

body.

NITROGEN SEPARATOR
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COMPRESSION
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MAIN BLEED

v REBOUND
COMPRESSION
BLOCK

REBOUND

Damger HOUSING

TAPERED SKIRT

Aluminium piston

Figure 1.6: A cutaway section of the hydra-gas suspension unit (Moulton, 1989)
As shown on Figure 1.6, the upward vertical movement of the tapered
aluminium piston tends to vary the effective area of the chamber against which
fluid pressure acts, which yields variable spring rate. Sufficient pressure
differential between the upper and lower chambers compresses either the bump
or rebound compression block, increasing fluid flow as a function of the pressure
difference. Under pitch motions, the fluid flows occur between the interconnected

front and rear suspension, which tend to reduce further compression of the gas,
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as shown in Figure 1.7 (a). The front wheel is lifted in relation to the car body,
while the rear wheel is lowered. The interconnection thus minimizes the
differential of the forces at the two ends of the sprung mass, thereby, reducing

the pitch motions.

DIRECTION OF TRAVEL
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(a. Pitch)

(b. Bounce and Roll)

Figure 1.7: Interconnected hydra-gas suspension systems in the pitch and roll
plane.

Figure 1.7 (b) shows that the flows through the interconnected pipes do not
occur under pure bounce motion. Fluid flows occur only between the upper and
lower chambers of individual units through the damper valves. The suspension

units with higher fluid pressures and increasing piston areas with increasing
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bounce and roll motions yield higher stiffness in bounce and roll, which may
obviate the need for an anti-roll bar.

Rideout (2003) performed experimental and analytical study of the
interconnected hydra-gas suspension system. The study proposed a linear
model of the suspension system derived from measured suspension
characteristics. The model suggested that the simplest possible representation of
an interconnected hydra-gas suspension would be a mass-spring-damper

system with linear time-invariant coefficient matrices, [M], [C] and [K]. The
forces F, and F, developed by the constrained front and rear hydra-gas units

and transmitted to the test frames were thus expressed as:

{FI}Z[MH M}Z}{%}%{Cn C}z:HJ:CI}_'_[KU KIZ]{XI} (1.2)
F, M, My, |l%, Cy Cyllx, K, K, |lx,

C,

where M. .

. K;(i=12 and j=12) are the constant mass, damping and
stiffness coefficients, respectively, identified from the measured data and

suspension characteristics, x, and x, represent the motions of the front and rear

suspension units. The mass matrix in the above formulation was assumed to be
negligible, given the lighter weight of the lower piston and small fluid inertia. An
alternate model was also proposed incorporating the bilinear damping matrix
elements that were estimated from the bounce and rebound characteristics of the
suspension units. The study concluded that the linear model for interconnected
units can return reasonable amplitude predictions for restricted frequency ranges
of interest. An expanded model with bilinear spring and bilinear damping

coefficients was constructed such that a common set of parameters could
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accurately predict the forces. However the phase lag of the coupled forces could
not be predicted (Rideout, 2003).

Rosam and Darling (1997) proposed a low cost roll control system
comprising the interconnected hydra-gas suspension. The system is similar to
that proposed earlier by Karnopp et al. (1992). The proposed active roll control
system consists of a sealed ‘shuttle’ device which effectively transmits the hydra-
gas fluid from the suspension units on the inside track of the vehicle to the
outside track during cornering. The study outlined the design of a fluid displacer
or ‘shuttle’, as shown in Figure 1.8. The shuttle control system included a 4 port-3
position proportional valve, a D.C. electric motor, pump, tank, accumulator and
the relief valve. Additional flow requirements were supplied by a 1 liter
accumulator. An accelerometer mounted laterally on the car body below the front
bumper, and an LVDT position transducer mounted on the outer case of the

shuttle served as the feedback for the control system illustrated in Figure 1.9.

OIL INIQUT

HYDRAGAS 6\ (D , © - HYDRAGAS
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:
lapered water piston

Figure 1.8: Schematic representation of the hydra-gas roli control shuttle.
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Figure 1.9: The block diagram representation of the hydra-gas roll control shuttle.

The study also presented the actively roll controlled vehicle model, where
the hydra-gas suspension units were modeled as three components: the fluid
displacer, the damper valve and the gas chambers. The component models were
presented by a combination of analytical functions and empirical functions. The
simulation and experimental response in terms of lateral acceleration and roll
motion were attained under a step steer input and a forward speed of 13 m/s.

The study showed reasonably good correlation between the experimental and

simulation results, as shown in Figure 1.10.
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Figure 1.10: Comparison of simulation and measured response of the side-to-
side ride hydra-gas units during steer pad test (Rosam and Darling, 1997).
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The study showed that the active system could reduce the body roll
substantially. At the same time, relatively high magnitude of lateral acceleration
were obtained, which was argued to be beneficial since it could provide a
feedback to the drives of the maneuvers severity. Only a modest control system
bandwidth was required for effective roll control during fast transient maneuvers.

A hydro-pneumatic suspension unit serves as the primary load carrying
element as well as the suspension damper, similar to the hydra-gas unit
developed by Moulton (1989). The hydro-pneumatic suspension unit comprises a
hydraulic actuator, a gas reservoir that serves as the restoring force element, and
a damping valve, inserted between the gas reservoir and the strut, as shown in
Figure 1.11. The strut thus serves as a compact suspension design with potential
for realizing interconnection between the hydraulic or pneumatic chambers of the
struts mounted either on the front and rear axles, or on the right and left tracks of
the vehicle.

Horton and Crolla (1986) proposed a semi-active hydro-pneumatic
suspension interconnected in the roll as well as pitch planes (Figure 1.12) to
control both the roll and pitch stiffness properties. The proposed suspension
concept offered considerable potential to enhance vertical ride comfort
performance, since it permitted the selection of lower vertical spring rates. The
‘pitch and roll suspension rates were controlled by diagonally connecting the
upper chambers of front suspension struts to the lower chambers of rear
suspension struts, and by laterally connecting the upper chambers of the rear

suspension struts. Figure 1.13 illustrates detailed schematic of single suspension
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unit that comprises and inertial control valve, and a pendulum based angular
position sensor, under application of braking, accelerating, or cornering forces on
the body, the pendulum arm pivot will move relative to the pendulum, and permit

hydraulic flows to minimize the pitch and roll motion.

Damping valve

strut

Gas reservoir

Figure 1.11: Schematic illustration of a hydro-pneumatic suspension
[www.m-100.org].

Figure 1.12: Schematic of the interconnected suspension in the pitch and roll
planes. Horton and Crolla (1986)
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Figure 1.13: Schematic diagram of a §ingle wheel station of the above
suspension.

The semi-active suspension system proposed by Horton and Crolla (1986)
has been referred to as ‘AP’ suspension, and has been described in more details
in earlier studies (Packer, 1978 and Pitcher et al, 1977). The first published
analysis was presented by Cotterell, (1975), for application to a double-decker
bus. Fraser (1982) developed a mathematical model of the single wheel station,
shown in Figure 1.13.

Felez and Vera (1987) developed a simplified roll plane model of a multi-
wheeled crane vehicle incorporating roll connected hydro-pneumatic struts, as
shown in Figure 1.14 (a). The study applied the bond graph technique to develop
the model. The study also investigated an active roll-plane connected suspension
shown in Figure 1.14 (b), where each suspension strut consisted of an external

gas reservoir, while a pump with a control valve was used to modulate the flows
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to and from the struts on the basis of pressure differential between the

interconnected struts.

c]

®

©
AMAML

(b)

Figure1.14: Schematic representations of interconnected hydro-pneumatic
suspension (a) passive suspension; (b) active interconnected suspension.

The struts mounted on the same track of the vehicle have their upper
chambers connected, while the upper chamber of each strut is connected to a
gas charged accumulator through a damping valve. The lower chambers of these
struts on the same track are also interconnected. The upper and lower chambers
of struts on one track are linked to lower and upper chamber of struts on the
other track through a valve. A pressure increase in the upper chambers of left

track struts caused by a roll motion of the chassis, leads flows from these

19



chambers to the lower chambers of the right track struts. The resulting increases
in pressure of fluid of upper chambers of the right struts tend to stabilize the
chassis level. The simulation results of the active interconnected suspension
revealed nearly 80% reduction in the chassis roll motion. The relatively small
working area of the struts, however, required very high-pressure fluid in order to
support the static load.

1.4 SCOPE OF PRESENT INVESTIGATION

Although a number of active roll control systems proposed in the literature
have demonstrated their superior performance potentials, the high power
requirements deter their general application. Furthermore, the high cost
associated with the use of sensors and high bandwidth valves in most cases
would justify their implementation, where such high cost could offset the
performance gains. Alternatively, hydro-pneumatic suspension systems
interconnected in the roll plane could be applied to realize high roll stiffness and
thus the roli control in a reliable passive manner.

The modern highway buses and heavy vehicles exhibit poor roll stability due
to their high center of sprung mass. The static and dynamic roli performance of
such vehicles could be enhanced by increasing the effective roll stiffness through
anti-roll bars or alternated auxiliary roll stiffness. Alternatively, compact design of
interconnected suspensions may be realized to achieve high roll stiffness,
without affecting the vertical stiffness and thus the ride performance of the
vehicle. Only a few studies, however, have investigated the performance

potentials of passively interconnected hydro-pneumatic struts. These studies
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have mostly considered hydro-pneumatic struts with relatively small working
area, represented by the piston rod area, and external gas charge accumulator
with damping valves. The small working area would require high fluid pressures
in realizing the desired load carrying capacity, and would thus pose challenge in
the design of seals. Alternate configurations of the hydro-pneumatic struts with
relatively larger working area would thus be desirable. Moreover, the inclusion of
the gas chamber within the struts would yield more compact designs, and would
allow interconnection between both pneumatic and hydraulic fluid chambers. This
dissertation research focused and analysis of two types of interconnected hydro-
pneumatic struts. The Type | struts represent lower working area, similar to these
considered in the reported studies. The Type ll strut is compact design
containing the gas chamber within the strut, while the working area is
considerably enhanced to reduce the operating fluid pressure.
1.5 OBJECTIVE OF PRESENT INVESTIGATION

The primary objective of this dissertation research is to investigate the roll
control performance potentials of three laterally interconnected hydro-pneumatic
suspension configurations in the roll plane, through development and analysis of
analytical models. The specific objectives include the following:

Identify a hydro-pneumatic suspension strut layout to achieve adequate load
carrying capacity under pressures lower than those required in the reported

concepts.
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Develop roll plane models of vehicles employing conventional unconnected
and interconnected hydro-pneumatic suspensions employing the struts identified
in the study and reported in earlier studies.

Perform analysis to derive the static and dynamic characteristics of different
unconnected and interconnected suspensions configurations in terms of
suspension spring rate, roll stiffness, and vertical and roll damping.

Study the potential performance benefits of the interconnected hydro-
pneumatic suspension configurations under centrifugal force and road roughness
excitations.

1.6 ORGANIZATION OF THE THESIS

In chapter 2, two different configurations of hydro-pneumatic suspension
struts are presented and discussed in view of their load carrying capabilities and
pressure requirement. Three different roll plane interconnection concepts are
introduced under different configurations of the struts. The generalized
suspension forces are derived for the unconnected and the interconnected
configuration assuming incompressible fluid in hydraulic struts, turbulent flows
through the orifice restrictions, polytropic process of the gas in accumulators, and
laminar flows within the interconnecting pipes.

In chapter 3, the static and dynamic properties (load carry capacity,
suspension spring rate, roll stiffness, vertical and roll damping) are derived from
the force-moment-displacement, and force-moment-velocity characteristics of the

unconnected as well as interconnected suspension configurations. The resulting
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properties are discussed in view of the potential performance benefits of different
suspension configurations.

In chapter 4, the ride and handling performance characteristics of different
hydro-pneumatic suspension configurations are investigated under deterministic
excitations using numerical integration approach. The nature of excitations
arising from tire-terrain interactions and steering inputs are described. The roll
performance characteristics of the suspension struts are evaluated in terms of
transient and steady state roll response of the sprung and unsprung masses
subject to constant radius turn and lane change maneuvers. The dynamic ride
performance characteristics are established in terms of both the heave and roll
response characteristics under road excitations. Vibration transmissibility
characteristics of different suspension struts are also investigated and compared.

In chapter 5, the vibration isolation performances of the vehicle suspension
employing three different configurations are further investigated for actual road

excitations.
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CHAPTER 2

THE DEVELOPMENT OF ANALYTICAL MODELS OF
INTERCONNECTED HYDRO-PNEUMATIC SUSPENSION

SYSTEMS
2.1 INTRODUCTION

Hydro-pneumatic suspension systems offer both advantages and
disadvantages compared to conventional vehicle suspension systems. The light
weight and compact high pressure gas spring generates high restoring forces to
support the vehicle load and provide a low natural frequency for the vehicle
system. The low suspension weight helps reduce the unsprung mass of the
vehicle, and the compact size permits the designer with increased fiexibility for
suspension packaging and design. Due to the nonlinear progressively stiffening
spring rate provided by the gas, it would be possible to design a vehicle
suspension system with a fairly constant natural frequency over a wide range of
vehicle loading conditions (Joo, 1991). Hydro-pneumatic suspension further
offers the potential to achieve standing height control and self-leveling in a
relatively simple manner. Although a number of designs and concepts in
interconnected suspension, including those with active roll control, have been
realized (Felez and Vera, 1987; Rosam, 1997; Sharp and Pan, 1991), a few
studies have attempted a thorough analysis of the suspension units and the
interconnections (Moulton, 1979; Fraser, 1982; Liu, 1994; Chaudhary, 1998;
Darling, 2000). The hydro-pneumatic suspension strut employed in these studies
mostly comprises a separated gas reservoir, a piston cylinder arrangement and a
damping valve. The effective working area of the strut is represented as the

relatively small piston rod area. The suspension units thus require either a large



size piston rod or very high fluid pressure in order to support the vehicle load.
Moreover, the external gas reservoir and damping valve would require added
space for their installation.

In this chapter, an alternative configuration of a more compact hydro-
pneumatic suspension strut is considered to achieve roll-plane interconnected
suspension. The compact design comprises the gas chamber as well as the
damper orifice control within the same unit. Moreover, the configuration affords a
relatively large working area to permit the design and implementation with
pressure considerably lower than that required for the actuators reported in
earlier studies (Liu, 1994; Chaudhary, 1998). The reported as well as the
identified suspension struts are initially modeled to study their static and dynamic
characteristics. Different configurations of interconnected suspension are then
created and analytically modeled for the response analysis.

2.2 MODELING HYDRO-PNEUMATIC SUSPENSION UNITS

Hydro-pneumatic suspensions invariably comprise a gas chamber,
hydraulic chambers and damping valves within a single unit. A floating piston is
often employed to separate the gas chamber from the hydraulic fluid chambers.
The gas chamber can be contained within the same unit or can be realized using
a separate reservoir. Two different types of struts are considered for the analysis,
Type |, and Type ll. The Type | strut employs a separate gas reservoir as
reported in earlier studies (Liu, 1994; Chaudhary, 1998; Felez & Vera, 1987),

while Type Il contains the gas chamber within the same unit. The Type I
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configuration offers a considerably larger working area than Type | and thus

requires lower pressure to attain the same load carrying capacity.

Gas chamber
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Figure 2.1: An idealized representation of the hydro-pneumatic suspension strut
(Type I)

This idealized hydro-pneumatic suspension strut of Type | consists of two
chambers within the cylinder (an upper chamber and a lower chamber), as
illustrated in Figure 2.1. An external gas charged accumulator is connected to the
upper chamber through a damping valve. The compression/expansion of the
nitrogen gas in the accumulator is assumed to follow a polytropic process leading
to nonlinear, progressively stiffening spring characteristics. For the purposes of
model formulation, the lower and upper chambers of the strut are referred to as
‘chamber 1’ and ‘chamber 2,” respectively. The gas charged chamber is referred

to as ‘chamber 3.” The seal friction force is assumed to be negligible in relation to
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the total force developed by the strut, while the hydraulic fluid is considered to be
incompressible. The flows through the damping orifice are assumed to constitute
turbulent flow. Furthermore, the damping restriction is considered as a constant
area orifice, resulting in damping force proportional {o the square of the velocity.
The influences of variations in the temperature on the thermal expansion of the

fluid and the strut components have been neglected.

g

4 Gas
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Figure 2.2: Schematic of an alternative configuration of the hydro-
pneumatic suspension strut (Type Ii)

The Type Il suspension strut encompasses the gas chamber within the same unit
and consists of four chambers, as illustrated in Figure 2.2. A number of damping
orifices are introduced in the piston, separating chamber 1 from chambers 2 and
3. A floating piston separates the hydraulic fluid of chamber 2 from the nitrogen
gas of chamber 4. This alternate design offers a compact configuration, which
eliminates the external bladder (accumulator) and throttle restriction. The

configuration also offers far more flexibility in realizing a larger working area than
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the Type | strut. The suspension strut could thus be operated with lower fluid
pressure corresponding to the desired load carrying capacity.
2.3 ROLL PLANE MODELS OF A VEHICLE WITH UNCONNECTED HYDRO-
PNEUMATIC SUSPENSION STRUTS

A large number of vehicle models of varying complexities ranging from
simple two degrees-of-freedom (DOF) quarter vehicle models to several DOF
three-dimentional models, have been developed for analysis of ride, handling
and directional control characteristics of road vehicles. The simple two-DOF
quarter vehicle models are frequently employed to study different concepts in
vehicle suspension components and their responses under vertical excitations
alone (Wong, 1978). Alternatively, either pitch or roll-plane models have also
been developed to study the vehicle and suspension responses in the bounce-
pitch or bounce-roll planes. Such models in the pitch plane primarily possess
four-DOF involving vertical and pitch motions of the sprung masses, and vertical
motion of the unsprung masses. A similar model may also be applied to study the
roli-plane dynamics, when the wheel suspensions are independent. Heavy
vehicle with high center of gravity location employ dependent suspension in the
roll plane, such as beam axles, and experience considerably large roll motions
under road of steering induced excitations. The vertical and roll dynamics of such
vehicles can be effectively investigated using four-DOF a roll plane model
including vertical and roll motions of sprung and unsprung masses (Su, 1990).
Such a model would allow for analysis of independent as well as roll-connected

hydro-pneumatic suspension in a highly convenient manner. In this dissertation
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research, a four-DOF roll-plane model of heavy road vehicle is considered for the

analysis of Type | and Type Il hydro-pneumatic suspension systems.

