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ABSTRACT

AN ANALYTICAL STUDY OF RIDE AND HANDLING
PERFORMANCE OF AN INTERCONNECTED VEHICLE SUSPENSION

Peijun Liu

Design of a vehicle suspension involves a difficult compromise among the
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 stiffeners, in conjunction with soft suspension, are frequently used to attain
an acceptable compromise between ride and handling performance of a vehicle.
Alternatively, an improved compromise between ride and handling can be
realized by interconnecting hydro-pneumatic suspension struts in the roil plane.
The interconnected suspension can provide soft suspension rate for improved
ride quality, and firm roll stiffness and damping for adequate handling and
control performance. In this dissertation, a hydro-pneumatic suspension,
interconnected in the roll plane, is analytically investigated for its ride and
handling performance potentials.

A highway bus equippeu with the interconnected hydro-pneumatic
suspension system is modeled in the roli plane as a four-degrees-of-freedom
dynamical system subject to excitations arising from road irregularities and roll
moment caused by directional maneuvers. The static and dynamic properties of
the interconnected suspension are derived and discussed in terms of its load-
carrying capacity, suspension rate, roll stiffness, and damping forces. The ride

and handling performance characteristics of the interconnected suspension are



investigated and compared to those of the conventional suspension systems for
deterministic excitations. A passive variabie damping mechanrism is proposed
and investigated to achieve improved vehicle ride quality. The vibratior isolation
performance characteristics of the interconnected suspension employing the
variable damping valves are further investigated for deterministic and random
excitations. From the computer simulation results, it is concluded that the
interconnected hydro-pneumatic suspension with inherent enhanced anti-roll
stiffness and damping characteristics can provide an improved compromise

between ride comfort and handling performance of a vehicle.
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CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW

1.1 GENERAL

The primary functions of a vehicle suspension are to support the vehicle
load, protect cargoes and passengers from shock and vibration excitations
originating from the tire-road interaction, and provide vehicle guidance with
adequate roll and directional stability. The good ride quality and handling
performance, however, pose conflicting design requirements for the vehicle
suspension. While a lightly damped soft suspension yields good shock
attenuation performance, hard suspension with high damping is desirable to
achieve good handling. Moreover, lightly damped suspension is detrimental to
the vibration isolation effectiveness around the sprung mass resonant
frequencies. The design of a vehicle suspension thus involves a compromise
between the handling and ride quality performance of the vehicle.

The relative performance characteristics of various passive vehicle
suspension designs have been extensively investigated and reported in the
literature. It has been established that the relative ride quality analysis of
comparable suspensions may be carried out on the base of similar working
space [1, 2]. Since the static deflection of a linear suspension spring varies as
the inverse square of the natural frequency, the limitations on the permissible
working space prohibit the use of soft springs ES]. Nonlinear springs with
progressively hardening: characteristics, in conjunction with auxiliary roll
stifeners such as anti-roll bars, are thus widely used to achieve good ride
quality, high roll stiffness, good handling and directional control performance

with reasonable working space. The anti-roll bars, however, affect the vehicle



ride quality in an adverse manner when one of the wheels is subjected to an
excitation. Alternatively, an interconnected hydro-pneumatic suspension can
provide a soft vert.zal spring rate and high roll stiffness to achieve an improved
compromise between the ride quality and anti-roli performance of the vehicle [4,
5]. The conflicting requirements on suspension damping suggest that a variable
damping is extremely vital to achieve improved ride comfort and road holding
performance. Although a number of semi-active and active damping mechanisms
have been proposed and investigated, the cost and complexity of the realization
of semi-active and active variable dampers have limited their general
implementation.

In this dissertation, a hydro-pneumatic suspension system interconnected
in the roll plane is analytically modeled and analyzed. The static and dynamic
properties of the proposed suspension, such as load-carrying capacity,
suspension rate, roll stiffness and damping characteristics are evaluated. The
shock and vibration isclation performance characteristics of the interconnecled
suspension system are compared to those of the conventional suspension
system, and its potential ride and handling performance benefits are discussed.
A passive variable damping mechanism is incorporated to further improve the
vibration isolation performance of the interconnected suspension system. The
anti-roll performance of the proposed suspension is analyzed for lateral
acceleration excitation encountered during a directionzi maneuver. The ride
quality performance is analyzed for deterministic as well as random road

excitations.

1.2 REVIEW OF RELEVANT LITERATURE
Numerous passive, semi-active and active vehicle suspensions have

been proposed and analyzed using varying analytical and experimental



techniques. The ride, handiing and directional control performance
characteristics of various suspensions have been extensively investigated and
reported in the literature. A review of the relevant literature is carried out and
briefly discussed in the following subsections to formulate the scope of this

dissertation.

1.2.1 Interconnected Suspension Systems

Although the design, analysis and performance characteristics of passive,
semi-active and active suspension systems have been extensively investigated,
the studies on interconnected suspensions have been limited. Furthermore,
developments in interconnected suspension have primarily evolved from
experimental investigations. The roll and pitch properties of a suspension
system can be varied considerably by interconnecting the different wheel
suspensions of a vehicle. The interconnection among the different wheel
suspensions can be realized through either mechanical or fluid couplings.

The ride benefits of a low pitch frequency suspension that may be
realized by interconnecting front and rear whee! suspensions have long been
established. Mechanically coupled front and rear wheel suspensions, also
known as equalizing suspensions, were implemented in Citroen 2CV cars in
1948 [7]. The equalizing suspension, employing a mechanical interconnection
between ihe front and rear wheel suspensions, provided improved ride quality by
reducing the pitch frequency [6, 7, 11} The schematics of three different
arrangements of mechanically interconnected suépension are illustrated in
Figure 1.1. The influence of mechanical coupling on the pitch and bounce
frequency of the suspension can be perhaps better described from the
schematic presented in Figure 1.1(a). Under pure vertical motions, the vehicle

body D and lever C remain paralle! to the ground. The suspension rate thus
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Figure 1.1 Mechanically interconnected front and rear

wheel suspensions [11]



depends on the stifiness of spring A. Under pitch rotation about O, the pitch
oscillation frequency of the body, however, depends upon the stiffness of the
spring B. The rate of spring A 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 A to achieve a pitch frequency considerably
lower than the bounce frequency. Those suspensions thus resulted in poor anti-
pitch performance and low resistance to attitude changes caused by dynamic
load transfers.