2.3.1 Unconnected hydro-pneumatic struts (Type 1) model in roll plane
Figure 2.3 illustrate the roll plane model of a road vehicle, where ms
represent the sprung mass, and all the vehicle axles lumped together are
represented by unsprung mass mu. A single track are lumped together and
represented by linear stiffness and viscous damping arrangement assuming point
contact with the road (Dulac, 1992). The hydro-pneumatic suspension struts are
represented by two-point force elements, where the forces are derived from the
relationships governing the fluid flows.
The coupled differential equations of motion for the vehicle model, derived using
Newton'’s second law of motion, are presented below:

Bounce motion of the sprung mass

mi, =F,+F (2.1)

Roil motion of the sprung mass

[6 =-Ff,+F¢ +T,-T (2.2)
s7s [ v [ R

Bounce motion of the unsprung mass

mui’:u = ~(Ct€ +ctr)xu +(ct1,"€t2 "Ctrgrr)g.u —(ktl +ktr)xu —_Fl -Fr

. (2.3)
+ (ktflll - ktrftr )911 + ctéxi[ + kté'xtt’ + ctrxir + ktrxir
Roll motion of the unsprung mass
Iuéu :(clfglf _ctrglr)xu _(cu’[f! +Ctr£§r)9.u +(kw£m —ktrﬂtr)xu +FZ€l —-FrZr (2 4)

”’(szlzi"'kzrffr)‘gu +e, b, %, +k L, x, —¢cl, %, —kD,x,+T,

=iy trir
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Figure 2.3: A four-DOF roll plane model of a vehicle supported on unconnected
(Type I) hydro-pneumatic suspension struts

In the above equations, x, and x, represent the vertical motions of the
sprung and unsprung masses with respect to their static equilibriums. 6, and 6,
are the roll displacements of the sprung and unsprung masses, respectively; F,
and F. are the dynamic forces developed by the left and right suspension struts,
respectively; k, and k, are the linear spring rates due to left and right tires, and
c,and ¢, are the respective viscous damping coefficients. The horizontal spacing

of the left and right struts with respect to the sprung mass center c¢.g. are
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represented by ¢,and /,, respectively. The horizontal spacing of the tires

contact points with the road with respect to unsprung mass c.g. are represented

by ¢,and ¢, ; x, and x, represent the elevations of the road surface at the

contact points between the left and right tires, respectively, with the road. T,

represents the roll moment due to an anti-roll bar, which presents a suspension

configuration.

Figure 2.4: Simplified roll plane model of a vehicle
T, is the effective roll moment imposed on the sprung mass under a directional
maneuver. The effective roll moment excitation of the sprung mass can be
characterized using a simplified roll plane model of a vehicle, as shown in Figure
2.4, During a turning or steering maneuver, the tires generate lateral forces at the

tire-ground interface and impose roll deflections and lateral acceleration a, on

the sprung and unsprung masses. Assuming that the roll center of the unsprung
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mass lies at its c.g., the overturning moment acting on a vehicle during steady
steer or lane change maneuver can be expressed as a combination of the

following:

1. The primary overturning moment, m_a h,, due to the lateral acceleration.

2. The lateral displacement moment, m gh,8_, arising from the roll motion that
displaces the center of the mass laterally from the nominal center of the vehicle.
The effective roll moment can thus be expressed as:

T, =m.ah, +m g0.h, (2.5)
where g is the acceleration due to gravity, and 4, is the distance between

sprung mass c.g. height and the roll center.

2.3.2 Unconnected hydro-pneumatic suspension forces (Type 1)

Each strut of hydro-pneumatic suspension system, shown in Figure 2.5,
comprises an accumulator and a damping restriction (throttle valve). Chamber 1
of the hydraulic strut is open to the atmosphere, while the chamber 2 contains
pressurized hydraulic fluid. Chamber 3, the accumulator, contains a membrane

to prevent the gas from diffusing into the fluid.

The dynamic suspension forces, ¥, and F,, can be derived assuming

incompressible fluid in the struts, turbulent flows through the orifice restrictions,

and a polytropic and the adiabatic gas law carried out by the accumulators. 4,,
and 4, are piston head areas; 4, and 4,, are piston rod side areas of the left

and right struts, respectively. Let P, and P,, denote fluid pressures in chamber 2
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of the left and right suspension struts, respectively, and P, and P, be the

pressure of gas chambers on the left and right struts, respectively.

er 6 @

P
T

Figure 2.5: Schematic of conventional unconnected hydro-pneumatic suspension
in the roll plane (Type 1)

The Static Equilibrium Equation

The pressure of the fluid within each strut under static equilibrium is

related to the static load acting on the strut:

w, =(P, —P)A,, ; w, =(F, —P)A4,, (2.6)
where P,, and P, are the left and right absolute internal pressures of suspension
struts under static equilibrium conditions; P, is atmospheric pressure; w, and

w, are the static loads acting on the left and right suspension struts, respectively,
given by (Liu, 1994):

w = a8, met 2.7)
Nu(€£+€r) Nu(‘gl_i-fr)
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where N, is the number of struts used on each track in the roll plane model. The

fluid pressure under static equilibrium (7, and P,,) can also be related to the

static load in the following manner:

Py="2typ :p =lryp (2.8)

r a
A2€ AZ}'

Assuming a polytropic gas process, the gas pressure and volume
corresponding to static equilibrium can be related to the initial charge pressure,

P,and P, :
POIVOYL :‘PC[ch ; POrVO}; ZPchc'; (29)
where V,,and V_are the initial charge volumes of gas in the left and right struts,

Vy,and ¥V, are the static volumes of gas in the left and right suspensions,

respectively, and »n is the polytropic exponent.

Fluid Flow Eguations

Assuming incompressible fluid flows, the rate of change of fluid volume in
chamber 2 can be expressed in terms of the suspension relative velocity (liu,

1994).

0,, =4,,%,, 0,, = 4, %, (2.10)
where 0,, and Q,, are the rate of change of fluid volume in chamber 2 of the left
and right suspension struts; and x, and x, are the relative velocities across the
left and right struts, respectively, given by:

X, =%, —x,—(0,-0)l,; % =%, % +(0,-6,)l (2.11)
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During compression or rebound strokes, the fluid flow through the

damping restriction, (the flow rate from chamber 2 to chamber 3), 0,,, and Q,,,
can be expressed as (Liu, 1994):

2| Py, | 2| Py, |

Oy, =C,a, sgn(Py,); Oy, =Cya, ——,OM sgn( Py, ) (2.12)

where a, and a, represent the effective orifice areas of left- and right-struts, p

is the fluid mass density and C, is the discharge coefficient. The sgn function
describes the direction of fluid flow:

L E>0
sgn(P)=40; =0 (i =23¢£,23r) (2.13)
~1; P <0

i

For incompressible fluid flows, the rates of change of fluid volume caused

by piston movements, Q,, and @, , are related to the orifice flow rate, Q,,, and
0., , and conform to the conservation of mass, such that:

Oy = ‘“Qze ; Oy = "QZr (2.14)

Pressure Equations

The pressure differential, P,,, and P, , can be derived from the Equations

(2.10), (2.12), and (2.14):

P, Ay 22 -y P, 4 2.2 .
P, =—(——)"xs P, == (—— sgn(x 2.15
3¢ Z(Cda[) ;sen(x,); Py, 2(Cd r) x; sgn(x, ) ( )

The instantaneous gas pressure in chamber 3 (P, and P,) can be related

to the initial charge pressure (F,, and 7,,), given by:
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Ve p o p ey (2.16)
VM +A2!x4 VOr + 4 x

2rr

P?,e =P0€(

Dynamic Forces of Unconnected Suspension (Type |)

The dynamic forces, F, and F,, generated by the suspension struts on
each side are established from forces acting upon the piston:
Fy=N,(Py = B4y s F, =N, (B, -1, )4, (2.17)
Where P, =P, + P, and P, =P, + P, , are the instantaneous fluid pressures in

chamber 2 of the left and right struts, respectively.

Equations (2.15) to (2.17), yield dynamic force developed by the struts as:

14 g pA3 N ,
F =P, A, N || —% | —1|-L£2228 32 eon(x
¢ QL4520 u (VOZ+A2€x€] 2C3a5 4 grl( [)
- : (2.18)

v, " A2 N
F, =P, 4, N,|| —"—| -1 LT 2 x? sgn(x,)
Vy, +4,,x 2C;a,

2rtr

3

In the above equations, the second term, B’é%z{v—;‘—xf sgn(x,) (j=4,7),
at;

describes the non-linear damping force component related to the square of the

relative velocities across the suspension unit developed due to turbulent flow

through the orifice restrictions. The first term describes the nonlinear restoring

force due to the gas in the accumulators.

2.3.3 Unconnected hydro-pneumatic suspension forces (Type i)
Figure 2.6 illustrates the roll plane model of the vehicle comprising Type I
strut, which were described earlier (in section 2.2). This alternate design of the

strut consists of four chambers, as shown in Figure 2.2. The chamber 1, 2 and 3
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are filled with hydraulic fluid, while chamber 4 contains nitrogen gas. A floating
piston separates the oil and the gas in chambers 2 and 4. Because the rod area
on the main piston is larger than the former Type | strut, it requires relatively
lower pressures to support the same sprung mass. The equations of motion for
the vehicle model are identical to those expressed in Equation (2.1) to (2.4),
while the forces developed by the struts differ considerably.

Assuming negligible mass due to floating piston, incompressible fiuid flows
and turbulent flows through the damping orifices, the dynamic force developed by
the strut is derived in a manner similar to that presented in the previous section

for Type | struts.

X
— e (]
ms‘%B\G}

.t t
| e
1 T

v

I K, Txu Fr¢

b MDY, 4

Figure 2.6: Type Il unconnected strut in half vehicle roll plane model

The Static Equilibrium Equation

The pressure of the fluid within each strut under static equilibrium is

related to the static load acting on the strut (refer to Figure 2.2):

W, =(By =P ) Ay, =Py — P4y w, = (P~ P A, — (P, — P)A,, (2.19)
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Where P, (j = ¢, r) are the absolute internal pressures of fluid in chamber 1 on
the left and right suspension struts under static equilibrium. 7, ; and P, are the
respective pressures of fluid chambers 3 and 4 corresponding to static
equilibrium. p, is atmospheric pressure; 4, is the piston head areas on the
chamber 1 sides of the left and right struts; 4,; is the piston head areas on the
chamber 3 side of the left and right struts; 4,, is the piston head area on the

chamber 2. Under static equilibrium condition, the fluid pressures within each

strut follow the relation: assume identical suspension, B,, =P, = F,,, =P, = By,
and P, =P, ,=P,,=P,, =P, . Furthermore, the right and left struts are
assumed to possess identical geometry, such that 4,=4, =4, 4,,=4,, = 4;,
and 4,, = 4, = 4,. Equation (2.19) can thus be rewritten as:
w, =(P, ~P)A, ; w, =(P,—P)A, (2.20)
Comparing Equation (2.20) with Equation (2.6) for Type | struts, it is
evident that the working area of Type | strut could be relatively smaller than that
Type 1l struts, when identical fluid pressure and static loads are considered. The

working area of strut Type |l is the differential area of the piston, represented by
A,, while that of the Type | strut is the piston area 4,. The working area of Type |
strut, however, would be considerably small when interconnections are
introduced (rod area).

Fluid Flow Eguations

The rate of change of fluid flow in chamber 1 can be expressed in terms of

the relative velocity across the strut:
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O, =4,%,; O, = 4,%, (2.21)
Similarly, the rate of change of fluid flow between chambers 1 and 3 can be
expressed as:

Oy =—A43%, 5 O, = =45, %, (2.22)
Assuming turbulent flows through the damping orifices within the piston, the rates

of fluid flows from chambers 1 to 2 and 1 to 3 can be expressed as (Liu, 1994):

21 P , 21 P

O, =Cuay,, | pm | sgn(P,,); O, =C,ua,, % sgn(P,,) (2.23)
21 Py | 208, |

O =C,vay, 13 sgn(F;,) ; O, =Cyvay, pB sgn( P, ) (2.24)

where Q,,, (j = ¢, r) represents the rates of fluid flows between chambers 1 and
2 of the left- and right-struts, and Q,,, represents the respective flow rates
between chambers 1 and 3, P, and P, (j =¢, r) are the pressure differentials

of fluids in chambers 1 and 2, and 1 and 3, respectively. ¥ and vare the number
of damping orifices that permit the flows between chambers 1 and 2, and
chambers 1 and 3, respectively. The areas of orifices between chambers 1 and

2, and 1 and 3, are represented by a,,, and a;, (j =4, »). The principle of mass

conservation yields:
Qu + Qm + Qm =0; er + Qer + Ql3r =0 (2-25)

where the rates of change of fluid volumes in chamber 2 of the left and right
struts can be derived by substituting Equation (2.21) and (2.22) in Equation

(2.25), which yields.
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Qm = _Azexz ; Oy =—4,,%, (2.26)

Pressure Eguations

Equations (2.21) to (2.26) can be solved to derive expressions for the

pressure differentials of fluids across the damping plate (piston):

P, Ay 5.2 <N . p, A 5. .
=——(———) X, sgn(x,) ; P,, =—=(——)"X, sgn(x, 2.27
12¢ 2 (Cduam) , sgn(x,) 12 5 (Cdua12r) gn(x,) ( )
A ) ) A, ) )
P =22 82 sen(x,); Py, = 2 (204 sgn(s,) (2.28)
2 Cyvay, 2 Cyvay,,

Assuming that the gas in chamber 4 foliows a polytropic process, the gas

pressure and volume in chamber 4 demonstrate the following relationships:
PV =PV PV =PV (2.29)
where P, and V,; (j = ¢, r) are the instantaneous pressures and volumes, gas in
chamber 4 in strut j. Assuming identical left and right struts, P, =2,,, =P,
Vie =Vi40 =V, the pressure and volume, P, and V,,, can be expressed as:

Vio

L Vo )" (2.30)
Vi + 4%,

fue = fal Vo b Ay,
40 2%

)" Py = P

The pressure of fluid in chamber 1 can be expressed as a function of fluid

pressure in chamber 2, (P2,,and P,,), and the pressure drop between chambers 1

and 2, (h,,and B, )

P,=P,+P,,; B,=P, +1,, (2.31)
In a similar manner, the fluid pressure in chamber 3, (£,and 7, ) may be

expressed as:

Pse = Pu "Pm , By, = er _Plsr (2-32)

7
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The fluid in chambers 2 and 4 is separated by a floating piston area
equals to 4,. Assuming the negligible friction force, due to floating piston seal and
negligible mass, the force balance yield:

P, 4, =P,4,,; PA, =F.4, (2.33)

Dynamic Forces of Unconnected Suspension (Type Il)

The dynamic forces generated by the left- and right-struts Type Il are
established from forces acting upon the piston:
F, = NB, -P)A, (B~ P )4, ]
F.=N,[(B, - P4, -(P, - P,)4,] (2.34)
Equations (2.27) to (2.34) yield following expressions for the total force

developed by the left- and right-struts:

N ’ N,p i . Nyp i :
F,=N P4, | —%—| -1} -2 4 L)’ sgn(x,)—-—= 4] L) sgn(x
’ ud o u{_VM*’Azsz } 5 ”(Cdualzz) gn(x,) 5 e Cdva13[) gn(x,)

F,= NPA{V—%T;} —1}— L R i)~ A (e sen)
(2.35)
The first terms in the above equations describe the restoring force component of
the Type I struts. A comparison with the forces developed by Type | struts,
Equation (2.19), suggests that both types of struts yield identical restoring force
for identical charge pressure and volume, and working area. In this case, the

damping forces attributed to the second terms in Equation (2.35) is also identical

to that for strut Type |, provided a,,, =a, (j =, r). The final terms in Equation

(2.35), which represent damping forces associated with pressure drop due to
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flows between chambers 1 and 3, however, are different from those of Type |

struts.

2.3.4 Roll moment due to an anti-roll bar

Road vehicle suspensions, in general, are designed with an auxiliary roll
stiffness mechanism to enhance the roll dynamics and directional control
performance, and reduce the vehicle sensitivity to cross winds. Anti-roll bars are
commonly used in road vehicles to achieve enhanced effective roll stiffness,
which permit the use of relative soft suspension in the vertical mode. An anti-roll

bar is normally fitted across the chassis with its ends linking the two road wheels

I

Figure 2.7: A schematic of the anti-roll bar.

on opposite sides, as shown in Figure 2.7 (Liu, 1994).

I

It is bent near the ends to form trailing levers, while the center section is

anchored to the sprung mass through bushings so that it is free to rotate. The
trailing levers arc up and down with wheel deflections. The relative roll motion of
sprung mass with respect to the unsprung mass, encountered under a single
wheel bump or directional maneuver, causes the bar to twist, and thus provides

resistance to bounce travel and body roll. Under pure vertical motions, the two
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ends of the anti-roll bar only simply turn without twisting, and thus do not affect

the vertical properties of the suspension.

Figure 2.8: A model of the anti-roll bar.

As illustrated in Figure 2.8, roll motion of the sprung mass with respect to
the unsprung mass ( 6, -6, ) causes relative deflections of anti-roll bar,
y=10,(0.-60,) and thus the restoring force F, . The restoring force vyields
restoring roll moment, given by (Liu, 1994):

T, =k, £2(0, -6,) (2.36)
where k,/}is the effective roll stiffness of the anti-roll bar and is related to its

geometry and material properties in the following manner (Liu, 1994):

7Gd'l,

ko = kblbz B 327

(2.37)
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where k, is the spring constant, G is the shear modulus of the anti-roll bar; d is
the diameter of the bar; r is the length of the trailing lever and /, is the distance

between the two ends of the anti-roll bar.

2.4 ROLL PLANE MODEL OF INTERCONNECTED HYDRO-PNEUMATIC
STRUTS (TYPE I)

As shown in the Figure 2.9, the interconnected suspension system
consists of double acting struts, external accumulators, damping restrictions and
interconnecting pipes. The upper chamber of the left strut is connected to the
lower chamber of the right strut, and the lower chamber of the left strut is
connected to the upper chamber of the right strut. This type of interconnection
has been analyzed by Liu (1994), and is referred to as 'Inc1’. The equations of
motion for the vehicle model are derived in a manner similar to that described in
section 2.3.1, where the dynamic forces due to interconnected struts alone differ
from those derived for the unconnected struts in Equation (2.19). The dynamic
forces developed by the interconnected struts are strongly influenced by the fluid

flows through the interconnected pipes as described in the following subsections.

2.4.1 Dynamic forces of interconnected suspension (Type |)

As illustrated in Figure 2.9, the left and right chambers of the struts are
interlinked in a cross formation. During turns or interactions of a single track with
a bump induces a roll moment and deflection of the sprung mass. Considering a
counter-clockwise roll deflection, the left suspension strut undergoes

compression causing the flow of highly pressure fluid from chamber 2/ to 1r of
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the right strut, which experiences extension. The fluid flow thus limits the motion

of the right strut, and yield load equalization.

Xs

(7.2)

P, ®

4,7
4,

| o
AN T AN
T

Figure 2.9: Roll plane representation of the Interconnected struts (Type |, Inc1)

The Static Equilibrium Equation

The static ride height, static deflection and operating pressure of the
suspension struts are related to the static loads. and the charge pressures. When
the system reaches static equilibrium, the pressure of the different chambers

must follow the relationships: B,,=P,,,=8B,, and P, =P, =F,,.
The static loads supported by the struts, w, and w,, are related to the fluid
pressure and the working area, in this case, which is the rod area (4,, - 4,, and

AZ - Alr ):

r

W, = (P = P4y, —(Ryo =P )4 5 W, = (P —F) A, — (B, - P4, (2.38)
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The static pressure of the fluid in chamber 3 of the two interconnected struts can

be derived, assuming a polytropic process of the confined gas:

PSEOV;;O = P3czV3'z‘£; PzroVanro =P,V

3cr” 3er

(2.39)

where P, and P, are the static and initial charge pressures of strut j (j=21r),

g

and ¥, ,, and ¥, are the corresponding volumes of gas in chamber 3.

<
The static deflections of the suspension struts, x,, and x,,, can be derived

from the continuity equations under static equilibrium:

Ay X0 =V =Vigg + A, %05 A%, =V, V3o + Ay X (2.40)

ir
The above equations suggest that the static deflections of the right and left
suspension struts are coupled due to interconnections.

Equations of fluid flow

Assuming turbulent flows through the orifice restrictions between
chambers 2 and 3, the pressure differentials across the orifices relate to the

volume flow change rate, as (Liu, 1994):

21 P 21 P
O =C 0, | p23£ | sgn(Py,); Oy, =C,a, ‘L;gLISgH(P23r) (2.41)

Assuming laminar fluid flow through the interconnecting pipes, and negligible
entrance and exit losses, the volume flow rates across the interconnected

chambers are expressed as:

Qzelr :k‘Pler; eru = szruz (2-42)

where the coefficient k£ could be represented as (Liu, 1994):

4
k= ésDyL (2.43)
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P211r :le”P

s Py =hk,—-P,, and Q,,, and O, are the flow rates from

chambers 2/ to 1r, and 2r to 14, respectively. u is the absolute viscosity of
fluid, L is the length of the pipe and D is the diameter of the pipe.
The rates of change of fluid volumes in chambers 1 and 2 of the struts

relate to the relative velocities of the struts; x, and x,, in the following manner:

Quf = Alfx[/ ;Qn = Alrxr and Qze = Azzxz; er = Aerr (2-44)

Assuming incompressible fluid flow, the rates of change of volume in

chambers 1 are related to the fluid flows through the interconnecting pipes:

O =0 3 G ==, (2.45)
The fluid flows will conform to the conservation of mass, such that:

Opi + Oy + 0oy, =0,0y3, + 05, + 0, =0 (2.46)
Upon substituting the Equations (2.44) and (2.45) in (2.46), the fluid flow rates

through damping restriction can be related to the relative velocity of the left and

right struts:

1r*r 2rir

Opy = Ay, X, =4y %, 5 Oy, = A%y — Ay, % (2-47)

Pressure Equations

Rearranging Equation (2.47) yields following expressions for the pressure

drops across the damping orifices, P,;, and P, :

Q23r

232 T
2\ C,a, C,a,

_P[ D
2

] Se(0); Py =£[ ) sen(Qss,) (2.48)

Substituting for Q,,, and Q,,, from Equation (2.47) in (2.48), yield:
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r

) N2
Py, = £ M sgn( 4, X, — Ay, %,)
2 C,a,
, (2.49)
Py, = B_(M&] sgn(4,,x, — 4,,%,)
L 2 Cdar

The instantaneous fluid pressure in chambers 3 of the two interconnected struts

are derived assuming a polytropic process of the confined gas:

14 ! 14 ’
Py, = Puo['l;’—ﬂ%;—} B ZErOi:}wﬂl;—:] (2.50)
360~ V234 3r0 ~ 7 23
Vi = Ay, %, — Ay %05 Vi, = A%, — Ay, %, (2.51)

where V,,, and V,, represent the changes in gas volume chambers 3, which
relate to relative deflections of the struts, x, and x,. These relative deflections

are derived from the generalized displacement coordinate of the roll plane

vehicle model shown in Figure 2.12, such that x,=x -x,-(0,-6,){ and
x =x,—-x,+(0,-6,)¢ . The instantaneous gas pressure and volume in the
accumulator is further derived from:

PyViy = PoygVin 3 BV = PV (2.52)
The pressure drops across the interconnecting pipes is computed from Equation
(2.42) and (2.46):

__Arxr . — A, X
]lc 3 1)27'15,’: ]:: :

Py, = (2.53)

The pressures of fluid in chambers 1 and 2 of each strut can be expressed as:

{Pz/ = P23é +P3z and {Hz = Pzr _Pzru

(2.54)
‘P2r = 1)23r + ])37 I)lr = })ZZ —1)2€1r .
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Equations (2.48) to (2.54) yield following expressions for fluid pressures in

different chambers of the struts, as functions of the relative deflections and

velocities.
., » 2
V. A.x ,—4 X . A.x
B, =P, 0 +£ =l sgn(d,, % ,—A4,,%,)+ Skt
Vi = Ayx, + 4y, %, 2 Caa, k
J \ (2.55)
v, " ¢ A, i o :
])lr = P3€0 40 +_,0— M Sgn(Alrx r _—AZEXZ) + ]rxr
Vio =4, %, + Ay, 2 C,a,
., _ 2
By =By, a e il L sgn(4, % ,—4,,%,)
Vo = Ay, + Ay%, 2 C,a,
) , (2.56)
n A . . : . .
})2r = })3r0 173’0 + E M Sgn(Asz - AZrXr)
Vo = AyX, + 45,%, 2 C,a,

The above equations clearly show that the fluid pressures in a given strut are
related to relative motion responses of both the struts in a complex manner.

Dynamic Forces of Interconnected Suspension (Type I}

The total forces developed by the left and right interconnected strut, F, and £,

derived from the forces acting on the pistons:

{Fz = Nu [(Pzz - Pzeo )Azz - (Plz - Puo )Au] (2.57)
Fr = Nu [(PZr _‘PZrO)AZr —(})lr _I)er)Alr]

The above equations can be rearranged as:

{Fe =N, [(Pu =Pyt qu)Aze - (P37 _Puo + P23r - Pzru)Alz] @2 58)
F,=N((P, =Py +Pyu) A, —(Py =Py + Py =Py )4, |

in the above equations, the fluid pressures P,, and P, are described in Equations

(2.52), while the pressure drops, P, and P, , are expressed in (2.49). The

49



pressure drops across the connecting pipes ( 7, and P,,,), are also described
in Equation (2.53). The substitution for the pressures in terms of relative
deflections and velocities would yield two components of the strut forces: a
restoring force F|; and a damping force F; (j={,r), such that:
F,=F,+F,and F.=F_+F,

The force components are derived as:

r — — — —_

v, " "
Fy =PodN, - 1= Po4N, Ve -1
\ Vie = 4%, + 4,x, Vip = 4x, + 4y,
N N - . (2.59)

V h n
Fsr :PrOAZNu 0 —1 —})rOAINu Vro _1
Vi—Aix, + 4)x, Ve —Ax, +4,x,

The equations of damping forces can be expressed as:

-2 - -2
P X pl A4,x, —A4,x, . .y 128ul
Fy :Nu{z -Ai C a‘ju ‘ | gn(AIrxr -4, 1xz)”"2‘— = lCdcfz Sgn(Alle “Azrxr) 7ZD4A1 X
<2 -2
Pl A4,x Vi A,x, —A4,,x 1284}
F;r = Nu{z —A” é a‘/fz | Sgn(AlfxE Aerr) 2 -——I——C—,[;—a;—l—ﬁ— gn(Alr‘xr Azexz)“ 7ZD4 xr
(2.60)

The restoring forces are influenced not only by the relative displacement
of the same side struts but also by those of opposite side struts. The damping
forces are through influenced by the coupling effect of the two struts. The flows
through the interconnected pipes yield dissipative forces for a given strut as a
function of its velocity response.

2.5 ROLL PLANE INTERCONNECTED HYDRO-PNEUMATIC STRUT (TYPE i)

The Type lI hydro-pneumatic suspension strut consists of four different

fluid chambers (Figure 2.2) and thus offers many options to realize
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interconnections between the left and right struts. In this dissertation research,
the static and dynamic properties of the suspension system are investigated for
two interconnection: (1) interconnection of chambers 3/ and 1» and vice versa,
referred to as ‘Inc2’; and (2) interconnection of chambers 3r and 1/, and vice
versa, referred to as ‘Inc3’. The dynamic forces developed by the two
configurations are systematically derived in the following sub-section, while the
equations of motion for the vehicle model are same as those presented in

Equations (2.1) to (2.4).

2.5.1 Dynamic forces of interconnected suspension (Type Il, Inc2)
Figure 2.10 illustrates the roll plane model of the vehicle that includes the

interconnected struts for deriving the dynamic forces F, and F,. The struts are

connected to permit flows between chambers 3¢ and 1r, and 3 and 1¢. In order

to enhance the roll property of the suspension.

xr__ m,
| | | |
| | | Gas B
Ay
LI - As i

A, =70il e O

l 4 | |

Xy m,y,

Figure 2.10: Roll plane representation of the interconnected struts (Type ll, Inc2)
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This configuration of interconnection is referred to as ‘Inc2.” The damping
orifices are introduced in the piston to permit chambers 1 and 2 of the same strut.
The performance of roll motion of the sprung mass caused by either a turning
maneuver or road induced excitation would cause compression of the left strut
and the fluid in chamber 1£. The high pressure fluid would flow from 1/ to 3r,
and thus limit the extension of the right strut. The proposed strut configuration
and the interconnection would thus equalize the load distribution through
enhanced roll stiffness and damping.

The Static Equilibrium Eguation

The static loads supported by the struts, w, and w,, are related to the static
equilibrium pressures (B, = Py, = Py = P05 7 =41) and effective working areas
of the struts:

W, = (P = PYA, =~ (Pag = P Ay, w, = (P = B Ay, =Py = )4, (2.61)
The above expressions are identical to those derived for the unconnected
suspension in Equation (2.19). Unlike the unconnected struts, the
interconnection, tend to equalize the fluid pressures in both the struts.
Considering this pressure equalization, Equation (2.61) may be simplified to
yield:

w, =(Pyo — P4y, s W, =P — P4, (2.62)

Equations of Fluid Flow

Assuming turbulent flows through the damping orifices, the fluid flow rates
from chambers 1 to 2 of left struts and right struts are derived as in the case of

unconnected suspension:
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21 P, 2P,
O = Cotay |7 P sgn(Pyy): O, = C s, -'——;‘2——1sgn<112,> (2.63)

where u is the number of orifices that permit flows between chambers 1 and 2 of
each strut.
Assuming laminar fluid flows through the interconnecting pipes, the fluid flow

rates across the right and left struts (Q,,,, and Q,,,,) can be derived from:

er = kP]£3r; er% = kPlr:«xz (2-64)

where B, =B, ~P,; B3, =B, — P, (2.65)

The rate change of fluid volume in chambers 1 of strut is related to its relative
velocity response, as in the case of unconnected struts:

Oy, = 4,%,; O, = 4,%, (2.66)
In accordance with mass conservation, the rates of fluid volumes are related in

the following manner:

Qu' +Qm + er =0 er + Q12r + Q1r3t’ =0 (2-67)

The rate of change of fluid volume can be further related to the fluid flows

through the interconnecting pipes, and relative velocity responses of the struts:
O3+, =05 Oy, + Oy, =0 (2.68)

The fluid flow rate in chamber 3 of the left and right suspension struts are related

to the relative velocities of the suspension strut.

Qsz = _Aafxe ; er = _A3rxr (2.69)
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Upon substituting for Q,, and @, from Equation (2.66) and (2.68) in (2.67) yields

following expressions for the orifice flows in terms of coupled relative velocity
responses of the two struts:
Ope =—Ay X, + A3, %, Oy, = -4, %, + 45,%, (2.70)

Irr

Pressure Equations

The pressure differential associated with fluid flows across the damping orifices
can also be expressed in terms of coupled relative velocity responses from

Equation (2.63) and (2.70), and letting a,,, =a,,, = a,,:

- -2
A%, — A% . .
Py, = £ Lk “ Ak sgn(4,,x, — 4,,%,)
2 C,ua,,
- - (2.71)
A%, — A, %, ) )
Py, = £) Lotk "% sgn( Ay X, — 4,,%,)
2 C,ua,

Equation (2.64) further yields the pressure drops across the connecting pipes

(P,;, and P ;,) in terms of the relative velocity responses (Liu, 1994):

— QIBr — (A3x7)128ILLL
4

P, = _ O _ (A;%, 128 (2.72)
k D

e =7 aD*
The instantaneous pressure and volume of the gas in chamber 4 of each strut is
related to the static equilibrium pressure and volumes:

PooVivo = PacViy 5 ParViro = Fi Vi (2.73)
The change in the gas volume of a given strut is dependent upon the relative

deflections of both the struts. The instantaneous gas pressures (P, and 7, ) are

thus derived as:

p
¢ = Pyl 2
Vie + Ay X, — Ay, x

3rtr

V4r0
Vyo +A4,%x, —A45,x,

1r*r

P4 )n; ‘P4r :1)4}*0( )"’ (274)

54



Considering that P,, = P, for negligible seal friction and inertia of the floating
piston, fluid pressures in chamber 3¢ and 3r can be expressed as:

Py =Py + Py, =Py By =P+ By = By, (2.7%)
In the above equations, the terms P,; and P, (j = £,7) have been described in

Equation (2.74) and (2.71), respectively, in terms of relative position and velocity

responses. The pressure differentials across the interconnections (7,,, and F,,,)

have also been derived as functions of the position and velocity response in
Equation (2.72). The above equations clearly illustrate that fluid pressures in a

given strut are related to relative motion responses of both the strut due to the

interconnection.