Moulton [8] developed a coupled rubber suspension using fluid
interconnections, frequently refereed to as Hydrolastic. An interconnected
'hydragas' suspension was later realized by replacing the rubber springs by gas
springs [9, 10). The Hydragas suspension consisted of two hermetically sealed
spherical containers, as shown in Figure 1.2. The upper container was divided
into two chambers separated by an elastic diaphragm. The upper chamber,
charged with compressed nitrogen gas, served as the gas spring, and the lower
chamber was filled with hydraulic fluid. The lower container comprising an elastic
diaphragm was also filled with hydraulic fluid. The underside of the diaphragm
was acted upon by a tapered displacer, as shown in Figure 1.2. The damping
was achieved from the fiuid flcws between the upper and lower containers
through a damper valve with different bounce and rebound flow characteristics.
Figure 1.3 iliustrates the interconnection between the front and rear
suspensions. In the pitch mode, the fluid flows between the front and rear units,
resulting in low pitch rate of each unit. In the bounce and roll modes, however,
no fluid flows between the suspensions since both displacers on one side move
together. The corresponding spring rates thus remain high. Although the
interconnected Moulton suspension resulted in improved ride in the pitch mode,

the coupled suspension was far more sensitive to dynamic load transfers



Figure 1.2  Moulton Hydragas suspension unit [10]
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Figure 1.3  lllustration of fluid fiows between front and rear wheel
suspensions of Moulton Hydragas in the different
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encountered during accelerating and braking. A medified hydragas system,
comprising laterally interconnected rear wheel suspensions, was developed for
implementation in the Austin Mini Metro [11]. The results of road tests performed
on the modified system, with no interconnection between the front and rear
suspensiong, demonstrated improved road holding performance.

The interconnection technique used in equalizing and Moulton
suspensions resulted in a lower pitch or roll rate. The wheel suspensions can be
interconnected in another manner to achieve enhanced roll and/or pitch rates for
vehicle attitude control.

Vehicle suspensions with anti-roll bars, which span across the chassis
with the ends linking the two road wheels on opposite sides, can be considered
as the mechanically interconnected suspensions in the roll plane. This
mechanical interconnection tends to improve the anti-roll performance of the
vehicle by increasing the suspension roll stiffness.

Passive and active hydro-pneumatic suspenrsion systems intarconnected
in the roll plane, as illustrated in Figure 1.4, have been analytically modeled by
Felez and Vera [13]. The mathematical models, derived using bond graph
techniques, were analyzed to evaluate the vehicle response to roll and verticai
displacement inputs. The study demonstrated &n improved anti-roll
characteristics of the interconnected suspensions. Su [4] analyzed a tunable
interlinked hydro-pneumatic suspension, similar to that shown in Figure 1.4(a).
The tunable interconnected suspension was mathematically modeled as a multi-
degrees-of-freedom dynamic system, including the fluid compressibility and
valve dynamics. Shock and vibration isolation characteristics of the interlinked
suspension were evaluated for deterministic excitations. The study concluded
that the ride comfort and handling performance of a vehicle can be significantly

improved by interconnecting the suspensior: in the roll plane. Although the
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Figure 1.4  Schemaitic of interconnected hydro-pneumatic
suspension configurations: (a) passive suspension,
(b) active suspension [13]



above studies have clearly demonstrated the ride and anti-roll performance
benefits of the interconnected suspension, the fundamenta! static and dynamic
properties of interconnected suspension and coupling effects have not been
investigated. The ride dynamics of a vehicle with the interconnected suspension
subjected to realistic stochastic road irregularities are still remained to be
investigated.

Interconnected suspensions can be incorporated with variable damping
and self-leveling capacity to achieve enhanced performance of a vehicle.
Tanahashi et al. [14] proposed and investigated an interconnected and feedback
modulated hydro-pneumatic suspension. The interconnected suspension
provided a variable three-stage damping force using an electronic modulation
system, depending upon the vehicle running and road conditions. The analytical
and experimental studies demonstrated both improved ride comfort and handling
characteristics of the vehicle. Meller {12] investigated the performance of an
interconnected hydro-pneumatic suspension with a self-energizing load-
dependent internal pump, which was energized by the relative movement
between the sprung and unsprung masses of the vehicle. The suspension can
provide automatic leveling characteristics of the vehicle.

Upon recognizing the superior anti-roll capacity of a laterally
interconnected suspension, the vehicle suspension connected in the pitch plane
have been attempted to achieve improved anti-pitch performance [3, 15, 16, 17,
18]. Figure 1.5 illustrates the schematic of a semi-active hydro-pneumatic
vehicle suspension interconnected in the pitch and roll planes (frequently
refereed as AP suspension), studied by Crolla and Horton [18). 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
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Figure 1.5 Schematic of the AP suspension interconnected
in the pitch and roll planes [18]

Hydraulic supply

Tuned mass.
spring, damper

----

Figure 1.6  Schematic diagram of a single wheel station
of the AP suspension [18]
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struts. Inertial control valves, as shown in Figure 1.6, were implemented to
achieve soft response to road irregularities, and hard response to vehicle
maneuvers to attain attitude control and seif-leveiing. The results of the
analytical and experimental study revealed improved ride quality and attitude
control of the vehicle. Howard [19] developed a three dimensional model of a
vehicle employing an active interconnected suspension system. The results
derived from computer simulation demonstrated improved self-leveling, anti-roll

and anti-pitch performance characteristics of the active suspension.

1.2.2 Variablie Suspension Damping

In view of the inherent performance limitations of constant suspension
damping, many multi-stage and variable gamping mechanisms have been
developed. The analytical models of various multi-stage shock absorbers
together with measurement and simulation technigues, damping characteristics
and design have been extensively reported in the literature.

Van Vliet [23] developed an analytical model of a hydraulic shock
absorber with a fixed relief valve, designed to open during compression to limit
the magnitude of maximum compression damping force. Asymmetric damping
force-displacement characteristics were estuwblished from laboratory testing and
computer simulation studies. The damping characteristics of variable orifice
dampers have been analyzed by Asami et al [24] and Hundal [25]. Raxheja and
Su [26, 71] proposed and analyzed a tunable passive sequential hydraulic
damper to achieve variable damping within a vehicle suspension. The sequential
damping was realized by introducing compression and rebound pressure relief
valves to the fixed orifice hydraulic damper. The analytical model incorporating
nonlinearities due to valve dynamics, fluid compressibility and turbulent flows

was analyzed for deterministic as well as stochastic road excitations. The results
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of the study revealed that the tunable sequential hydraulic damper offered
considerable potentials to improve the vehicle ride comfort.

Melier and Fruhauf [27] discussed and compared two kinds of variable
damping control systems: external and internal control systems in a pressurized
twin-tube shock absorbers. Solenoid pressure control valves are used to achieve
three stage damping characteristics. A three-level adjustable shock absorber
was developed by Nissan Motor Co., Ltd., which allowed drivers to select tha
damping force setting from the driver's seat [28]. Toyota Motor Corporation
developed a more elaborate suspension with three control modes to be selected
by the drivers: normal mode, sport mode, and auto mode [29]. In the normal
mode the damping force of the shock absorbers was kept relatively small, while
in the sport mode, the damping force was relatively large. In the auto mode, the
damping force of the shock absorbers was automatically varied between the
norma! and the sport modes based upon feedback. Ford Motor Co. [30]
developed a Programmed Ride Control (PRC) suspension, which provided
drivers selected "firm" or "automatic” ride control using a rock switch. In the
automatic mode, the PRC computer adjusts the shock absorber damping to
provide a soft ride during normal driving conditions. The damping, however, is
changed to firm during hard cornering, braking or acceleration to achieve
improved handling. Hennceke {38] discussed and summarized the frequency
dependent variable suspension damping.