Dynamic Suspension Forces

The suspension forces developed by the left and right struts can be derived from:

{Fé =N, [(PM - PO[)A]I,’ — (B, —Poz)A.w]

(2.76)
F. =N, -P)4,-(P,-P)4,]
The above equation can be rearranged as:
{Fe = Nu [(Pze +Pm "Poe)Au _(‘PZr + P12r ”Plrslz _Poz)Au] (2 77)
F.=N,([(P, + P, =P A, =(Py+ By =B, = P ) s, |

Upon substituting for fluid pressures from Equations (2.71), (2.72) and (2.74),

forces developed by the struts can be expressed by:

- V n r V -n
Fsz :NuP40A1 2 -1 _NuP4oA3 2 -1
_V40 + Ax, - 4x, ] _V40 + Ax, - Ayx, ]

~ V —in - V “in
F, =N,Pu4 = —1r =N, P4, . -1
| Vi +Aix, — Ayx, | | Vi + 4%, — Ayx, |

55



- 12 o 12

Ax —Ax _ ) Ax, A%, . (AER)28ULN,
g I3 T sgn(4,x, —Aixé)—BNuA 37 1 sgn(4,x, _ijr)___i__)__%l'_.
2 | Cuua, 2

3_ Cua, | D’
2

- 9 ~ 12
P A%, ~ A x, . R AX, — A%, . . (4%)128uULN,
F, ==N 4| —=———"| sgn(4dx, —A4x,)——N 4| ——| s X —Ax

dr 2 u il Cduau gn( 37 1 r) 2 u 3_ Cdualz | gn(A3 r 141 [) D4

(2.79)
where F,; and F, represent the restoring and damping force components of strut

j (j=4,r), respectively. It is evident that the restoring and damping forces

developed by a strut are dependent upon not only the relative motion response of
the same strut, but also that of the strut on the other side of the track. The flows
through the interconnecting pipes yield dissipative force component of a strut as
a function of the relative velocity response of the other strut, which represents the

feedback effect of the interconnected struts.

2.5.2 Dynamic forces of interconnected struts (Type Il, Inc3)
Figure 2.11 illustrates the roll plane model of the vehicle that includes the

interconnected struts for deriving the dynamic forces F, and F,. The struts are

interconnected to permit flows between chambers 1/ and 2r, and 2¢ and 1r.
This configuration of interconnection is referred to as ‘Inc3.” The damping orifices
are introduced in the piston to allow fluid flow between chambers 1 and 3 of each
strut. Under roll motion of the sprung mass would cause the highly pressure fluid
flow from chambers 1 of the left strut to chamber 2 of the right strut. This would
equalize the loads on the two struts by enhancing the suspension roll properties.

The fluid flows in chamber 2r, however, may cause considerable compression of
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the gas in chamber 4, which would most likely nullify the effect of the strut

interconnection.

TB
. Xs s
| | | |
| Gas |_ | Gas |_
4 4
3
A 2
| As l . |
Aq I—
11 4 11
XU [ — mIJ

Figure 2.11: Roll plane representation of the Interconnected struts (Type I, Inc3)

The Static Equilibrium Equation

The static loads supported by the struts, w, and w,, are related to the static
equilibrium pressures (B, = P, , = P, = P, ,; j = £,7) and effective working areas

of the struts:

w, =(By — P4, —(Pyyy — P45 w, = (B, — P4, — (P — P4, (2.80)

1r
The above expressions are identical to those derived for the unconnected
suspension in Equation (2.19). Unlike the unconnected struts, the
interconnection, tend to equalize the fluid pressures in both the struts.

Considering this pressure equalization, Equation (2.80) may be simplified to

yield:
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W, =Py = P Ay w, = (B — F)A, (2.81)

Eguations of Fluid Flow

Assuming turbulent flows through the damping orifices, the fluid flow rates from
chambers 1 to 3 of left struts and right struts are derived as in the case of

unconnected suspension:

2P AV
Oy, = Cyvay,, | pm | sgn(P5,); O, =Cyvay,, ‘“‘I';;—%“‘ sgn( P, ) (2.82)

where v is the number of orifices that permit flows between chambers 1 and 3 of
each struts.
Assuming laminar fluid flows through the interconnecting pipes, the fluid flow

rates across the right and left struts (Q,,,, and Q,,,,) can be derived from:

Quzr = P]f.zr ; sz = kP]rzz (2-83)

where P, =P, ~P,; P, =h, - P, (2.84)

The rate change of fluid volume in chambers 1 of strut is related to its relative
velocity response, as in the case of unconnected struts:
O, =4,%,; O, =4,x, (2.85)

In accordance with mass conservation, the rates of fluid volumes are related in

the following manner:

O+, + 0y, =0, O, +05, +0,,, =0 (2.86)

The rate of change of fluid volume can be further related to the fluid flows

through the interconnecting pipes, and relative velocity responses of the struts:

Qze + Q]r2£ =0; er + Q]er =0 (2.87)
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The fluid flow rate in chamber 3 of the left and right suspension struts are related

to the relative velocities of the suspension strut.
Qs =—Ay %, 5 O, = —Ay X, (2.88)
Upon substituting for 0, and Q,, from Equation (2.85) and (2.88) in (2.86) yields

following expressions for the orifice flows in terms of coupled relative velocity
responses of the two struts:
Qupny =—A5, %5 Oy = =AY X, (2.89)

Pressure Equations

The pressure differential associated with fluid flows across the damping orifices
can also be expressed in terms of coupled relative velocity responses from

Equation (2.82) and (2.88), and letting a,;, =a,;, = a,;:

2 2
P13€ = E‘:M:l Sig”(—ffg) ; P;}, = Blt""ﬂr‘“} Sign(—i,) (290)

2 Cyva, 2| C,va,
- Equation (2.91) further yields the pressure drops across the connecting pipes

(P,,, and P,,,)interms of the relative velocity responses:

- Q2 _ (A, x N28ul = erze,: (A, X, )1284L
tezr K D* v e K D

(2.91)

The change in the gas volume of a given strut is dependent upon the relative

deflections of both the struts. The instantaneous gas pressures (P, and F,, ) are

thus derived as:

Viso

P,=P,(——————
Y 0 (V-MO + A2rxr

n Vr
) ;P4r:P4rO(V A

a0t Ay X,

% ' (2.92)
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Considering that P,, = P,, for negligible seal friction and inertia of the floating

piston, fluid pressures in chambers 1j and 3; (j = £,r) can be expressed as:

{})1[ = ‘PZT +P1€2r (2 93)
B, =F+h,

{P:W = })1[ _R3[ = I)Zr + E&r _1)13f (2 94)
P3r = })Ir _‘Pl3r = ‘PN +Plr2£’ —R3r

In the above equations, the terms P,; and P,; have been described in Equation

(2.92) and (2.90), respectively, in terms of relative position and velocity

responses. The pressure differentials across the interconnections (7,,;, and P, ,,)

have also been derived as functions of the position and velocity response in
Equation (2.91). The above equations clearly illustrate that fluid pressures in a
given strut are related to relative motion responses of both the strut due to the
interconnection.

The dynamic forces of the interconnected suspension

The suspension forces developed by the left and right struts can be derived from:

{Fz = Nu [(Bz “Poz )Aw ”(Psz - Poz)Aaz] (2.95)

F =N[(B,-B)4, (P, -P)4,]

The above equation can be rearranged as:

{Fe = Nu [PztrAu - R)eAu + Plzeru _P4rA3e - PmrAse + PozAse + PIBZASL’] (2 96)
Fr = Nu [‘PLIrAlr ~R)rA]r + H!ZrAlr _—P4€A3r - })1r2ZA3r + ‘P()rA3r + Pl3rA3r]

Upon substituting for fluid pressures from Equations (2.90), (2.91) and (2.92),
forces developed by the struts can be expressed by their restoring and

dissipative force components, as discussed in the previous section:
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V n n
F,=NP,A{l—® | -1 F =N_P _ Ve | (2.97)
st u” 40772 sr u™ 40
V,, +A,x, V, +Ayx,

r -2 2 .
A X ATx 128 uL
£, =N, 2| 25| oni,)-n, 2
2 C,va, 7D
- ., : (2.98)
A X AZx )H28ul
Fdr :—-NuBA3 ___l‘fr_ Sgn(xr)_Nu.g_‘_xQ_ﬁ‘__'L_t_
2 7| Cyvay | 7D

where F,, and F, represent the restoring and damping force components of strut

j (j=14£r), respectively. 1t is evident that the restoring and damping forces

developed by a strut are dependent upon not only the relative motion response of
the same strut, but also related to that of the strut on the other side of the track.
The flows through the interconnecting pipes yield dissipative force component of
a strut as a function of the relative velocity response of the other strut, which
represents the feedback effect of the interconnect struts.
2.5 SUMMARY

Two different designs of hydro-pneumatic suspension struts are presented
and discussed to realize roll-plane interconnected suspension. A generalized
four-DOF roll plane model of a heavy vehicle is developed to investigate the
static and dynamic properties of different unconnected and interconnected
suspension configurations involving Type | and Type I struts. A total of three
interconnected suspension configurations are formulated. Those include: (1)
Type | struts that has been reported in an earlier study; (2) Type Il struts with
interconnections between the lower chamber of left strut to the upper confined
chamber of the right strut; and (3) Type !l strut with lower chamber of the left strut

to the upper chamber of the right strut adjacent to the gas chamber. The

6l



equations of motion of the vehicle model are derived under excitations arising
from the road and maneuver induced roll moment. The dynamic forces
developed by the unconnected and interconnected struts are derived using the
fluid flow and pressure equations. The resulting restoring and dissipative force

components of different interconnected struts are discussed.
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CHAPTER 3

PROPERTIES OF THE DIFFERENT HYDRO-PNEUMATIC

SUSPENSION SYSTEMS
3.1 INTRODUCTION

The ride quality, handling and directional control performance of a vehicle is
strongly related to the static and dynamic properties of its suspension. Ride and
roll dynamic performance characteristics of a vehicle are directly influenced by
the suspension properties, such as suspension vertical spring rate, roll stiffness,
and damping characteristics. The analytical models of different unconnected and
interconnected suspension systems developed in the previous chapter are thus
analyzed to derive their vertical and roll properties. Sharp and Hassan (1986)
have stated that the performance characteristics of competitive suspension
should be compared on the basis of equal working space. The static and
dynamic properties of the suspension systems are evaluate in terms of those
rélated to ride and roll dynamic properties are described below: The relative
properties of the suspension systems are evaluated in terms of their load-
carrying capacities charge pressure requirement, vertical spring rates, roll
stiffness, and vertical and roll mode damping characteristics. The parameters of
various suspension systems are selected to achieve identical load carrying
capacity and maximum travel, furthermore, the parameters are tuned to realize
comparable ride related parameters, specifically, the vertical spring rate and

damping.



3.2 DEFINITIONS OF STATIC AND DYNAMIC

Load-Carrying Capacity is the load supported by the suspension system at

the design ride height, it is related to its static force-deflection characteristics,
initial charge pressure and the working area. Relative evaluations of different
suspension configurations should be carried out under identical load carrying
capacity, which may be realized by varying the charge pressure and the working
area. Relationships between the load carrying capacity, working area and charge
pressure, for different suspension configurations have been described in
Equation (2.6), (2.19), (2.29), (2.61), (2.80).

The Suspension Rate of a vehicle is its vertical spring rate at a specific

operating point. The vertical spring rate due to a strut is derived from the change
in the strut force with respect to a change in the relative deflection. The
suspension rate of a hydro-pneumatic strut is derived from pressure-defiection
relationships for the confined gas.

Suspension Roll Stiffness The rate of change in the restoring moment

caused by the strut forces, F, and F., with respect to change in the relative roll

deflection.

The Damping Forces Damping characteristics of suspension in the vertical

mode are expressed in terms of vertical force-vertical velocity characteristics.
The vertical damping due o a suspension configuration is derived from the total
damping force produced by the right and left struts, as described in Equation
(2.18), (2.35), with respect to the relative velocity response of the sprung and

unsprung masses (x, —x, ).
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3.3 LOAD-CARRYING CAPACITY AND STRUT DESIGN PARAMETERS

The force developed by a hydro-pneumatic suspension strut comprises two
components: a restoring force component attributed to the gas chambers; and
the damping force attributed to flows through damping restriction. The load
carrying capacity of the strut depends upon the gas charge pressure, gas volume
and the effective working area. The load carrying capacity thus relates to the
restoring force property of the strut. The strut design parameters are selected to
achieve identical values of vertical spring rates, irrespective of the strut type and
interconnection configuration. The fluid pressure corresponding to static
equilibrium is also held constant for all suspension configurations. With the
exception of interconnected Type | struts (Inc1), where the rod area serves as
the effective working area. Assuming symmetric load distribution on left and right
struts, the anti-roll bars have no effect on the vertical suspension rate, which
relates to the pressure and volume of the confined gas, and the effective working
area. The load-carrying capacity of an unconnected suspension with an anti-roll
bar is thus the same as that of unconnected without anti-roll bar. The load carry
capacity of the Type | strut can be expressed from Equation 2.5:

W =2N, (P, - P)A, (3.1)
where I is the total load carrying capacity, 4, is the effective working area of the

strut, which is the piston head area in Type | strut, and the floating piston area in
Type |l struts. Assuming equal load distribution, the gas pressure is related to the

static deflections, x,:
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B =B|—— (3.2)
Vc _.AZxO

where P, and ¥V, are the initial charge pressure and volume of the gas,

respectively.

Interconnected Type | Strut (Inc1)

The interconnection of type 1 struts yields the effective working area as
A, — 4,, as described in section 2. This would require the use of either high

charge pressure or larger rod area, in order to achieve the same load carrying
capacity. By selecting the rod area equal to the effective working areas offered
by Type | and Type |l strut would yield relatively larger strut size or relatively
small volume of chamber 1. The load carrying capacity of the Inc1 configuration
could be derived from Equation (2.38), as:

W =2N, (P, —P,) 4, - 4) (3.3)
Assume equal load distribution and static deflection, the static equilibrium may be

expressed as:

) (3.4)
V. —A4.x,

In an effort to achieve identical suspension rate, the fluid pressure P, is

selected to be slightly higher that that used in the unconnected struts, which
further yields slightly lower gas volume, as summarized in Table 3.3.

Interconnected Type i Struts (Inc 2 and Inc3)

The load-carrying capacities of Inc2 and Inc3 suspension configurations are

described in a similar manner, as.
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W =2N,(f)—F,)4, (3.5)
where 4, represent the floating piston area. For this configuration the same
values of P, and ¥, yield identical suspension rate. The relationship between the

static deflection and the static pressure is identical to that described in Equation

(3.6)

3.4 SUSPENSION RATES OF DIFFERENT STRUT CONFIGURATIONS
Assuming identical geometry of struts used employed in the left-and-right-

tracks, (4,=4,=4; A4,=4,, =4, ; and 4,,=4, =4, ), the restoring force

F_developed by an unconnected struts (Type | and Type II) is related to the

vertical deflection x and the static equilibrium pressure, as described earlier in

section (2.3.2):

V n
F =P g -P 14 3.6
K Ii O[VO“‘AZX) a:l 2 ( )

The vertical rate, k,, of the suspension strut can be derived as:

dF
k, =—>= I’tPOVO"Az2 —————1—~—-—1—
dx Vo — Azx)n+

(3.7)

v

The static stiffness (£’ ) corresponding to the static design height (x = 0) is thus

computed from:

F
ky, = nd; = 3.8
vu n ZV ( )

0
The static stiffness is a proportional function of the static equilibrium
pressure, and inversely proportional to the design gas volume. The resulting

static deflection of the strut, x,, is derived as:
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w wVl,
x = — =
0 0 2
k, nA,F,

(3.9)

where w is the load supported by one strut at the design ride height.

Interconnected Type | Strut (Inc1)

The restoring forces developed by the interconnected right- and left-struts
relate to instantaneous deflection of both the struts, as described earlier in

section 2.4.1. Equation (2.59):

. A 4
Fa= B0 5 v~ Ax )y (W, + 4 v Zix e
- 0 277 1%r 0 2% 17%¢ - (3.10)
A
F, =RV} : - 4 P4y~ 4)
(Vo +4yx, —Ax,)" (Vo +Ayx, — Ax,)" |

The suspension rate due to each interconnected strut is thus dependent

upon the deflections of both the struts:

i
2 42— a4, P
dxl’ dx@

+
[Vo + Ay x, — Ayx, ]n+] [Vo +4,x, - Ax, ]n+1

Az2 - AIAZ

kvl’ = nPOVOn

Az2 —.AIAZ% A12 ‘AxAz%
k, =nPV; —+ s } (3.11)
[Vo +4,x, _Ale] [Vo +4,x, "‘Alxr]

Considering that both the struts would encounter identical relative

displacements, under a pure bounce motion (x, =x, =x ). Equation (3.11) is

simplified to yield following form of the suspension rate due to each strut:

1

k,=nPV'4> ————
vi n 070 “Fr [V0+Arx]n+l

(i=14r) (3.12)
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where 4, is the piston rod area (4, — 4,).