Active vehicle suspensions, with parameters that change with variations
in excitation and response characteristics, provide superior shock and vibration
isolation performahce, and have also been extensively investigated {41, 42, 43].
However, the requirements of an external energy source and control system with
large number of sensors limit the applications of active suspension to cases

where performance benefits outweigh the disadvantages associated with costs
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and complexities [44, 45]. Semi-active vehicle suspensions offer a compromise
between the performance benefits of an active and the simplicity of the passive
suspension. A riumber of semi-active damping mechanisms have been proposed
and investigated [31-37]. Since damping force tends to attenuate vibration only
in a portion of response cycle, "on-off" semi-active damping has been
extensively investigated [31, 38]. Alanoly [40] presented and evaluated six types
of semi-active suspension control schemes in terms of peak and RMS
acceleration transmissibility. Although hardware implementation of a semi-active
suspension is considerably simpler than an active suspension, the realization of
semi-active damping requires a comprehensive instrumentation package and
control devices [31, 46]. Moreover, semi-active "on-off" control yields a large
magnitude of jerk around the discontinuity between the "on" and "off" states [39,

47].

1.2.3 Performance Criteria

Various performance criteria have been proposed to assess the ride
comfort and handling performance of different vehicle suspensions. The root
mean square of vertical acceleration of vehicle body at passenger/driver location
is most commonly used to evaluate the ride performance of ground vehicles. it is
now widely accepted that acceleration data should be frequency weighted before
rms values are used as objective measures of discomfort {1, 48, 48].
Alternatively, acceleration PSD of body respcnse and vibration transmissibility
are also used to assess the relative ride performance of different suspensions
(4, 26). Shock atténuation performance is frequently assessed in terms of peak
acceleration response of sprung mass [50]. There are many different methods to
evaluate handling performance of a vehicle. Although oversteer and understeer

characteristics are commonly used to assess the steady state handling behavior
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of vehicles, the response variables, such as wheel load fiuctuations, tire slip
angles, yaw rate, and vehicle path have been employed to carry out relative
performance evaluations of different suspensions. The simplest indicators of
handling performance, however, are the roll and pitch angles [51]. While the rol!
reduction during cornering may represent only one measure of the improved
vehicle handling, it is widely established that roll performance of a vehicle is

directly related to the transient handling characteristics.

1.3 SCOPE OF PRESENT INVESTIGATION

The analytical and experimental studies, reported in the literature, have
clearly demonstrated that an interconnected suspension offers considerable
potentials to achieve improved compromise between the roll and ride
performance of a vehicle. The modern highway buses and freight vehicles
exhibit poor roil stability due to their high center of sprung mass. The
implementation of a hydro-pneumatic suspension, interconnected in the roll
plane, can enhance the roll stability of these vehicles by providing increased rol!
stiffness while preserving relatively soft ride. Moreover, the passenger ride
quality of highway buses can be further improved by employing dampers with

variable suspension damping.

1.3.1 Objective of Present Investigation

The primary objective of this dissertation research is to develop a
mathematical model of a laterally interconnected hydro-pneumatic suspension
with variable damping in the roll plane, and to evaluate its static and dynamic
properties related to ride and handling characteristics of the vehicle. The specific

objectives of this thesis are:
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(1)  To develop roll plane models of vehicles employing unconnected and
interconnected hydro-pneumatic suspensions.

(2) To analyze the inherent static and dynamic characteristics of the
interconnected suspension in terms of suspension rate, roll stiffness, and
damping forces.

(3) To evaluate shock and vibration isolation performance and roll response
of the vehicle employing unconnected suspension with and without anti-
roll bars, and interconnected suspension for deterministic excitations
arising from road irreguiarities and directional maneuvers.

(4) To integrate muiti-stage suspension damping and evaluate the ride
performance characteristics for deterministic and stochastic road

excitations.

1.3.2 Organization of the Thesis

In chapter 2, three types of hydro-pneumatic suspension systems,
namely, interconnected, unconnected, unconnected with anti-roll bars are
analytically modeled in the roll plane. The roll plane dynamics of a vehicle is
represented by a four-degrees-of-freedom dynamical system under excitations
arising from road irregularites and roll moment caused by directional
maneuvers. The equations of motion for the vehicle models are derived in terms
of generalized suspension forces using Lagrange's energy approach. The
generalized suspension forces are derived assuming incompressible fluid in
hydraulic struts, turbulent flows through the orifice restrictions,’ polytropic
processes of gas in accumulators, and laminar flows within the interconnecting
pipes.

The static and dynamic properties of the three different hydro-pneumatic

suspensions are derived and presented in Chapter 3. The suspension properties
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are discussed in terms of their load-carrying capacity, suspension rate, roll
stiffness and damping forces. Analytical expressions are derived to characterize
the force-displacement and force-velocity characteristics of the different
suspensions. Five suspension configurations are proposed to further investigate
their ride and roll performance potentials.

In chapter 4, the ride and handling performance characteristics of five
hydro-pneumatic suspensions are investigated for 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 systems are evaluated in terms of transient
and steady state roll response of the sprung and unsprung masses subject to
constant radius turning and lane change maneuvers. The dynamic ride
performance characteristics are established in terms of both heave and roll
shaock isolation characteristics of the suspensions subjected to road excitations.
Vibration transmissibility characteristics of different suspension systems are
investigated and compared.

In chapter 5, a passive variable damping mechanism is proposed to
achieve improved vibration isolation performance of the interconnected hydro-
pneumatic suspension. The passive multi-stage damping is realized by
modulaiing the flow through orifices based upon pressure differential across the
damper. The vibration isolation performance of the vehicle suspension
employing variable damping is further investigated for deterministic and
stochastic road excitations. The highlights of the study and the conclusions

drawn are summarized in Chapter 6.
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CHAPTER 2

DEVELOPMENT OF ROLL PLANE VEHICLE SUSPENSION MODELS

2.1 INTRODUCTION

Design of a passive vehicle suspension involves a compromise among
the performance characteristics related to ride comfort, suspension working
space, wheel load variations, static and dynamic attitude control, handling and
directional control. The primary design considerations, however, include
adequate ride comfort and handling and directional control. The attainment of
good ride quality necessitates soft spring suspension, while hard springs are
necessary to achieve good handling and directional control performance. These
conflicting requirements often result in a compromise between handling
performance and ride comfort. Auxiliary rolf stifiness elements, such as anti-roll
bars, are frequently used to achieve good handliing and directional control
performance. Anti-roll bars, however, deteriorate ride comfort under one-wheel
bump. Alternatively, the diagonally interconnacted hydro-pneumatic suspension
in the roll plane can provide soft vertical spring rate and high roll stiffness to
achieve an improved compromise among the ride quality and roll performance of
a vehicle. Modern highway buses and fright vehicles exhibit poor roll stability
due to their high center uf gravity. The interconnected suspension with
enhanced rol! stiffness can be therefore employed in such cases to improved
handling performance and ride comfort.

In this chapter, the roli plane mode! of a beam axle suspension with
laterally interconnected hydraulic struts is developed to investigated its roll and
ride characteristics. The roll plane models of conventional suspensions with and

without anti-roll bar are developed to carry out relative performance analyses.



2.2 ROLL PLANE MODEL OF AN UNCONNECTED HYDRO-PNEUMATIC

SUSPENSION SYSTEM

Vehicle models, varying from simple two-degrees-of-freedom (DOF)
quarter-vehicle model to several DOF three-dimensional models, have been
developed to analyze the ride, handling and directional control characteristics.
While a two-DOF mode! provides ride performance in the uncoupled vertical
mode, a four-DOF roll plane model comprising vertical and roll motions of the
sprung and unsprung masses can effectively yield the vertical and roll
characteristics of a vehicle. A modern highway bus, equipped with conventional
or the laterally interconnected suspensions, is thus characterized by a four-DOF

dynamical system in the roll plane to study the vertical and roll characteristics of

the interconnected suspension.

2.2.1 Equations of Motion of the Suspension System

The roll plane model of a road vehicle, comprising of beam axie and
hydro-pneumatic suspension is presented in Figure 2.1. As iliustrated, the
vehicle is modeled as a four-degrees-of-freedom dynamical system, comprising
vertical anc roll motions of the sprung and unsprung masses. Vertical motions of
centers of gravity (c.g.) of sprung and unsprung masses are described by x, and
x,. Roll angles of the sprung and unsprung masses are descrived by 8, and 3,,
respectively, about their respective roll centers. m, is the sprung mass of the
vehicle lumped in the roll plane, and m, is the mass of axles lumped in the roll
plane. The tires are modeled as parallel combinations of linear springs (k,.k, ),
and viscous dampers (c,,c,), assuming point coniact between the tire and the

road. Excitations to the roll plane model include vertical dispiacements at the

tire-terrain interface (x,,x,) due to road irregularities, and a roll moment, 7,
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acting on the sprung mass caused by a centrifugal force encountered during a
directional maneuver.

As shown in Figure 2.1, the primary vehicle suspension consists of two
hydro-pneumatic systems. The forces generated by the left and right
suspensions are represented by two primary suspension forces, F,,F,
respectively. A detailed schematic of the hydro-pneumatic suspension system is
shown in Figure 2.2, and will be discussed later in subsection 2.2.2.

in deriving the equations of motion for the roll plane model, it is assumed
that the vibration levels are small, the roll center height of the sprung and
unsprung masses remain unchanged. The coupled differential equations of
motion for the four-DOF model, derived using Lagrange's energy approach, are
presented as follows:

Bounce motion of the sprung mass:

myi, —F,~F, =0 (2.1)

Roll motion of the sprung mass:
1,3,-Ft +Ft, =T, (2.2)

Bounce motion of the unsprung mass:

mx, +(c, +c, )x, +(c,t.. -—cdf,,,).:qu +(k, +k, )x, +(k L, -k, )9, +F +F,(2 3)
=cttx.|£ +kdx¢£ +c=r'éir -‘Lkrrxir .

Roll motion of the unsprung mass:

I_@_ (e b, ~c.k. )%, +{c b2, +c,£’_,).'9. +(k, £, =k, )x, +(k, 62, +k, 82 )3, +F € ~F£,
=Cr£w£lr +kr'€~rxlr —cffew!x.ll _kd'ewlxlt

(2.4)
where /, is the mass moment of inertia of tie sprung mass, and I, the mass
moment of the unsprung mass. ¢,,¢, are the Iateral distances from left and right

suspension struts to the center of gravity of the sprung mass. ¢,,.¢,, are the
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lateral distances from the left and right tires to the center of gravity of the

unsprung mass.

2.2.2 Generalized Suspension Forces

The hydro-pneumatic suspension, shown in Figure 2.2, comprises &
hydraulic strut, an accumulator and a damping restriction. The chamber I of the
hydraulic strut is open to atmosphere, white the chamber 1/ contains pressurized
hydraulic fiuid Chamber /II, the accumulator, contains a separator to prevent
the gas from diffusing into the fluid. The dynamic strut forces, F, and F,, can be
derived assuming incompressible fluid in the struts, turbulent flows through the
orifice restrictions, and a polytropic process of the gas in the accumuilators.

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, =Py —Pa) Ay  (=147) (2.5)
where the subscripts £ and r refer to the left and right struts; p, is the absolute
internal pressure of suspension strut i under static equilibrium condition; p, is
atmospheric pressure; 4, is the piston head area, and w, is the static load acting

on suspension strut 7 , given by:

— m.sger a — maggf

= nd =t 26
w‘ Nu(gl +gr) w" Nu(££+gr) ( )

where g is the acceleration due to gravity and N, is the number of struts used

on each side in the roll plane model. The fluid pressure under static equilibrium

can also be related to the static load in the following'manner:

Do = :—w P. (i =2,r) (2.7)
20
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Assuming polytropic process, the fluid pressure p, and the gas volume v, under
static loading can be related to the initial charge pressure, p_:

PoVe, =P.Ve (=47) (2.8)
where v_ is the initial charge volume of gas in suspension i, and n is the
polytropic exponent.

Fluid Flow Equations

Assuming incompressible fluid flows, the rate of change of fluid volume in
chamber I7 of strut i is related to the relative motion across the strut:

0, =4,z  (i=4,r) (2.9)
where Q.. is the rate of change of fluid volume in chamber 17 of suspension strut
i, and z, is the relative velocity across suspension strut i , given by:

i =%,-%,-(9,-9,)¢,

i =% —%,+(9,-8,)¢, (2.10)
During compression or rebound strokes, the fluid flows between chambers [f
and 177 through the damping restrictions. Assuming turbulent flow through the

damping restriction or the orifice, the flow rate from chamber 7 to /Il Q,,,, can

be expressed as

2\p...
0., =C,a, “LI:JLSI—ISg"(st;') ' (i=¢,r) (2.11)

where C, is the discharge coefficient; g, is the orifice area; p is the mass density
of the fluid. p,, =p, —p, is the pressure differential across the damping
restriction, and the sgn function describas the direction of fluid flow:

+1; for p,y, 20

38"(?23,)={_ I: for py, <0

(i=¢r)
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For incompressible fluid flows, the rate of change of fluid volume caused by

piston movement, Q,, is related to the orifice flow, 0, through the conservation
of mass:
Q,=-0n (i=tr) (2.12)

Pressure Equations
The pressure differential, p,,,, can thus be derived from Equations (2.9),

(2.11), and (2.12):

2
Pasi 25[;‘; ] z.f;,-sg"(é,‘) (i=2£r) (2.13)

The instantaneous pressure of fluid in chamber 1II, p,, can be derived

assuming polytropic process:

P, =[3@-anm (i=tr) (2.14)

vjr'
where v,, is the instantaneous volume of gas in chamber II7, given by:
vy, =V A2 (i=4,r) (2.15)
and
2, =x,-x,—(9,~-9. )¢,
z, =x,-x,+(3, -3, ), (2.16)

Dynarmic Forces of the Unconnected Suspension

The dynamic force generated by the suspension strut on each side, f,
with respect to the static equilibrium position, is established from forces acting
upon the piston:

Ji=(Pu— P4, (=6r) o (247)
where p, =p,, + b;.-- is tHe instantaneous fluid pressure in chamber /7. Upon

substituting for p,, and p,, from Equations (2.13), (2.14), and (2.13) into (2.17),

the dynamic suspension forces generated by strut / can be expressed as:
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pAz. Ve " _ .
-fl' 2C zl Sg?'-'(.. )+p01 [(vm +A2iz,) } (l - Ear) (218)

The dynamic force developed by a suspension strut comprises the
nonlinear dissipative force due to flows through the damping restrictions and the
nonlinear restoring force due to the gas charge in the accumulator. The first term
in Equation (2.18) describes the damping force component related to square of
the relative velocity across the suspension strut, while the second term
describes the nonlinear restoring force due to the gas spring. The generalized
suspension forces developed in the roll plane mode! are related to the total

number of suspension units used:

-
\Y

A2 N [ "
F, =N/, =80 2 15gn( 2, )+ Poc AN, (_"—M“'—] -1
2 Vor + A2,

2a; +A,z

2rr

- " _|
F Nf —%E% ngn(" )+p0rA2rNu (__v_or_'_) _] (219)

where N, is the number of suspension units used on each side.
Equations (2.1) to (2.4) and (2.19) describe the vertical and roli dynamics
of a vehicle with conventional unconnected suspension subject to excitations

arising from roll moment and road irregularities.

2.3 ROLL PLANE MODEL OF AN UNCONNECTED HYDRO-PNEUMATIC
SUSPENSION SYSTEM WITH ANTI-ROLL BAR
A road vehicle suspension, in general, is designed with an auxiliary roll
stiffness mechanism tol enhance its roll stability and directional control
performance, and to reduce the vehicle sensitivity to cross-winds. Anti-roll bars

are commonly used in road vehicles to achieve enhanced effective roll stiffness.
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An anti-roll bar is normally fitted across the chassis with its ends linking
the two road wheels on opposite sides, as shown in Figure 2.3. It is bent near
the ends to form trailing levers, while the center section is anchored to the spring
mass through bushings so that it can be free to rotate. The trailing levers arc up
and down with whee! deflections. The relative roll motion of sprung mass against
unsprung mass, encountered under a single wheel bump or directional
maneuver, cause the bar to twist, and thus provide resistance to bounce trave!
and body roll. The two ends of the anti-roll bar, however, experience identical
motion, when subjected to a pure vertical excitation caused by a bump
encountered by both wheels. The anti-roll bar thus simply turns without twisting.

Therefore the anti-roll bar has no effect under a two-wheel bump.

2.3.1 Modeling of Anti-roll Bars

The anti-roll bar can be modeled as a torsion spring, as illustrated in
Figure 2.4. When one of the wheels lifts a distance with respect to the other
whee! under a single wheel bump, an equal and opposite elastic force, F,, in the
vertical direction is generated. Assuming linear property of the anti-roll bar, the
spring force acting at each wheel can be expressed as:

F, =ky (2.20)
where y is the relative vertical motion between left and right end of the bar, and
k, is the spring constant. From the torsion spring shown in Figure 2.4, the
vertical spring rate, k,, can be established as:

nGd*

k=
RETTNLE

(2.21)

where G is the shear modulus of the anti-roll bar; d is the diameter of the bar; r

is the length of trailing lever and ¢, is the distance between the two ends of the
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Figure 2.3 Anti-Roll Bar with Pure Roll Stifiness (Top Veiw)

U

Figure 2.4 Modeling of anti-roll bar
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anti-roll bar. The equal and opposite forces developed at the two ends of the
anti-roli bar yield a torsion couple acting on the sprung mass, given by :

T =kt,y (2.22)
where T, is the couple acting on the sprung mass. Since the relative vertical
motion across the anti-roll bar is related to the roll angle ($=x/¢,), the restore
roll moment due to the anti-rol! bar can be expressed as:

T =k,8 (2.23)

where k, is the auxiliary roll stiffness due to the anti-ruil bar, given by:

nGd’t,
=== % 224
32 (2:24)
A comparison of Equation (2.21) with (2.24) yields:

kg =kt (2.25)

2.3.2 Equations of Motion

The roll plane model of a conventional unconnected hydro-pneumatic
suspension with an anti-roll bar is presented in Figure 2.5. The vehicle model is
identical to that presented in section 2.2 (Figure 2.1) with the exception of the
anti-roll bar, represented by the auxiliary roll stiffness k;. The equations of
moticn for the vehicle model are derived in @ manner described in section 2.2
and presented below.
Bounce motion of the sprung mass:

m¥, —F,—F =0 (2.26)

Roll motion of the sprung mass:
1,9,-Fe, +FL, +ko( 8, ~8,) =T, (2.27)

Bounce motion of the unsprung mass:

mx, +(c, £€, )%, +(¢,, =Cul )8, +(ky +k, )3, +(k, L.~k )8,
+F, +F, =c, X, +kox, +C,X, +k,X

roir

(2.28)
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Figure 2.5 Roll plane model of an unconnected hydro-pneumatic
suspension system with anti-roll bar
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Roll motion of the unsprung mass:

L8, #+(c ., —Col o J%, (€l +C, 00 )8, +(k 8 —kyl o )%, +(kylo +k, 6%, )8,
+F, ~F, ~ky(8,-8,) =c,t %, +k, L, x, —cpl weXiy —Ryl Xy

wrTor

(2.29)

where F, and F, have the same expressions as shown in (2.19).