Interconnected Type il Strut (Iinc2)

The restoring forces developed by the interconnected right-and left-struts

relate to instantaneous deflection of both the struts, as described earlier in

section (2.5.1). Equation (2.78):

A A
Fy, =nPeVy 1 - : - P (4, - 4)
‘ Vi +Ax, —4dx ) (Vo +Ax, —A4x,)
:( 40 1%¢ 3 ) ( 40 1 3 1) . (3.13)
A A
F, =nPyV, l PR 2 - =P, (4, - 43)
| _(V40 +4;x, "Asx/z) (Vao + 4%, "Aaxr) i

The suspension rate due to each interconnected strut is thus dependent

upon the deflections of both the struts:

2 dx,
Af Ay~

_ n I4
k,, =nPyV 3

A32 - A1A3 dx,
dxz

dx
sz - A1A3 ”chL

+
[V4o + 4, x, — A;x, ]n+l

—t
[V4o +4,x, “A3xz]n l

dx
a2 -, B

¥

_ n r
kvr - nP4OV40

(3.14)

+
[V4o + A4,x, — 4;x, ]n+1 [V4o + 4%, — Ayx, ],7+1

Considering that both the struts would encounter identical relative

displacements, under a pure bounce motion (x, =x, =x), Equation (3.14) is

simplified to yield following form of the suspension rate due to each strut:

1

kvi :nP40V4}10A22m (l'::[,f")
40 2

(3.15)
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Interconnected Type Il Strut {inc3)

An examination of this configuration of interconnected suspension system
suggests that the chamber 2 and 4 remain uncoupled with chamber 1 and 3 of
the same strut due to absence of orifice flows between chamber 1 and 2. The
chambers 1 of the right strut, however is coupled to chamber 2 and 4 of the left
strut. A deflection of the left strut would thus develop a restoring force in the right
strut as a function of its relative deflection response, and vice-versa. Under pure
bounce motion, the restoring force developed by each strut in the interconnected
configuration and thus the suspensions are identical to that of the unconnected
Type Il strut.

3.5 SUSPENSION ROLL STIFFNESS OF DIFFERENT STRUTS
The vehicle sprung mass experiences a roll motion, ¢, and a displacement

with respect to unsprung mass, x, —x,, when subjected to a roll moment, as

shown in Figure 2.3. The roll motion of the sprung mass caused by either a
directional maneuver or a road bump is strongly dependent upon the effective roll
stiffness of the suspension. The vehicle suspensions are mostly designed to yield
low vertical suspension rate to achieve acceptable ride quality. The low vertical
spring rates, however, yield lower roll stiffness and thus higher roll motion of the
sprung mass. Auxiliary roll stiffness is thus frequently used to enhance the
effective roll stiffness. Owing to the nonlinear force-deflection relationship, the
hydro-pneumatic suspensions yield a relatively complex relationship between the
restoring roll moment and roll deflection. The right and left struts (Type | and 1) in

the unconnected suspension configurations undergo relative deflections,
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x,=x,-x,-4,6,-68,) and x,=x,-x,+{,(6,-6,) respectively, where
x=x,—x, is the relative vertical deflection and =6, -6, is the relative roll

deflection. The moment developed due to differential restoring forces can be

derived from:

1 1
M =N,(P,—P)Al=N,PV AL - 3.16
A= I e 2{[Vo+<x~w>Az]" [Vo+<x+w>/12]”} 519

The effective roll stiffness of the unconnected suspension, k,, can be derived as:

dx dx
114 1+ /¢
k= oy geN g dO___ (3.17)
do [V, +(x=e)}” [, +(x+ )]

where _d% can be computed from the static equilibrium equation, Equation (3.18):

(P, =B )4, +(P, - P)4, =0 (3.18)
where P, and P, were expressed in Equation (3.16), the equation of static

equilibrium can be obtained by combing the Equation (3.16) and (3.18):

1 1 2

0)= n -2 =0 3.19
R T ST YN ST TN @19
The above equation can be manipulated to yield:

dc  o0gloo [V +(x+e0)41" -V, + (x-£0)4, 1"

Bl A =/ — ~ (3.20)
a0 0g/96 |V, +(x+£0)A1" + [V, +(x-10)4,]

Equation (3.17) to (3.20) can be solved simuitaneously to derive the

restoring roll moment corresponding to a given relative roll deflection.
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The total roll stiffness of an unconnected suspension with anti-roll bar is the
sum of the auxiliary roll stiffness due to the anti-roll bar and the roll stiffness

arising from the hydro-pneumatic struts described in Equation (3.17), such that:

k =k, +k, (3.21)
where &, is the total roll stiffness of the unconnected suspension with anti-roll
bar, and k,is the auxiliary roll stiffness due to anti-roli bar, as described in

section 2.3.4.

Interconnected Type | Strut (Inc1)

Under the sprung mass roll motion, the gas pressures in the left and right

struts (P~,,and P, ), as described earlier in Equation (2.50), yield a restoring roll
moment, given by:

M =N_(P, - P, XA, + A, (3.22)
Upon substituting for £, and P, from Equation (3.22), the restoring roll moment

can be expressed as a function of the roll deflection

1 1
M =PV (4 + A,)IN, - (3.23)
v ’ {[Vo +4,z, '“Alzr]n [Vo +4,z, _A1Ze]n}

The roll stiffness of the interconnected suspension is then derived in a manner

similar to that described for the unconnected suspension:

where %can be computed from the static equilibrium equation:

1 1 2
[V, +(x~20)4, - 4(x+LO] " [V, +(c+£6)4, - 4~ L) V7

g(x,0)= —0 (3.25)

which yields:
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dx (A + A4 |+ (x+00)4, - 4, (x—D]" - [V, + (- £0)4, - A (x+£O)]™
d0 A, -4 |V, +(c+100)4, - A (x— 1O + [V, +(x—20)4, - 4, (x+ L]

(3.26)
simultaneous solution of Equations (3.24) to (3.26) yields the roll stiffness as a

function of relative roll deflectioné.

interconnected Type |l Strut (Inc2)

Under a roll motion, the interconnected suspension would yield a restoring
roll moment attributed to instantaneous gas pressures in chambers 4¢ and 4r,
such that:

M =N,(P,, —P,)(4 + 4! (3:27)

Upon substituting for P,, and P,, from Equation (2.74), the restoring roll

moment due to Inc2 suspension can be expressed as:

1 1
M=PJV(4 + A3)€Nu{ —— n} (3.28)
[V4o + 4z, "“A3Zr] [V4o + 4z, "A3Zz]

The roll stiffness of interconnected suspension (Inc2) can then be derived

from:
dx dx
(4, + 4;)E— (4 ~A3);l~§ (4, + 4)0+ (4, —A3)—C}5
k, =nP V(4 + 4)IN, a7t o
[V, + A (x—20)— A,(x+ LD Vo + A(x+£60)— A (x—£O)]
(3.29)
where % is computed from the static equilibrium equation:
1 1 2
x,0)= + -—=0 (3.30
ste) Vo A= 10)- A+ O] Wt A0} AG—tOF 75
which yield:
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e A+ dy |V + A+ 20)—- A4, (x—tO)]" [V + A (x - £0)— 4, (x + LO)]"™
A0 A -4, |V, +A4G+20)-A,x—0O)]" +[V,, + 4, (x-10)- A, (x+ L]

(3.31)
simultaneous solution of Equations (3.29) to (3.31) yields the roli stiffness as a
function of relative roll deflectiond.

interconnected Type i struts (Inc3)

Owing to the nature of interconnection and the strut configuration, the Inc3
suspension would yield roll stiffness identical to that of the unconnected (Type |l
strut) suspension, as described in the previous section. Equation (3.29) to (3.31)
can thus be used to derive the roll stiffness of the Inc3 suspension.

3.6 DAMPING PROPERTIES OF SUSPENSION CONFIGURATIONS

The damping properties of different suspension configurations are derived
from the formulations presented in Chapter 2. The damping forces developed by
left- and right-struts of unconnected Type | and Type Il struts have been
expressed in Equation (2.18), and (2.35), respectively. The damping forces
developed by the unconnected struts under pure roll motion could be derived by
letting %, =X .

The expression for damping forces due to Inc1, Inc2 and Inc3 struts have
been presented in Equation (2.60), (2.79) and (2.98), respectively. The
expressions for the damping forces are further analyzed to derive the bounce as

well as roll mode damping force. For the Inc1 suspension, the damping forces

due to the interconnected struts may be rewritien as:
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Nog . 4 . 2 A, 4 .
=l X, ——X S X, ——=X, |=——=X —-—=X S X
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Npi (o Ay ) (A ) A Ay ) 4y
= L X X X, ——X, |—/—| X, ——=X X, ———X
dr 2Cfa2L r 1 e | SEIy X, ) ¢ ) ¢ 4, gy x, 4

L 128W, pLAY
xD*

128N, ulA?
+___”_ﬂL_1x

zD*
(3.32)

Under a pure vertical motion, the relative velocities across the right- and left-

struts would be identical, such that x, =%, =x,. The terms involving coupling

between x, and x, could be simplified as:

4 Y 4 Y 4 Y
¢, ~—2%, | =% —-—2x,| =|1-=| &7
AI AI A]

(3.33)

Considering that 4,/4, >1, the terms containing the sgn function in Equation

(3.32) could be simplified as:

o

.4,
X, ——X,
1

sgn[fc,z —ij—x ]=—sgn(fc,»>

1

The damping force in the pure bounce mode is thus simplified as:

P4

128ul4] .
i X
2Ca’

de = 7Z'D4 i

<§‘} 1 i sgn(i,) +

1

The damping force in the pure roll mode could be simplified as:

P4

ar = 2.2
2Ca

128uL4]
“xi
D*

3
(ﬁ + 1) %7 sgn(x, )+

Al

(3.34)

(3.35)

(3.36)

The bounce and roll mode damping forces due to Inc2 and Inc3 suspensions

are further derived in a similar manner.

Inc2 Suspension

_Noph 4

128N, plA? ;
2Ca° " 4,

Fa aD*

~1)° %% sgn(x) +
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(3.37)
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N, pA] A 5., . 128N uLA?
=2 (=41 x"sen(x +—————”f————3—x 338
0 e G e == (2.38)
Inc3 Suspension

PAN (Ax,) .\ 128uLAIN, .

dat = 23(C ( . )2) 5 I'l( (Z)+ 7Z'D42 xr
a#ay (3.39)

PAN (Ax,)  , \ 128uLAIN,

=t sk, )+ &,

2(C,uay, ) D

3.7 SIMULATION PARAMETERS

The geometry parameters of the Type | and Type |l struts are selected to
achieve identical load carrying capacity and suspension rates of different
suspension configurations. Furthermore, the auxiliary roll stiffness due to anti-roll
bar and the interconnected (Inc1) suspension. The stiffness and damping
properties of two unconnected and three interconnected suspension
configurations, termed as Unct, Unc2, Inc1, Inc2 and Inc3, are evaluated using
the formulations presented in section (3.4) to (3.6). The design parameters of the
struts are summarized in Table 3.1. The static and dynamic properties of
suspension configurations are evaluated through solution of equation of motion
for the roll plane vehicle model, described in section (2.3). Table 3.2 summaries
the simulation parameters used for the vehicle model. The load carrying
capacities and static deflection of different suspension configurations are
evaluated using Equation (3.1), (3.3), and (3.5), and the results are summarized
in Table 3.3. The results show identical load carrying capacity and static
deflections of all the suspension configurations. The static equilibrium pressure is
also identical for all configurations, with the exception of Inc1 struts, which tends

to be slightly higher.
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The suspension rate and bounce mode damping properties are evaluated
through solutions of equations of motion of the vehicle model subject to in-phase
vertical excitations at the left- and right-tires of peak amplitude of 0.125 m. The
roll stiffness and roll mode damping forces are evaluated under identical but out-
of-phase excitations. Table 3.3 further summarizes the static suspension rate
and roll stiffness of different suspension. The resuits clearly show that all the
suspension configurations are selected to yield identical suspension rate, while
the roll stiffness of Inc1 suspension is identical to that of the unconnected
suspension with anti-roll bar. Furthermore the static roll stiffness of the Inc2
suspension involving Type Il strut is considerably larger than the Inct
suspension, while the Inc3 suspension yields roll stiffness identical to that of the

unconnected suspension.

Table 3.1: Simulation parameters of different hydro-pneumatic struts

Parameters

Al A2 A3 P(] VO
Unconnected 0.01194 3x10° | 0.001885
(Type 1)
Unconnected 0.01433 | 0.01194 | 0.0024 3x10° 0.001885
(Type II)
:zlﬁm"“”e"ted 0.00119 | 0.01199 | 0.0108 | 3296634.8 | 0.002072
interconnected
Inc2 0.01433 | 0.01194 | 0.0024 3x10° 0.001885
interconnected
Inc3 0.01433 | 0.01194 | 0.0024 3x10° 0.001885
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Table 3.2: Simulation parameters of the vehicle model

Symbols | Description Paramet
er values
m, Sprung mass 14110
kg
m, Unsprung mass 3616
kg
I Moment of inertia of sprung mass 19300
kgm?
I, Moment of inertia of unsprung mass 3819.9
kgm?
k, .k, Stiffness coefficients of left and right tires 3574800
N/m
CyrCh Damping coefficients of left and right tires 9500
Ns/m
L,, L, Lateral distances from left and right struts to sprung | 0.7
mass c.g. m
£,, 14, Lateral distances from left and right tires to unsprung | 1.03
mass c.g. m
h, Vertical distance between sprung mass c.g. and its | 0.62
roll center m
h Vertical distance between unsprung mass c.g. and | O
its roll center m
C, Discharge coefficient 0.7
n Polytropic coefficient 1.38
. Number of struts used on each side 2
P, Atmospheric pressure 101300
Pa
H Dynamic viscosity of fluid 0.6
Ns/m?
P Mass density of fluid 797
kg/ m®
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Table 3.3 Static properties of different struts

Property Unct & Unc1 Inct Inc2 Inc3

Unc2 with anti-

roll bar

Load-carrying 14110 14110 14110 14110 14110
capacity (kg)
Suspension rate 313.017 | 313.017 | 313.017 | 313.017 |313.017
(kN/m)
Roll stiffness 613.6 882.328 | 882.328 | 120464 |613.6
(kNm)
Static deflection 0.1105 0.1105 0.1105 | 0.1105 0.1105
(m)

3.9 COMPARISON OF STIFFNESS AND DAMPING PROPERTIES OF
STRUTS

The stiffness and damping properties of the five suspension systems are
evaluated from the suspension forces and moment responses, as described in
sections 3.6 and 3.7, as functions of the vertical and roll displacements and
velocity responses of the sprung and unsprung masses. An in-plane excitation at
the right- and left-tires yields vertical forces as function of the relative vertical
deflections and velocities across the strut. The resulting forces are analyzed to
derive the suspension rate as a function of the vertical deflections. Figure 3.1
illustrates the vertical suspension rates of the five suspension configurations as a
function of the relative displacement across the struts. As can be seen, all the
suspensions exhibit identical suspension rates near design height. Furthermore,
all the suspension configurations yield very similar suspension rates in extension
and compression up to 0.125 m. The suspension rates exhibit progressively

hardening effect in compression and softening effect in extension, which is
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attributed to the compressible medium. The Inc1 suspension yields slightly lower

spring rate in compression due to its larger gas volume. All other suspensions

exhibit identical spring rate.
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-0.12 -0.1 -0.08 -0.06 -0.04 -0.02 0 002 004 006 0.0
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Figure 3.1: The vertical suspension rate of different suspensions.

Figure 3.2 illustrates a comparison of total vertical damping force developed
by the suspension configurations as a function of the vertical relative velocity
response under in-phase vertical excitation. The Inc3 suspension yields nearly
linear damping characteristics due to relatively large orifice areas. The damping
force is thus dominantly contributed by the viscous effect associated with flows
through the interconnecting pipes. All the other suspension configurations yield
very similar vertical mode damping characteristics. These results suggest only
little contributions due to flows through the interconnecting pipes in Inc1 and Inc2

suspension.
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Figure 3.2: Comparison of vertical mode damping force characteristics of
different suspension systems.

Figure 3.3 illustrates a comparison of the roll stiffness properties of different
suspension systems, derived from restoring moment under out-of-phase
excitation. The static roll stiffness of different suspension configurations is a
function of the relative roll angle response of the sprung mass with respect to the
unsprung mass. The roll stiffness of the interconnected suspensions (Inc1) is
similar to that of the unconnected suspension with anti-roll bar. The Unc1, Unc2
and Inc3 suspensions yield identical roll stiffness over the entire range of roll
deflection response, as expected from the analytical formulations presented in
sections (3.5). The addition of anti-roll bar of constant roll stiffness tends to shift
the roll stiffness response of the unconnected suspension upwards. The high roll

stiffness due to Inc1 suspension is attributed to the coupling effect of the left-and-
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right struts. The Inc2 suspension configuration yields considerably high roli
stiffness corresponding to low magnitude roll deflection, due to larger effective
area. The roll stiffness, however, decreases at a higher rate with the roll
deflection response, which is attributed to the softening and hardening effect of
the gas spring. The results also suggest that the static roll stiffness of the
suspension employing unconnected struts is almost 70% of the Inc1 suspension
and nearly 50% of the Inc2 suspension. All the suspension configurations yield
roll mode damping force, which increases nearly quadratically with the velocity.
While Inc3 yields nearly linear roll mode damping force varieties, the Inc2

suspension yields highest damping forces in the roll mode.
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T --- Inc1
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[e] ~ . ~, T o
@ 700} See T
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Figure 3.3: Comparison of roll stiffness of different suspension configurations
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Figure 3.4: Roll mode damping force characteristics of different suspension

Figure 3.4 illustrates a comparison of total roll damping force developed by
the suspension configurations as a function of the relative velocity response
under out-of-phase roll excitation. The roll mode damping forces due to the
interconnected struts (Type | and Type lI), however, increase considerably due to
feedback effects, as described in Equations (3.32), (3.37), (3.38) and (3.39). The
roll mode damping forces of Inc1 and Inc2 struts are much larger than those in
the bounce mode. The roll mode damping force of the Inc Hil suspension strut is

mainly obtained from the laminar pipe flow, while the turbulent flow from the

300

200 -
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-100 -

e i
e
2000 4
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systems.

orifice is insignificant due to very small working area in chamber 3.
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3.10 INFLUENCE OF INTERCONNECTING PIPE SIZES

Equations (2.60), (2.79), and (2.98) describing the relationship between
suspension damping force and velocity for the three interconnected suspension,
respectively, suggest that the effective damping forces could be influenced by the
size of the interconnecting tubes. The influence of variations in the pipe length (L)
and diameter (D) on the vertical and roll mode damping properties of the
suspensions is thus investigated. Two values of pipe length (1.5 and 2.0 m) and
three different values of the diameter (0.015, 0.02 and 0.25 m) are considered for
the analysis. An examination of the damping force expressions derived for the

three interconnected suspensions suggests that the damping force associated

2.
with feedback effect if generally related to —4’—5’—1—2—4&% The contribution due to

7D
the pipe size to the damping force is a proportional function of the pipe length,
and inversely proportional function of diameter raise to power 4. The diameter of
pipes is thus expected to reveal most significant influence. Apart from the pipe
size, the contribution due to coupling effect is directly related to working area for

the feedback effect 4,.