24 ROLL PLANE MODEL OF AN INTERCONNECTED HYDRO-
PNEUMATIC SUSPENSION SYSTEM
Figure 2.6 illustrates the schematic of a hydro-pneumatic suspension
interconnected in the roll plane. The suspension system comprises double-

acting hydraulic struts, accumulators, damping restrictions and interconnecting

pipes. The upper chamber of the left strut (I7,) is connected to the lower
chamber of the right strut (7.), while the lower chamber of the left strut (/,) is
connected to the upper chamber of the right strut (/7,) This interconnected
suspension is different from the well known hydragas suspension which is
interconnected between the front and rear struts in order to reduce the pitch
stiffness. The primary objective of the proposed interconnected suspension is {0
increase roll stifiness, while, at the same time, maintain lower bounce and pitch

stiffiness to achieve good handling and ride qualities.

2.4.1 Equations of Motion

The vehicle, equipped with the proposed interconnected suspension, is
modeled in the roll plane as a four-DOF dynamical system, as shown in Figure
2.7. The coupled' differential equations of motion of the vehicle model are
derived using the techniques and assumptions described in section 2.2. The

primary suspension forces due to the left and right struts of the interconnected
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suspension are again represented by generalized dynamic forces, F,” and F’,
respectively. The coupled differential equations of motion are derived using
Lagrange's energy approach and presented below.

Bounce motion of the sprung mass:

mx, -F,/—F'=0 (2.30)
Roll motion of the sprung mass:
1,8, -F’¢, +F't, =T, (2.31)

Bounce motion of the unsprung mass:

mx, +(c, +¢, )%, +(c, L, —Cul o )9, +(k, +k, )x, +(k €. —kL.,)S,
+‘Fl’+‘F;’= lex.xt +k:txi£ +Cn-x-:r +ktrx:r

(2.32)

Roll motion of the unsprung mass:

L3, #(c b, —cyl )% +(c ) +¢,8%, )8, (k€. —kyf )%, +(k Ly +k, 6 )8, +F L ~F'L,
=c, £ %, +k L x, —Cof Xy =K %y

(2.33)

2.4.2 Generalized Suspension Forces

The Generalized forces due to the interconnected suspension, comprising
of both elastic and damping forces, can be developed by using static equilibrium,
conservation-of-mass, fluid flow equations, and pressure equations.

Static Equilibrium

The static ride height, static detlection and operating pressures in the
suspension struts are related to the static loads and the charge pressures.
Assuming identical static pressures in the connected chambers (py, = Pao = Prro;
and p,,, = P. = Puo) @nd polytropic process, the static pressures can be related
to the static loads (w, and w,), and initial gas charge pressures in the left and

right suspension struts (p,. and p,.).
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Figure 2.7 Roll plane model of an interconnected hydro-pneumatic
suspension system
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PaoAze = Dol —P( Ay — 41 ) =W,

ProAz — Prody — P A = A ) =W, (2.34)
and

PsoVso = PV (i=¢r) (2.35)
where p,, and p, are the static and initial charge pressures in chamber /I of
suspension i ; v,,andv, are the static and initial volumes of gas in the
accumulator of suspension i; p,.. Pxs and p,, are the fluid pressures
corresponding to static equilibrium in chambers I, II and il of the ieft
suspension, respectively; p,,, p,, and p,, are the fluid pressures
corresponding to static equilibrium in chambers 7,1/ and I/ of the right
suspension, respectively; 4, and 4, are the rod side areas of the left and right
strut pistons, respectively; 4,, and 4, are the head side areas of the left and
right strut pistons, respectively; w, and w, have the same expressions as in
Equation (2.6).

The static deflection of suspensicn struts, x,, and x,,, are derived from the
equation of flow continuity under static equilibrium:

AsyXyp =Vye Vo + A%,

A X, =V, =V, + A%, (2.36)
Equation (2.38) reveals that the static deflection of the right and left suspension
struts are coupled due to inte~zonnections. The simultancous solution of
Equation (2.34) to (2.36) yields the static pressures, volumes and deflections of
left and right suspension struts.

Equations of Fluid Flow

The fluid flows within an interconnected suspension include: (i) the flows
through orifices and connecting pipes due to piston movement; (ii) the flows due

to fluid compressibility. Su [4] investigated the influence of variations in the fluid
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bulk modulus on the ride performance characteristics of an interconnected
hydraulic suspension. The study demonstrated that the fluid flows due to fluid
compressibility were insignificant and thus may be neglected. Assuming
turbulent flows through the orifice restrictions between the chambers I and II7,
the volume flow rates through the orifices in the left and right suspension units

are related to pressure differentials across the orifices, in the following manner.

2o, | -
Q. =Caa, J:%[SQ"(PH.'): fori=2¢,r (2.37)

where 0., is the volume flow rate through the orifice from chamber II to /I of
suspension i, and p,, is the instantaneous pressure differential across the
orifice, p,,, =Py —Ds:-

Assuming laminar fluid flows through the interconnecting pipes, and
negligible entry and exit losses, the volume flow rates through the pipes linearly
relate to the pressure differentials in the following manner:

Qreir =Kpay, @4 Qs =Kps (2.38)
where K =azD*/128uL; Q,,, is the volume flow rate from chamber I/ of the left
strut to chamber I of the right strut; Q,,,, is the volume flow rate from chamber IJ
of the right strut to chamber I of the left strut, p,,, = p,,—p, is the pressure
differential between chamber 7 of the left strut and chamber I of the right strut;
Pane = Par — Py 15 the pressure differential between chamber I of the right strut
and chamber 7 of the left strut; D is the diameter of the interconnecting pipe,
and L is its length. u is the absolute viscosity of fluid.

The rate of change of fluid volume in chambers 7 and I/ 6f struts 7 is
related to the relative velocity across the respective strut:

O, = 4,2, and Q, =A,z, fori=¢{r (2.39)
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where Q.. and Q, (i =¢, r) are the rates of change of fiuid volume in chambers [
and 17, respectively, due to piston movement. z, (i =¢, r) is the relative velocity
across the strut 7 , given by:

i=%,~%,-(8,-8,)t,

i =% —%+(8,-8,)¢, (2.40)

Conservation-of-mass Equations

Assuming incompressible fluid, the flows associated with chambers 7 of
the left and right struts are related by the following fluid continuity equations:

Q¢=-0s and 0, =-0,, (2.41)
Similarly, the fluid flows associated with chambers /7 of the left and right struts
are expressed by the following continuity equations:

Oy + 0y + 0, =0, @and 0 + 0, + 0y =0 (2.42)
Upon combining Equations (2.39), {2.41) and (2.42), the fluid flows through
damping restrictions can be related to the relative velocities across both the
struts:

Q,y =42, — Az, and O, =42, -4,z (2.43)
Equation (2.43) reveals that the flow rate through the orifice in the left
suspension is refated to not only the relative velocity across the left strut but also
the relative velocity across the right strut, and the same for the flow rate through
the orifice in the right suspension.

Pressure Equations

The pressure differentials, p,,, due to orifice flows in the left and right

suspension units are obtained from Equation (2.37) as:

P2 = £

: (Qi) sgn(Q,, ) fori=e, r (2.44)

Ca,
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Upon substituting for 0,,, from Equation (2.43), the pressure differentials across

ine orifices are related to the piston velocities in the following manner.

Pase =—7—3( Az, - zée)J sgn( 4,2, —-A2,)

o

Par =03 2 —=— (A2, 4,z r)zsg"(A 2 AZrzr) (2.45)

2C5 ;

The instantaneous fluid pressure in chambers JII of the two
interconnected struts are derived assuming a polytropic process of the confined
gas:

Py = p,,o[;;"’iﬂ—%ﬂ : i=t,r (2.46)
where v,, is the change of gas volume within the accumulator of suspension 7,
due to flows between chambers /7 and JII, given by:

Vs = [ Qpadlt = A2, — Ay2,, @NA vy, =jQ,,dt =4z, ~ 4,2, (2.47)

Upon combining Equations (2.38), (2.39) and (2.41), the pressure
differentials due to laminar flows through the interconnected pipes, p,,, and
Do, €8N be related to the relative velocity of the struts:

Pu, =A%, /K, and  py, =-4,4/K (2.48)

rer

The fluid pressures in chambers I and /I of each strut can be expressed as.
Py = P2~ Pane and  p, =Py~ P
Pzt = Py * Py’ and  p, = Py, + Py
From Equations (2.45) to (2.48), the pressures of fluids in different chambers of

the interconnected struts can be expressed as:

1
Viro = Ay2e + 42

2rer

P =P3ro";ra( ) 5 g 2(14 2y = A2 r) sgnf Ay 2, — AZrZr)+AHz£/K
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1 " p . _ . ' _
* AL = Ayi, P sgn( ALz, — Ayé )+ A%,/ K
Vo — 4,2 +A‘,£z£) ZC:af( 12, = Az, ) sgN( A2, i)+ A2,

Ir®r

P = Pstovaza(

(2.49)
/ ] ",
= n + Az —A,z Az —-A,z
D2 Pszovsza\vﬂo_ Az + sze) 2Cjaf( 1Ly 2:34)2 sgn( Az, 22e)
/ "
P = PsroVaro ! + £ (A2, — A,z S sgn( A,z -A4,z,) (2.50)
r ro" 3r \vj,g —A"Z, +A2,Z, 2Cjaf rer 1 rer

Dynamic Forces of the Interconnected Suspension

The dynamic forces developed at the right and left strut of the
interconnected suspension with respect to the static equilibrium are related to
the pressure difference across the piston. The dynamic suspension forces, f,

and f.’, developed at the left and right struts can be expressed as:

S = (P2 =P ) Ay —( Pyt = Preo) Are

1 =(Ps = Pao) Ay, —(P), = Prro) Ay (2.51)

Through simple manipulations, the dynamic forces can also be expressed
in the following manner:

J'=(Pse = Pseo # Pase} Aot # P Ay =(Psy = Pigo * Pase ) A

J,'=(Ps, = Pss0 # Pase ) Aor # Paun By =(Pse = Pyeo * Pase ) A, (2.52)

Equation (2.52) reveals that the interconnecting pipes yield feedback or
coupling effects within the suspension. The dynamic force generated by an

interconnected suspension strut comprises the following three components:

(@) The first terms in Equation (2.52), (p,, — Py, + P25 )40 i =1, £, T€present
the damping and restoring forces developed due to flows within the same

suspension unit 7 .



(b) Theterms p,,,4, and p,, 4, represent the damping forces due to flows
through the pipes interconnecting the left and right struts.

(c) The last terms in Equation (2.52) represent the negative feedback of
damping and restoring forces developed in one suspension strut due to
flows within the other strut.

The generalized suspension forces F,’ and F’, developed by the
interconnected suspension, related to the number of axle suspensions of the
vehicle:

F'=NJ'

F'=Nf'

The generalized suspension forces can be expressed as combinations of

damping (F, and E) and restoring (F,; and F,) forces:

F'=F!+F/,and F'sF/+F] (2.53)
For equal static load distributions (w, =w, ), identical charge pressures
(p. =p,.), and identical geometry of the left and right struts
(Pro =Pro =Puo =Pro =Por Vsto =Vao =Vor Au=dy=Ay A =4, =4 and
a, =a, =a), the damping and restoring forces of the left and right suspensions

can be expressed as follows:
Damping Forces

N, o o 128ul 41N,

o« = Cll’ z[ﬂ(z _ﬂ"t) sgn(z, -, )-(2, _ﬂzr)}Sgn(zf —fe )] ;:ZLDJ? 2

] ! . 128 IN, .
F, f’é’: (B =, Sl ) (i F (s, ~f) ]~ A
(2.54)
where f=4,/4,
Restoring Forces
v v
F =p,4,N, 0 "—1]-p,A,N,.I{ : -1
st = Po4;y u[(vo“Afzr'f'Az:e) 1-Po4, “‘va-Afzz'f'Azzr) ]
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Vo

) =1]-p AN [( Yo

Y| 2.55
—A;z, + Az, v, — Az, +AJ:,) ] ( )

F]=p, AN [(
Yo

Equations (2.54) and (2.55) reveal that the generalized suspension forces
of the interconnected system comprise nonlinear damping and elastic
components. The damping and restoring forces are influenced not only by the
relative velocity and displacement of the same side struts but also those of
opposite side struts. Laminar fluid flows through the interconnected pipes
introduce a linear damping component related to the relative velocity across the

same side strut.

2.5 SUMMARY

Three hydro-pneumatic suspension systems, namely, unconnected,
unconnected with anti-roll bar and interconnected suspensions, are
mathematically modeled in the roll plane. The roll plane model of a road vehicle
is characterized by four-DOF dynamical system. The analytical model is derived
for excitations arising from road irregularities and a roli moment acting on the
sprung mass. The generalized suspension forces are derived assuming
incompressible fluid, turbulent flows through the orifice restrictions, polytropic
process of the confined gas, and laminar flows through the interconnecting
pipes. The generalized suspension forces comprise nonlinear damping and
restoring forces. Although anti-roll bars have no effect on the generalized
suspension forces, they enhance the roll stiffness of the suspension. Uniike the
unconnected suspension system, the interconnected suspension system
includes internal flows between the left and right struts, which yield feedback

effects on the generalized suspension forces.
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CHAPTER 3
PROPERTIES OF THE INTERCONNECTED SUSPENSION SYSTEM

3.1 INTRODUCTION

The ride quality, handling and directionat control performance of a vehicle
is strongly related to the static and dynamic properties of its suspension. Ride
and roll dynamic performance of a vehicle in the roll plane is related to
suspension properties, such as the load carrying capacity, suspension rate, roll
stiffness, damping characteristics. Sharp and Hassan [2, 22] have stated that the

| performance characteristics of competitive suspensions should be compared on
the basis of equal working space.