The feedback damping effect of the Inc1 and Inc2 suspension relies and rod
side piston area (A;=0.00119 m? for Inc1, and A;=0.00119 m? for Inc2), while that
for the Inc3 depends on the rod area (A;=0.0119 m?), which is considerably
larger. The contributions due to the feedback effect and the influences of pipe
sizes are thus expected be most significant for Inc3 suspension. Figures 3.5 to
3.7 illustrate the influence of variations in L and D on the vertical mode damping

properties of the Inc1, Inc2 and Inc3, suspension configurations, respectively.
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Figure 3.5: Comparison of vertical mode damping force characteristics of
interconnected suspension (Inc1) with different connecting pipe geometry.
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Figure 3.6: Comparison of vertical mode damping force characteristics of
interconnected suspension (Inc2) with different connecting pipe geometry.
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Figure 3.7: Comparison of vertical mode damping force characteristics of
interconnected suspension (Inc3) with different connecting pipe geometry.

The influence of L and D on the vertical mode damping properties of inc1
and Inc2 suspensions is very small due to extremely small working area
associated with the feedback effect, as descried above. The larger working area
of Inc3 suspension, however, yields significant effects of variations in both L and
D of the interconnecting pipes, where the effect of pipe diameter is far more
significant. An increase in pipe length for a given diameter yields relatively small
increase in the damping force, while a decrease in diameter from 0.02 m to 0.015
m yields significantly larger damping force. Figures 3.8, 3.9 and 3.10 illustrate
that the influence of variations in pipe length and diameter on the roll mode
damping properties of Inc3 suspensions, respectively. The results show similar

effect of pipe length and diameter, as observed for the vertical mode damping.
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Figure 3.8: Comparison of roll mode damping force characteristics of
interconnected suspension (Inc1) with different connecting pipe geometry.
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Figure 3.9: Comparison of roll mode damping force characteristics of
interconnected suspension (Inc2) with different connecting pipe geometry.
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Figure 3.10: Comparison of roll mode damping force characteristics of

interconnected suspension (Inc3) with different connecting pipe geometry.

3.11 SUMMARY

The design parameters of the two unconnected and three different
interconnecting suspension configurations are selected to achieve identical load
carrying capacity, static deflection and suspension rate. The dynamic forces
developed by the struts are analyzed to derive expressions for suspension rates,
roll stiffness, vertical and roll modes damping forces. Simulations are performed
to derive the suspension rates, roll stiffness and damping properties of all the
suspension configurations. A comparison of the properties suggests that all the
suspension configurations yield identical load-carrying capacity, suspension rate
and static roll stiffness. The interconnected suspensions (Inc1 and Inc2) exhibit

an inherent anti-roll property and thus yield high roll stiffness. All of the
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suspension configurations exhibit progressively hardening suspension rates,
while their roll stiffness rates tend to decrease with an increase in the sprung
mass roll angle. The interconnected suspensions (Inc1t and Inc2) yield

considerably large damping in the roll mode due to the coupling effects.
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CHAPTER 4

DYNAMIC RESPONSES TO DETERMINISTIC EXCITATION

4.1 INTRODUCTION

Vehicle ride and handling is influenced by two main sets of disturbances:
the road roughness, and the forces and moments that originate due to various
inertial and aerodynamic loadings, as caused by braking, turning and wind gusts
(Hrovat, 1997). The ride quality of a vehicle may be assessed in terms of the
acceleration perceived by the passenger/driver or the acceleration response of
the sprung mass to road excitations. The handling response of the vehicle is
related to the roll and lateral response of the sprung and unsprung masses when
the vehicle is subjected to a directional maneuver. In this chapter, the roll plane
model of a high-way bus equipped with different configurations of unconnected
and interconnected suspensions, described in Chapters 2 and 3, is analyzed to
determine the relative vertical and roll responses of the vehicle subject to road
irregularities and centrifugal forces arising from a directional maneuver. The
nature of excitations arising from tire-terrain interactions and steering inputs are
described. The roll performance characteristics of the suspension systems are
evaluated in terms of the steady state and transient roll responses of sprung and
unsprung masses during under steady turning and transient lateral accelerations.
The dynamic ride performance is established in terms of both heave and roll
shock and vibration isolation characteristics of the suspensions subjected to road

excitations. Vibration transmissibility characteristics of different suspensions are



also investigated by using harmonic in-phase and out-of-phase excitations
arising from the tire-terrain interactions.
4.2 DESCRIPTION OF EXCITATIONS

The analysis of ride quality and handling performance characteristics of
vehicle models requires identification of excitations that are representative of
those arising from the steering maneuvers and the tire-terrain interactions. The
input data due to steering maneuvers can be expressed in terms of steady
steering and transient lateral acceleration experienced by the sprung and
unsprung masses (Campos,1998; Cooperrider, 1990). The excitations arising
from tire-terrain interactions are characterized as half-sine displacement bumps

and a rounded step displacement excitation.

4.2.1 Lateral acceleration excitations

The directional performance of a vehicle is related to its ease of handling
and directional response. Although vehicles spend around 80% of their travel
time during straight driving, their anti-roll capabilities are very important for road
safety during cornering and emergency high-way maneuvers. The sprung and
unsprung masses of a vehicle are subjected to centrifugal acceleration during a
directional maneuver, which causes an overturning roll moment and roll motions
of the sprung and unsprung masses. The handling quality of a vehicle is primarily
related to vehicle’s ability to counteract the overturning moment. Various studies
have concluded that rollover threshold of heavy vehicles (Thomas, 1992; Kelly,
2000), which is the maximum value of lateral acceleration that a vehicle can

withstand during a steady turn, directly relates to the overturning moment and its
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value lies in the range of 0.3 g to 0.5 g. The rounded step displacement
excitation is a transient excitation encountered due to a sudden change in
roadway elevation, such as a small curb, or crossing from an old to new section
of paved road surface. The lateral acceleration encountered during a steady turn
maneuver is approximated as in Figure 4.1 (Rakheja, 1985). The peak amplitude

of lateral acceleration is considered as 2.5 m/s°.
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Figure 4.1: A rounded step steady turning lateral acceleration excitation.
Rounded step steady steering lateral acceleration may be described as a fast
rising continuous time function, which achieves a steady state value after a finite
time. The acceleration excitation due to the rounded step can be expressed as:
x, () =X, [1—-e" 1+ ym,)] 4.1)

where e =2.71828, and 7 is the pulse severity parameter, defined by:
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V= , and 7z_ is the duration of pulse.

a)O Ts

Transient lateral acceleration (g)

b----~-
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Figure 4.2: A transient lateral acceleration excitation of an inter-city bus during
lane change (Dulac, 1992).

Field tests performed on a highway bus concluded that although a lateral
acceleration as high as 0.5 g can be achieved on a skid-pad, the maximum level
of lateral acceleration measured during a continuous lane change maneuver at
maximum permissible speed is in the order of 0.3 g. Figure 4.2 shows the
transient lateral acceleration measured during a lane change maneuver at a
forward speed of 30 m/s. (Dulac, 1992). The magnitude of lateral acceleration
excitation, however, decreases when the maneuvers are preformed at reduced
speeds. This lateral acceleration excitation may thus be considered to be realistic

under severe maneuvers.
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4.2.2 Excitations due to tire terrain interactions

Apart from the centrifugal force excitation, the vehicle encounters
disturbances due to tire’'s interactions with the road elevation of either
deterministic or random in nature. A sinusoidal road profile represents an
idealized input description to study the frequency response characteristic of the
vehicle suspension model. Assuming sinusoidal road profile of wavelength 4 and
amplitude 4, the displacement excitation at the tire-road interface may be

expresses a function of forward speed v:
. 27y .
X, = A51n(7—r); (j=14,r) (4.2)

Frequency response characteristics of the vehicle employing different
hydro-pneumatic suspension configurations are considered using two types of
harmonic excitations to evaluate relative vibration transmissibility. (1) In-phase
harmonic excitation, right and left tires subjected to identical vertical sinusoidal
excitations of 0.01 m amplitude; and (2) Out-of-phase excitation, right and left
tires subjected to vertical sinusoidal excitations of identical amplitude but 180
degrees out-of-phase. The response to in-phase excitation will yield the vertical
vibration transmission characteristics of the suspension systems, whereas the
response to out-of-phase excitation will primarily provide roll vibration
transmission characteristics of the suspension systems. The road roughness,
however, is more accurately described by the elevation of the road profile along
the wheel tracks over which the vehicle passes. The road profiles fit the general
category of “wide-band random signals”, which can be described either by the

profile or by the statistical properties (Wong, 1978). The road roughness is
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typically specified as a random process of a given displacement power spectral
density (PSD). The response characteristics of vehicle models subject to such
excitation are presented in the following chapter.

The relative transient ride responses of vehicle suspension can be further
evaluated using deterministic excitations representing the tire-terrain interactions,
such as a bump excitation characterized by a half sine pulse displacement, as
shown in Figure 4.3 (Jacobsen, 1958). Vertical shock attenuation performance
characteristics can be evaluated using in-phase bump excitations at both wheels,
while the out-of-phase excitations at the two wheels can provide the coupled
vertical and roll response characteristics. The roll responses of the vehicle-
suspension models were further evaluated under a rounded step displacement

input applied at only one track, as illustrated in Figure 4.4.
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Figure 4.3: A half sine bump excitation occurring at tire-terrain interface.
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4.3 RESPONSE TO LATERAL ACCLERATION EXCITATIONS

The response characteristics of the roll-plane vehicle model comprises
different hydro-pneumatic suspension configurations, are evaluated to assess the
relative effectiveness of the interconnected suspensions. The equations of
motion for the vehicle roll models are solved under steady turning and transient
lateral accelerations shown in Figures 4.1 and 4.2. The responses of the vehicle
models are presented and discussed in terms of the roll displacement and

velocity of the sprung and unsprung masses.

4.3.1 Responses to a rounded step lateral acceleration
Figure 4.5 illustrates a comparison of the roll angle response

characteristics of the sprung mass of the vehicle employing different suspension
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systems and subject to a rounded step lateral acceleration. The results show that
the sprung mass experiences relatively larger roll angle when unconnected
hydro-pneumatic suspensions (Unct and Unc2) are used, irrespective of the strut
type. The identical roll responses of both the unconnected suspension are
attributed to their identical design parameters. The interconnected suspension,
Inc3, owing to its interconnection configuration and lower roll stiffness yields
higher roll response. This interconnected suspension, however, yields rapid
decay of the roll response due to its higher damping caused by the viscous flows
through the interconnected pipes. The peak magnitudes of roll responses of the
unconnected and Inc3 suspensions approach 0.057 and 0.061 radians,
respectively. All the three suspension, however, yield identical steady state roll
response, which can be attributed to their moment-deflection properties.

The roll responses of the sprung mass of the vehicle with the unconnected
and Inc3 suspension reveal oscillation frequency of approximately 0.7 Hz, which
would correspond to the roll mode resonant frequency of the vehicle model. The
addition of the anti-roll bar yields high roll stiffness and thus considerably lower
sprung mass roll angle response. The frequency of oscillations tends to be higher
(in the order of 0.9 Hz). The magnitude of oscillations tends to be relatively large
with lower rate of decay due to its lower roll mode damping characteristics, as
illustrated in Figure 3.4. The interconnected (inc1) strut suspension yields roll
angle response similar to that of the unconnected suspension with anti-roll bar.
This is attributed to their identical static roll stiffness property. The high roll-mode

damping of the Inc1 suspension, however, results in relatively lower roll angle
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and faster response decay. Both the unconnected suspension with roll bar and
Inc1 suspension approach identical steady state roll response of 0.032 rad. The
Inc1 suspension also yields identical oscillation frequency in the order of 0.9 Hz.

The Inc2 suspension with Type 1l struts yields the lowest magnitude of the
roll angle response due to its relatively higher roll stiffness. This is also evident
from the relative higher frequency of oscillation (near 1 Hz). Furthermore, the
oscillations in the roll response decay at a considerably faster rate due to its high
roll mode damping. The roll angle response of the sprung mass with Inc2
suspension approaches a steady state value of 0.023 rad, which is 28% lower
than that attained with Inc1 and unconnected suspension with anti-roll bar. This
steady state response is also nearly 52% lower than those attained with
unconnected and Inc3 suspension. The Inc3 suspension with its high damping
also yields high rise time, when compared to that of the other configurations.

The results clearly suggest that the roll response of the vehicle subject to
a steady lateral acceleration could be considerably lowered by the
interconnected suspension, specifically the Inc2. Figure 4.6 illustrates a
comparison of the corresponding roll velocity responses of the sprung mass with
different suspensions. The results suggest that the Inc2 suspension yields lowest
peak response and rapid decay as observed in Figure 4.5. The unconnected and
Inc3 suspensions yield highest peak response, while the addition of anti-roll bar
suppresses the peak response to some extent but the rate of decay of

oscillations is considerably lower. Lower settling time of Inc3 suspension may be

98



attributed to its high roll mode damping in the low velocity range, as can be seen

in Figure 3.4.
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Figure 4.5: Comparison of sprung mass roll angle response of the vehicle model
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99



45 T T T i T T T
4 fm
3.5+
3 L
)
s
2
2 25+
<
]
w3
w
©
€
o 2+
o
2
Q
(72}
c
=
1.5~
1= .
—— Unct
0.5+ — Unc1+Rbar ||
e Unc2
--- Inc1
- INC2
- Inc3
0 ! ! i | ! L I
0 0.5 1 1.5 2 2.5 3 3.5 4

time (s)

Figure 4.6: Comparison of unsprung mass roll angle response of the vehicle
model employing different suspension configurations (rounded step lateral
acceleration).

100



0.14 LT T T T T T T

H — Unc1

R — - Unc1+Rbar
e Unc2

--- Inct L)

memn INC2
- Inc3

0.12

0.1

0.08

0.06

0.04

©
=
N

sprung mass roll velocity (rad/s)

-0.02

-0.04 - vy -

-0.06 i ] ! t | } |
0 .

time (s)

Figure 4.7: Comparison of sprung mass roll velocity response of the vehicle
model employing different suspension configurations (rounded step lateral
acceleration).

101



The lateral acceleration excitation imposed on the vehicle also causes roll
motion of the unsprung mass, which could lead to considerable load transfer
from the inboard track to the outboard track. The dynamic load shift encountered
under a directional maneuver often serves as an indicator of potential loss of
contact between a tire and the road (Aleksander, 2002), and is directly related to
the roll angle response of the unsprung mass. The use of high roll stiffness
interconnected suspension could effectively reduce the magnitude of unsprung
mass roll angle and thus the dynamic load transfer, as evident in Figure 4.7. As
observed from the sprung mass roll angle response, the Inc2 suspension yields
lowest unsprung mass roll response, while the unconnected suspensions yield
highest values of the peak response. The unconnected suspension with anti-roll
bar causes high magnitude oscillations of the roll response due to its light

damping property.

4.3.2 Response to a transient lateral acceleration

Figure 4.8 illustrates a comparison of the roll angle response
characteristics of the sprung mass of the vehicle employing different suspension
systems and subject to a transient lateral acceleration, shown in figure 4.2. The
results show that the sprung mass experiences relatively larger roll angle when
supported on unconnected hydro-pneumatic suspensions (Unct and Unc2).
Owing to its properties, the Inc3 suspension also yields high roll angle response
of the sprung mass. The identical roll responses of both the unconnected
suspensions are attributed to their identical properties and design parameters,

The addition of the anti-roll bar yields high roll stiffness and thus considerably
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lower sprung mass roll angle response. The interconnected Type | strut
suspension (Inc1) yields roll angle response slightly lower than that of the
unconnected suspension with anti-roll bar. The Inc2 suspension with Type |
struts yields the lowest magnitude of the roll angle response due to its relatively
higher roll stiffness. The results clearly suggest that the roll response of the
vehicle subject to a transient lateral acceleration could be considerably lowered
by the roll plane interconnected suspension, specifically the Inc2. Figuré 4.9
illustrates a comparison of the corresponding roll velocity responses of the
sprung mass with different suspensions. The results suggest that the Inc2
suspension yields lowest peak response and rapid decay as observed in Figure
4.8. The unconnected and Inc3 suspensions vyield highest peak velocity
response, while the addition of anti-roll bar suppresses the peak response to
some extent but the rate of decay of oscillations is considerably lower.
4.4 VEHICLE RESPONSE TO DETERMINISTIC ROAD EXCITATIONS
Dynamic ride characteristics of the vehicle employing different suspension
configurations are analyzed in terms of transient vertical and roll responses of the
sprung mass when subjected to the deterministic tire-terrain excitations. The
vertical shock attenuation characteristics are evaluated for an in-phase half-sine
displacement excitation as shown in Figure 4.3, while the roll response
characteristics are evaluated for an out-of-phase half-sine displacement
excitation. A rounded step displacement excitation occurring only at the right tire-
terrain interface is further used to evaluate the combined bounce and roll

response characteristics of different suspension configurations.
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The vertical displacement and acceleration response characteristics of the
sprung mass of the vehicle employing different suspensions, subjected to an in-
phase half-sine bump, are presented in Figures 4.10 and 4.11, respectively. The
displacement responses of the sprung mass employing unconnected, and Inc1
and Inc2 suspensions are identical due to their identical bounce mode damping
and suspension rate. The response curves corresponds to three suspensions
thus overlap in Figure 4.10 and 4.11. The high bounce-mode damping property
of the Inc3 suspension configuration yields considerably lower peak responses

and rapid decay, as shown in the figures.
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Figure 4.10: Comparison of sprung mass vertical displacement response of the
vehicle model employing different suspension configurations (in-phase half sine
displacement).
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The peak vertical acceleration response of the Inc3 suspension is
observed to be nearly 33% lower than the peak acceleration response with other
suspension configurations, as shown in Figure 4.11. The roll angle and
acceleration response characteristics of the sprung mass of the vehicle
employing different suspensions, subjected to an out-of-phase bump, are
compared in Figures 4.12 and 4.13, respectively. The unconnected suspensions
yield relatively large roll angle response occurring mostly in the vicinity of the roll
resonant frequency. The addition of anti-roll bar tends does not affect the peak
roll displacement magnitude corresponding to the first oscillation but yields lower
decay of the response oscillations. The Inc1 and Inc2 suspensions yield higher
roll response corresponding to the first peak but yield rapid decay of the roll
response. The Inc3 suspension yields the lowest peak roll displacement and
acceleration response, as evident in Figure 4.12 and 4.13. It should be noted that
the relative damping properties of Inc3 suspension are strongly dependent upon
the relative velocity response of the struts. The response behaviour of the Inc3
suspension is thus strongly dependent upon the nature of excitations, such as
magnitude and frequency. Furthermore, the half-sine pulse considered for the
simulation would yield a fundamental frequency component near 10 Hz and near
5 Hz, if a full cycle is considered. Such as excitation could excite the unsprung
mass modes. The relative response characteristics of different suspension
configurations are further investigated under out-of-phase half-sine displacement
excitation of duration of 0.8s (Frequency=0.67Hz). The results are shown in

Figure 4.14.
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The shock attenuation performance characteristics of the different suspension
configurations are further evaluated under a rounded step displacement
excitation applied only to the right tire track. Such an excitation is expected to
excite both the bounce and roll mode of the vehicle model. The vertical and roll
acceleration response characteristics of the sprung mass of the vehicle equipped
with different suspensions are illustrated in Figures 4.15 and 4.16, respectively.
Similar to the results presented earlier, all the suspension configurations with the
exception of Inc3 yield similar magnitudes of peak vertical acceleration response.
The Inc3 suspension, however, yields lower peak vertical acceleration response,
which may be attributed to its relatively lower damping properties. It should be
noted that all the suspension configurations provide constant orifice damping;
damping force varying with square of the relative velocity. Conventional
automotive suspension dampers also yield similar damping phenomenon, while
the damping force is limited at higher velocities through the use of valves. The
high vertical mode damping properties of interconnected suspension would
necessitate the damping force saturation at some higher velocity through the use
of damping valves. The variable damping properties of the struts are expected to

yield improved vehicle response in the roll as well as bounce modes.
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Figure 4.15: Comparison of sprung mass vertical acceleration response of the
vehicle model employing different suspension configurations (rounded step
displacement excitation only at right tire-terrain interface)

113



15 T [ T T T i I I
r — Unc1

— - Unc1+Rbar
e Unc2

--- Inc1

-= Inc2

o
o

sprung mass roll acceleration (rad/sz)

A ! ! | ! i ! 1 i !
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

time (s)

Figure 4.16: Comparison of sprung mass roll acceleration response of the vehicle
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4.5 FREQUENCY RESPONSE CHARACTERISTICS

Frequency response characteristics of the vehicle model employing
different hydro-pneumatic suspension configurations are evaluated in terms of
vertical displacement and roll displacement transmissibility characteristics of the
sprung and unsprung masses. The vertical displacement transmissibility
characteristics are evaluated for a 0.01m amplitude in-phase sinusoidal
excitations at the right and left tire-terrain interfaces. The roll transmissibility
characteristics are evaluated for the 0.01m amplitude out-of-phase sinusoidal
excitations ( x, =x, =X, sin(er) , X,=001 m). The frequency response
characteristics are obtained by computing the ratio of steady state response
amplitude to the excitation amplitude in time-domain over the entire frequency
range. The vibration transmission characteristics of different suspension systems

are expressed by the following transmissibility ratios:

: , o X
Vertical displacement transmissibility of sprung mass, 7 = Xs

e

. X C X
Vertical displacement transmissibility of unsprung mass, 7, = X"

e

. - 70
Roll displacement transmissibility of sprung mass, 7, =-)—(—5-

e

. C 76
Roll displacement transmissibility of unsprung mass, 7, :—X—“

[:4

Where X and X, are the steady state amplitudes of displacement response of

the sprung and unsprung masses, respectively; X, is the amplitude of harmonic
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excitation; ¢ and 6, are the amplitude of roll angle response of the sprung and

unsprung masses, respectively; and 7 is the suspension track.

Vertical displacement transmissibility characteristics of the sprung and
unsprung masses of the vehicle with different suspensions are present in Figure
4.17 and 4.18. The frequency response characteristics of the sprung and
unsprung masses exhibit their respective resonant frequencies corresponding to
peak magnitudes. The bounce frequencies of the sprung and unsprung masses,
as identical from the frequency response, under 0.01 m in-phase harmonic
excitation, are illustrated in Table 4.1. The vertical mode sprung mass frequency
is observed to be near 1.1 Hz, when used with unconnected and Inc1 and Inc2
suspension. The displacement response characteristics of both the unsprung and
sprung masses are identical when these suspensions are used. This is attributed
to their nearly identical suspension rate and bounce mode damping properties.
The relatively high and monotonically increasing damping properties yield the
second peak response at a considerably lower frequency near 3.2 Hz. A
reduction or limiting of their bounce mode damping would most likely shift this
peak to a higher frequency. The Inc3 suspension, with its lighter damping yields
peak response near 1.4 Hz, for the sprung mass and near 5.2 Hz for the
unsprung mass. A reduction in the suspension damping, as realized by increase
in the orifice size from 0.00005 m? to 0.0005 m? resulted in relatively higher
bounce mode frequencies of the sprung as well as unsprung mass, as evident
from Table 4.1. An exception to this trend was observed for Inc3 suspension,

which showed insignificant influence on the sprung mass frequency and relatively
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small effect on the unsprung mass frequency. This is attributed to the fact that

the damping properties of Inc3 suspension are mostly attributed to flows through

the interconnecting pipes.

Table 4.1: Bounce mode frequencies of the sprung and unsprung
masses of the vehicle with different suspensions

Suspension Frequency (Hz)
configurations
Unc1 Iinct Inc2 Inc3
&Unc2
sprung Nominal 1.1 1.1 1.1 1.4
mass
Light 1.3 1.3 1.3 1.3
damping
unsprung | Nominal 3.2 3.2 3.2 52
mass
Light 7.6 7.6 7.6 7.6
damping

Table 4.2: Roll mode frequencies of sprung and unsprung masses of
the vehicle with different suspensions

Suspension Frequency (Hz)
configurations
Unct & | Unct+Roar | Inc1 | Inc2 | Inc3
Unc2
Sprung Nominal
mass 0.8 0.9 0.9 1.0 0.8
oot 0.8 0.9 09 | 11 | 08
amping
Nominal
Unsprung 4.0 4.0 3.1 3.0 6.8
mass Light
damping 7.0 7.1 7.1 7.2 7.0
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Roll displacement transmissibility characteristics of sprung and unsprung
masses of the vehicle with different suspensions are present in Figure 4.19 and
4.20. The roll frequencies of the sprung and unsprung masses of vehicle
employing different suspensions under 0.01 m out-of-phase harmonic excitations
are illustrated in Table 4.2. The roll mode sprung mass frequency is observed to
be near 0.8 Hz, when used with Unc1 and Inc3 suspensions. The roll
displacement response characteristic of Inc3 is lower than that of Unc1 and Unc2
suspension in the entire frequency range. This is attributed to their roll mode
damping properties. While the resonant frequencies of Inct and Inc2
suspensions are observed to be 0.9 and 1.0 Hz, respectively. The Inc2
suspension yields lower peak magnitude of roll transmissibility. The addition of
an anti-roll bar, however, deteriorates the ride performances of the vehicle by
exhibiting large roll response in the frequency range of 0.8-3.0 Hz. A comparison
of Figures 4.17 and 4.19 reveals that the vertical transmissibility of the sprung
mass with Inc1 and Inc2 suspensions are identical to those with Unc1 and Unc2
suspensions, while the peak roll responses of the vehicle with Inc1 and Inc2
suspensions are much smaller. The sprung mass roll response of (Inc1 and Inc2)

suspensions, however, exhibits poor attenuation of roll vibration beyond 1 Hz.
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Figure 4.20: Comparison of unsprung mass roll displacement transmissibility of
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4.6 SUMMARY

The ride and handling performance characteristics of different hydro-
pneumatic suspension configurations are evaluated for deterministic excitations
arising from both the steering inputs and tire-terrain interactions. The
deterministic excitations include steady and transient lateral accelerations
experienced by the sprung mass during steering maneuvers and in-phase and
out-of-phase vertical excitations arising at the tire-terrain interfaces. The results
clearly demonstrated that interconnected suspension (Inc2) in the roll plane
effectively limits the body roll motion during steering maneuvers due to the
enhanced coupling roll stiffness of the suspension. The damping characteristics
of the suspension systems, illustrate a very important role in ride quality and road
holding abilities. While high damping is desirable for improved road handling,
light damping is preferred for adequate shock and vibration attenuation
performance. Interconnected suspensions (Inc1 and Inc2) demonstrate larger
damping forces in the roll mode than in the bounce mode. The interconnected
suspensions (Inc1 and Inc2) thus offer a considerable potential to achieve a
better compromise between handling performances and ride comfort. While the
anti-roll bar suspension effectively limits the body roll during steering maneuvers,
the vehicle ride quality is deteriorated. The comparison of Vvibration
transmissibility characteristics of different suspensions also revealed that the
interconnected suspension with identical suspension rate could provide improved
vibration isolation performance. The Inc2 has identical roll stability with Inc1

suspension but it has more compact configuration, which eliminate the external
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bladder (accumulator) and throttle restriction. The configuration also offers far
more flexibility in realizing a larger working area than the Inc1 strut. Furthermore,
the Inc3 suspension was found to have no significant effect to roll motion, the

same dimension could offer lower damping force in bounce and roll mode.
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CHAPTER 5

RESPONSE TO RANDOM ROAD EXCITATION

5.1 INTRODUCTION

The ride and handling performance characteristics of different suspension
systems can be best evaluated under representative road excitation, which is
random in nature. The random road roughness is often described in terms of its
power spectral density (PSD) (Wong, 1991). The reported PSD of the road
roughness properties, however, describe the mean roughness of the right-and-
left tracks, while the presence of cross-slope or roll component is ignored. The
assessment of roll-interconnected suspension would require the description of
roughness properties of right- and left-tracks, including the variations in the
elevations due to cross-slopes of the road. Furthermore, the reported road
profiles are expressed in terms of spatial PSD, which can be expressed in terms
of temporal PSD as a function of the forward speed. The simulations of the highly
nonlinear models of the interconnected and unconnected suspension, however,
require time histories of the road profiles. A time history of the road roughness
could be synthesized by introducing a filter function (Carrier, 1999). The
roughness profiles of various highways and secondary roads have been
measured in many reported studies (Robson, 1979; Damien, 1992). A number of
spectral functions have also been proposed to describe the average roughness
spectra of different roads (Hac, 1987; Oueslati, 1995). The roughness
characteristics of urban roads have been reported in a recent study (Rakheja, et

al.,, 1999). This study describes the roughness characteristics of both the right



and left tracks of selected urban roads. The vehicle models formulated in chapter
2 are analyzed under the reported urban road excitation to study the suspension
performance under a realistic road excitation.

5.2 ANALYSIS OF THE MEASURED ROAD ELEVATIONS

An urban road roughness measurement program was undertaken to
characterize the roughness of urban roads in cities of Montréal and Longueuil
(Carrier, 1999). The road elevation raw data was analyzed to generate temporal
and spatial road roughness profiles in order to study the tire-terrain interactions
and dynamics of urban buses (Rakheja, et al., 1999). Six different roads were
considered for their roughness characterization over a total distance ranging from
538 m to 686 m. The average speed was maintained nearly constant over
different segments, while the average speed over different segments varied from
43 km/h to 66 km/h.

The tire-terrain interactions and the forces developed by vehicle tires are
strongly related to the macro- and micro-harshness of the road surfaces. It is
thus vital to characterize roughness characteristics of the road surface at the
macro- and micro-levels. The measured road elevations, however, include both
the macro and micro roughness variations and the local gradient. A high-pass
filter is often applied to eliminate the contributions due to low frequency variations
associated with variations in the local gradients. In this study, the spatial
elevation data is initially converted into its temporal history, which is then filtered

through a high-pass (HP) filter. The temporal elevation history, x,(t), is obtained

from the measured spatial profile, xi(d), by expressing the longitudinal
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coordinate x in terms of the temporal coordinate ¢, (d =vt) as a function of
forward speed v: The filtered profile is then converted back to its spatial form, as
shown in Figure 5.1. The measured data is processed using the above algorithm
in a digital signal processing software, (DADISP, 1998). An HP filter is applied

with cut-off frequency of 0.3 Hz.

X(1) Xd?) Xi(d)
Temporal IR HP Spatial
X(d) gl  Conversion |y Filter p| Conversion B
Measured Filter_ed
profile profile

Figure 5.1: Elimination of local slopes from the measured profile.
5.3 POWER SPECTRAL DENSITY OF ROAD ROUGHNESS PROFILES

The road profile is usually considered to be a random process x(d), where

x is the road elevation corresponding to a certain distance along the road. The

temporal variations in the road roughness, x(7), is considered to be a stationary

random process with zero mean. This can be characterized by its autocorrelation

function (Davis, 2001):

R()={x{t)(t - 7)) = lim% jx(z)x(z —7)dt[m*] (5.1)

T
where (-) is the time averaging operation.

The ‘double sided’ power spectral density S(f)is derived from the Fourier

transform of R(7):

S(f) = ij(r)e-f’”f’arr[m2 / Hz] (5.2)
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R(@)= [S(e T dfim’] (5.3)

The power spectral density has the property such that if its integration over

the entire frequency range yields the mean square value of x(z).

() = RO)= [strwr 54)

Because S(f)is an even function of f, it is sometimes defined in its ‘single
sided’ form which is twice the value of the ‘double sided’ function. The road
profile x(di), with di being the distance along the road, can be characterized by

an autocorrelation function R(5) = (x(di)x(di - 5)), where (o) is now a distance

averaging operation. The power spectral density of x(di) via the Fourier
transform of R(0) is then expressed in terms of a spatial frequency variable Q in

radians per meter. It is given by:

S(Q) = G]R(5)e"95d5 (5.5)
R(8) = ij(Q)e‘fQ‘fdQ (5.6)

where S(Q) is the spatial spectral density of the road profile. The measured road
profiles are invariably expressed in terms of the spatial power spectral density
(PSD) of the roughness. It is more convenient to express the spatial PSD of the
surface profiles in terms of the temporal PSD and temporal frequency in Hz
rather than in terms of the spatial frequency since the vehicle vibration is a

function of time (Wong, 1991). The spatial PSD, S(.Q), and spatial frequency,
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L2, of a roughness profile can be expressed in terms of temporal functions in the

following manner:

{f =i, (5.7)

S(H=S(Q) /v
where f and S(f) are temporal frequency and PSD of the road roughness,

respectively.

The roughness data for an urban road were acquired from the CONCAVE
database on road roughness (Carrier, 1999). The raw data acquired for left and
right tracks were initially processed through a high-pass filter to eliminate the
presence of slopes in the roadway. Figure 5.2 illustrates the filtered roughness

profiles of left- and right- tracks of the selected road x,(d),i = £,r. The relative

roll angle of the roadway roughness can be further derived from the filtered time

histories in the following manner:

xﬂ(d)—xfr(d)

o0(d)= 7

(5.8)

where x,(d) and x,(d) are the time-histories of the left- and right-tracks,

respectively, 8(d)is the relative roll angle of the road profile and T is the track
width.

Figure 5.3 illustrates the resulting relative roll angle of the roadway. Figures
show that the vertical road elevation could approach 2 cm for the left- track, while
that of the right-track on the curb side could approach as high as 4.8 cm. The

relative roll angle approaches as high as 0.023 radians.
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A Hanning window function is applied to the filtered time-histories to
minimize the leakage and PSD function available within MATLAB software is
used to derive both the spatial as well as temporal spectral densities of the road
profile. Figure 5.4 illustrates the spatial PSD of the left- and right- tracks of the
road profile. The temporal acceleration PSD’s due to road roughness of the two
tracks corresponding to forward speeds of 50 km/h and 100 km/h are presented
in Figures 5.5 and 5.6, respectively. These figures consistently show higher PSD
magnitudes for the right track, which may be attributed to the presence of drain-

covers and localized damages in the curb lane.
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Figure 5.2: Filtered roughness profiles of the left- and right-tracks of the selected
road.
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Figure 5.3: The relative roll angle of the selected roadway.
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The spatial PSD of the roughness profile of the right track is considerably
higher than that of the left-track, specifically at frequencies above 0.1 cycle/m.
The spatial spectrum of the roughness profile, shown in Figure 5.4, exhibits
trends that are similar to the reported spectra for rough runways, highways and
gravel roads (Wong, 1991). The comparisons with the reported spectra revealed
that the magnitudes of roughness spectral density of the selected urban road are
considerably higher than those of highways but less than those of the gravel
roads and rough runways.

The temporal acceleration PSD due to roughness of right-track is also
considerably higher than that of the left-track, irrespective of the forward speed,
as evident from Figures 5.5 and 5.6. The magnitude of acceleration PSD

increases considerably as the speed is increased from 50km/h to 100 km/h.
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Figure 5.5: Acceleration PSD due to roughness of the left- and right-tracks
(speed= 50 km/h)
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tracks under two constant speeds
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Figures 5.7 illustrates a comparison of the temporal acceleration PSD’s due
to cross-elevation or roll component of the road profile corresponding to forward
speeds of 50 and 100 km/h. The resulis show that the magnitudes of roll
acceleration PSD of the road profile increase considerably as the speed is
increased, specifically at frequencies above 1 Hz, as observed in the case of
vertical acceleration. The peak magnitude increases from 4x10°to 5.5 x10°® near
1.5 Hz. Higher roll acceleration PSD at the lower speed of 50 km/h, however, is
observed in the 0.35 to 1 Hz range.

5.4 RIDE DYNAMIC RESPONSES OF VEHICLE MODELS

Equations of motion formulated for unconnected and interconnected
suspension configurations in chapter 2 are solved under filtered road excitation
described in Figure 5.2, while the forward speed is assumed constant. The ride
dynamic responses of the roll vehicle model are evaluated in terms of vertical
and roll accelerations of the sprung masses. Figure 5.8 illustrates the time-
histories of vertical and roll acceleration responses of the sprung mass of the
vehicle with Unc1 and Inc2 suspensions at a forward speed of 50 km/h, as an
example. The responses obtained for unconnected (Unc1) and interconnected
(Inc2) suspension reveal nearly identical vertical acceleration of the sprung
mass, which is attributed to their identical vertical mode damping and spring
rates. The peak of vertical acceleration approaches around 9 m/s? for both
suspensions. The interconnected suspension (Inc2) yields slightly higher roll
acceleration peaks of the sprung mass than the unconnected suspension (Unc1).

The peak values approach 7.2 rad/s? and 6.8 rad/s? for the Inc2 and Unc1
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suspensions, respectively, over the simulation period presented in Figure 5.8.
The higher roll acceleration response of the Inc2 suspension is attributed to its
higher effective roll stiffness and damping, which is evident from the properties
and acceleration transmissibility presented in Figures 3.3 and 3.4. The high roll
stiffness of the interconnected suspension is considered to be beneficial in
limiting the roll motion of the sprung mass caused by the steering inputs, which
occur at frequencies well below 0.5 Hz. The high roll stiffness and damping
however would yield higher roll mode natural frequency and acceleration of the

sprung mass.
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Figure 5.8: The vertical and roll acceleration of sprung mass of unconnected
suspension (Unc1) and interconnected (Inc2) suspension (speed= 50 km/h)

The PSD of vertical acceleration response of the sprung mass supported on
different suspension configurations are evaluated and compared in Figure 5.9

and 5.10 corresponding to two different constant speeds (60 and 100 km/h).
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Owing to nearly identical spring rates and damping properties of the Unc1,
Unc1+Rbar, Inc1, and Inc2 suspension systems, these suspensions yield aimost
identical vertical acceleration responses of the sprung mass. The acceleration
PSD responses show peaks near the sprung mass bounce frequency near 1.4
Hz and that of the unsprung mass near 3.2 Hz. Such trends are also evident from
the vertical acceleration transmissibility characteristics presented in Figures 4.17
and 4.18. The peak acceleration PSD of the sprung mass approach 1 (m/s?)*/Hz
for 50 km/h speed, and 5 (m/s®)*/Hz at a speed of 100 km/h, near the unsprung
mass resonant frequency. The high acceleration response and lower unsprung
mass resonant frequency are attributed to relatively high damping forces
generated by the suspension struts with constant orifice. Such peak responses
can be considerably reduces by introducing lower damping trough design of
multi-stage valve, which would lower the hydraulic resistance at higher relative
velocity (Su, 1990). This is evident from the sprung mass acceleration response
with Inc3 suspension configuration, which yields relatively lower damping. The
results shown in Figures 5.9 and 5.10 suggest that lower damping of the Inc3
suspension tends to considerably suppress the peak response near the
unsprung mass resonant frequency, irrespective of the vehicle speed. The
response magnitude corresponding to the sprung mass resonance however
increases. The results suggest that the Inc3 suspension configuration could
provide improved vertical ride, which could be further improved by further
reducing the damping and by introducing multi-stage variable damping through

control valves.
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Figure 5.9: Comparison of vertical acceleration PSD responses of the sprung
mass with different suspension systems. (speed= 50 km/h)
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Figure 5.10: Comparison of vertical acceleration PSD responses of the sprung
mass with different suspension systems. (speed= 100 km/h)

135



Figure 5.11 and 5.12 illustrate comparison of PSD of roll acceleration
responses of the sprung mass of the vehicle with different suspension
configurations at forward speeds of 50 km/h and 100 km/h, respectively. Unlike
the vertical mode, different suspensions exhibit considerably different properties
in the roll mode. The roll acceleration responses of the sprung mass with
different suspensions thus differ. The addition an anti-roll bar to the unconnected
struts increases the sprung mass roll frequency from approximately 0.8 Hz and
0.9 Hz, and reduces the magnitude of roll acceleration PSD at frequencies below
the resonant frequency. High effective roll stiffness of the anti-roll bar, however,
yields higher roll acceleration in the 0.8 to 2.5 Hz, irrespective of the vehicle
speed. The inct and Inc2 suspensions yield lower roll acceleration response
prior to their respective roll mode frequencies, 0.9 Hz and 1.0 Hz, due to their
high effective roll stiffness. The high roll stiffness coupled with high roll damping
of these suspensions cause relatively higher roll acceleration response at higher
frequencies. The Inc3 suspension yields higher roll acceleration at low
frequencies but considerably lower acceleration response at higher frequencies.
This response behavior is attributed to its relatively lower roll mode stiffness and
damping, as discussed earlier.

The response characteristics of the vehicle model with different
suspension systems subject to random urban road excitations are further
evaluated in terms of the root mean square (RMS) values of the vertical and roll
acceleration, and roll deflection of the sprung mass. The RMS values of the

sprung mass responses are computed from:
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Figure 5.12: Comparison of roll acceleration PSD responses of the sprung mass
with different suspension systems. (speed= 100 km/h)
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¥, = /Ti % (ndt (5.9)
g, = /Tl 6.y (5.10)
0, = f—;— [6.@ya (5.11)

Where %, is the RMS value of the sprung mass vertical acceleration, d, is

the RMS value of the sprung mass roll acceleration, and 8. is the RMS value of

the sprung mass roll angle, and 7, is the time duration of the response. Table 5.1

5

presents a comparison of the RMS values of the sprung mass responses

corresponding to vehicle speeds of 50 km/h and 100 km/h.

Table 5.1: Comparison of RMS values of sprung mass vertical and
roll acceleration, and roll deflection with different suspension systems

50km/h 100km/h

%, (mis?) | §, (radis?) | 6, (rad) | %, (/s?) | 4, (radis?) | , (rad)

Unc1 1.7799 0.7975 0.0038 3.1949 1.1815 0.0043
Unc2 1.7799 0.7975 0.0038 3.1949 1.1815 0.0043
Unc1+Rollbar | 1.7791 0.8023 0.0040 3.1832 1.1842 0.0044
inct 1.7870 0.9491 0.0041 3.1868 1.3793 0.0047

inc2 1.7873 1.0934 0.0044 3.1838 1.5391 0.0050

Inc3 1.1012 0.4257 0.0034 | 2.0254 0.6079 0.0026
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The results show that the RMS values of vertical and roll accelerations
increase considerably as the vehicle speed is increased from 50 dm/h to 100
km/h, irrespective of the suspension configuration employed. All the suspension
configurations, with the exception of Inc3, yield nearly similar RMS values of the
vertical and roll acceleration. The Inc3 suspension with lower roll stiffness and
damping vyields considerably lower values. Apart from the vertical and roll
accelerations, the Inc3 suspension yields lower roll deflection of the sprung
mass. The Inc3 suspension can thus be considered to provide improved ride and
handling performance of the vehicle under rough urban road excitation.

5.5 SUMMARY

The ride and handling performance characteristics of different hydro-
pneumatic suspension configurations are further evaluated under random
excitations arising from an urban road. The roughness characteristics of the left-
and right-tracks of the selected road are analyzed tb derive the spatial and
temporal PSD’s of the vertical and roll excitations. The ride dynamic responses of
vehicle models employed different suspension configurations are evaluate and
presented in terms of vertical and roll acceleration PSD of sprung mass. The
RMS values of the vertical and roli accelerations, and roll deflection of the sprung
mass are further evaluated and compared. The result demonstrated that higher
speeds yield higher response accelerations, irrespective of the suspension
configurations. All the suspension systems, with the exception of Inc3, yield
similar vertical acceleration responses due to their suspension with its lower

damping yields considerably lower vertical acceleration response in the ride

139



zone. The RMS values of roll and vertical accelerations, and roll deflections of
the sprung mass with Inc3 suspension are considerably lower than those

attained with other suspensions.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

6.1 MAJOR HIGHLIGHTS

The passenger ride comfort and vehicle handling performances impose
conflicting requirements on the suspension design, which often results in a
compromise between the two design goals. The handling and directional control
characteristics constitute the primary design considerations for heavy vehicle
suspensions, while the ride quality receives the secondary consideration. The
heavy vehicle suspensions are thus designed to yield high roll stiffness to
enhance highway safety through improved handling and control performance.
Such suspension designs, however, vield poor ride performance. In this
dissertation, two types of hydro-pneumatic suspension interconnected by
different chambers in the roll plane are thoroughly investigated to achieve
improved compromise between the ride and roll performance characteristics of a
heavy vehicle.

The primary objectives of this study included: (1) development of analytical
models of the two types of unconnected hydro-pneumatic struts with and without
an anti-roll bar, and three different interconnected suspension systems in the roll
plane; (2) development of methodologies to evaluate the static and dynamic
properties of the different suspension systems; and (3) evaluation of roll and ridé
dynamic potentials of the interconnected suspensions.

The maijor highlights of this investigation are summarized below:



1. The design concept of a compact hydro-pneumatic strut is explored to
realize larger working area and thus reduced operating pressure to
achieve desired load carrying capacity. Unlike the struts proposed in
the literature, the type 2 strut described in this dissertation integrates
the gas chamber within the strut thereby resulting in a compact
design. This design allows for a relatively larger rod area when
compared to those reported in the literature (Type I).

2. Two different methods of interconnections are proposed for the
compact strut to realize enhanced roll stiffness and damping
properties. Analytical formulations on the basis of fluid flows through
orifices and interconnecting pipes are presented for both
interconnections. Analytical formulation for the reported struts and
interconnection are also derived in order to derive their relative
properties.

3. The static and dynamic properties of different unconnected and
interconnected suspension systems are derived analytically and
compared in terms of load-carrying capacities, suspension rates, roll
stiffness and vertical and roll mode damping characteristics. The
fundamental bounce and roll properties of different suspension are
discussed in view of their potential for achieved improved ride and

handling performances.
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4. The ride and handling performance characteristics of these hydro-

pneumatic suspension systems are investigated under deterministic

centrifugal force and transient road excitations.

5. The ride properties of different suspension properties are further

investigated under in-plane and out-of-plane harmonic excitations,

and random road excitations.

6.3 CONCLUSIONS

Following major conclusion could be drawn on the basis of simulation results

obtained for the different suspension configurations considered in this

dissertation research:

A hydro-pneumatic suspension with integrated gas chamber (Type Il)
yields a compact design and increased working area thereby reducing
the operating pressure requirement and the size.

The Type Il strut offers two different alternatives for realizing roll-
plane interconnections.

The interconnection between the left- and right-struts in the roli plane
offer significant potential for tuning of roll stiffness and damping
properties of the suspension.

The interconnected suspensions yield a negative feedback effect
associated with flows through the interconnecting pipes. This
feedback could affect influences the roll mode damping alone most

significantly.
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The contribution due to the feedback effect to the roll mode damping
strongly depends upon the associated working area and size of the
interconnecting tube. A large working area, as in the case of Inc3
suspension, yields considerable potentials for tuning the roll mode
damping properties.

The feedback effect is less pronounced when the associated working
area is small, as in the case of Inc1 and Inc2 suspensions.

The ride and handling performance characteristics of concepts in
interconnected hydro-pneumatic suspension can be effectively
investigated from the simplified roll plane model of the vehicle.

An anti-roll bar can be modeled as a torsion spring, which introduces
and auxiliary roll stiffness when sprung mass experiences a relative
roll motion with respect to unsprung mass.

Under pure vertical motions, the interconnected suspension yield
spring rates identical to those of the unconnected suspension. The
interconnected suspension, however yield considerably higher roll
stiffness to realize improved handling performance.

The interconnected suspension involving interconnections between
the piston and rod chambers (Inc3) yield roll stiffness identical to that
of the unconnected struts. This configuration however vyields
considerably superior damping properties to realize a better

compromise between ride and handling performance.
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The roughness characteristics of right- and left-tracks of a road lane
could be used to derive the random road excitation due to cross-slope
of the road.

The roughness of the right-track of an urban road is observed to be
considerably higher than the left track due to presence of drain covers
and road damage caused by frequent stopping and acceleration of
urban buses in the curb lane.

The ride dynamic responses of the vehicle to random excitations of
an urban road revealed that Inc3 suspension with relatively light
damping offers better ride quality than other suspension configuration.
Unlike the unconnected suspensions, the interconnected suspension
(inc1 and Inc2) yield considerably higher stiffness and damping in the
roll mode.

High suspension damping tends to improve handling performance of
vehicle, while light suspension damping yields improved shock and
vibration attenuation performance.

A vehicle suspension with identical bounce rate and enhanced roll
stiffness can be achieved from the interconnected struts. The
interconnected suspension can thus provide a better compromise
between handling performances and ride comfort. Damping control
valves, however would be required to achieve multi-stage damping for

enhancement of vehicle ride quality.
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e While an anti-roll bar effectively restricts the body roll motion, tends to
increase the roll response of the vehicle when subject to a single-
wheel bump.

6.4 RECOMMENDATIONS FOR FUTURE WORK

This thesis research is carried out to evaluate the roll and ride dynamic
performance of different concepts in interconnected hydro-pneumatic suspension
systems. In view of the significant potentials demonstrated in this study, it is
recommended to undertake the further investigations to fully explore their
performance potentials through integration of damping control valves,
development of more comprehensive models, and development of more
comprehensive models, and prototype development and testing.

The analytical model of the interconnected suspension needs to be validated
through fabrication and testing of a prototype in a laboratory setting. Efforts are
needed to incorporate fluid compressibility, inlet and outlet flow losses of
interconnecting pipes and variable damping valves to achieve more desirable
damping properties.

The stiffness and damping properties of interconnected struts are related to
various geometric parameters in a highly complex manner. These configurations
however offer ample possibilities for tuning of the suspension, which should be
thoroughly explored through extensive parametric studies.

A more elaborate three-dimensional vehicle model, incorporating fluid flow

interconnections in the roll and pitch planes, should be developed and analyzed

146



to assess the ride, anti-roll and anti-pitch characteristics of the vehicle
suspension.

An optimal design of interconnected hydro-pneumatic system should be
carried out to achieve a better compromise between the vibration isolation and
handling performance.

Efforts should be made to incorporate self-leveling ability of interconnected
hydro-pneumatic suspension to achieve even better ride comfort and handling
performance of the vehicle.

The semi-active and active control methods could be integrated into the
interconnected suspension to enhance the roll stability. It may be beneficial to
provide the interconnections only for low frequency roll motions caused by
centrifugal forces and moments, which influence the vehicle handling

performance.
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