In this Chapter, properties of three kinds of hydro-pneumatic suspensions,
that is, unconnected, unconnected with anti-rofl bar and interconnected, are
investigated and discussed in terms of their load-carrying capacities, suspension
rates, roll stiffness and damping characteristics. Analytical expressions are
derived to describe the static and dynamic properties of these suspension
systems. The parameters of various suspension systems are selected to achieve
comparable static and dynamic properties such that a relative analysis may be
carried out to investigate the relative performance characteristics of the

intei connected suspension.

3.2 LOAD CARRYING CAPACITY OF HYDRO-PNEUMATIC SUSPENSIONS

The analytical models presented in Chapter 2 demonstrated that a hydro-
pneumatic suspension provides restoring characteristics due to the confined
gas, and damping forces by forcing the fluid through the restrictions and the

interconnecting pipes. The load-carrying capacity of a suspension, defined as



the load supporied at the design ride height, is related to its spring

characteristics.

3.2.1 Load-Carrying Capacity of Unconnected Suspensions

For symmetric load distribution in the roll plane, anti-roll bars have no
effect on the suspension rate. The load-camrying capacity of unconnected
suspension with anti-roll bar is thus the same as that of unconnected without
anti-roll bar. The load-carrying capacity of the unconnected suspensions can be
obtained from Equation (2.5) as:

W, =2N,(p, ~p,)4, (3.1)
where ¥, is the number of suspension struts used on each side of the vehicle;
4, is the piston head area; %, is the !0ad carrying capacity, and p, is the nominal
gas pressure corresponding to the static equilibrium.

Equation (3.1) reveals that the load-carrying capacity of an unconnected hydro-
pneumatic suspension is proportional to the nominal gauge pressure and piston
head area. The nominal gas pressure, however, is related to the static deflection
of the suspension, which directly influences the working space of the
suspension. For a specified static defection, x,, the normal gas pressure is

derived as:

— —_ v" "
pﬂ _pc vc_AZxo

where p_and v, are the initial charge pressure and volume of the gas. A high

nominal pressure corresponding to the design static deflection implies that
smaller hydraulic struts ¢an be adopted. The higher gas pressure, however,

poses difficulties associated with the design of seals.
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3.2.2 Load-Carrying Capacity of the Interconnected Suspension

Assuming symmetric suspension, the loading capacity can be derived
from Equation (2.34) as:

W, =2N,(P, ~P.)4, (3.2)
where 4, = A, - 4, is the piston rod area, which is considerably smaller than the
piston head area, 4,. A comparison of Equations (3.1) and (3.2) reveals that the
load-carrying capacity of an interconnected suspension is considerably smaller
than that of an unconnected suspension, when identical struts and nominal
pressures are selected. It is therefore necessary to adjust the nominal pressure
or strut configuration of the interconnected suspension in order to achieve the
same load-carrying capacity. The nominal pressure of the struts is related to the
suspension static deflection in the foliowing manner:

po=pc( Ve ) (3.3)

v, ~Ax,

where x, is the static deflection of right and left struts, when identical struts and

equal load distribution are considered.

3.3 SUSPENSION RATE

By referring the definition in [72], the suspension rate of a vehicle is
considered as the resultant spring rate of all the hydro-pneumatic strut units
used in the roll plane model. The characteristic of suspension rate is thus related

to the stiffness property of the struts.
3.3.1 Stiffness Charactéristics of an Unconnected Hydro-Pneumatic Strut

Figure 3.1 illustrates the schematic of an unconnected hydro-pneumatic

strut. The stifiness characteristics of the suspension strut are related to the fiuid
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pressure corresponding to static equilibrium and strut geometry. Under static
equilibrium, the fluid pressures in chambers I/ and I/ are identical. Assuming
polytropic process, the gas pressure (p) in chamber I/l can be related to the
relative displacement (z) across the strut:
1
P'—'Pové'm (3.4)
where v, is the volume of the confined gas corresponding to the nominal

pressure p,. The static force G, developed by the strut can be derived as:

i
G, =(p-p, )4, ={ pVs ————-P. |4 35
5 (p pa) 2 [pova (va +Azz)n pa] 2 ( )
The nonlinear stifiness k,, of the suspension strut is thus derived as:
dG 1
k =-——f=pp vl A} —— o 3.6
T TR A (26}

Equation (3.6) reveals that the stiffness of the suspension strut increases
linearly as a function of the absolute design pressure, and is a nonlinear function
of the relative displacement across the strut. The static stiffness corresponding
to the static design position (z =0) is obtained as a proportionai function of the
absolute design pressure, and inversely proportional to the design gas volume

v,

ke, =t} B (37)
Vo

The effective static deflection of the strut, x;, can be computed from the static
stiffness:

W W 3.8
xD ko HAZZP,, ( )
where w is the load supported by one strut at design ride position. Equation

(3.8) indicates that the effective static deflection of the suspension strut is
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directly proportional io the gas volume v, and inversely proportional to the

pressure p,.

3.3.2 Stiffness Characteristics of a Pair of Interconnected Hydro-

Pneumatic Struts

A schematic of a pair of hydro-pneumatic struts interconnected in the roll
plane is shown in Figure 3.2. Assuming identical geometry of the struts, the gas
volume in each strut is related to the relative displacements of struts on both
sides in the following manner:

v, =v, + 4,2, — Az,

v, =v, + 4,2, — Az, (3.9)
where v, and v, are the gas volume in the left and right struts, and v, is the gas
volume corresponding to the design height. z, =x,, -x,, and z, =x,, -x,, are the
relative deflections across the left and right struts, respectively. The
corresponding gas pressures in the left (p,,) and right (p,,) struts are computed

from the pressure-volume relationship for the polytropic process:

1 1
D5t = PoVo -, and p, =pV; - (3.10)
o (Vo + 4,2, ~4Ai2,) ps e (vo + 4,2, —Az,)

Under static equitibrium, the pressures of fluid in the interconnected chambers
approach an identical value, such that, p, =p, =p, and p, =p, =p,.
Therefore, the static ‘orces, G, and G,, developecd by the left and right struts
respectively, can be expressed as:

G, =Py A; —Ps, A —Pul( A, = 4;)

G, =py A, = PsuA — P4, —4)) (3.11)
Upon substituting for absolute pressure, p,, and p,, from Equation (3.10),

Equation (3.11) yields:

43



Gs | )

Pa

X1
Gs

Figure 3.1 Unconnected hydro-pneumatic suspension strut

XSEA Gy Gr

1)
gy

le} Py,

XSIA A ' “r!)_
s Gy Grﬁ

Figure 3.2 Interconnected hydro-pneumatic struts



A A ]
G, =pv! 2 - 1 ~p (A, -4
t pﬂvo[(vo +Az, ~Az, ) (v, +Az, ~Az, )" ] P4 )
G, =p,v, 4 - 4, ] -p.(A,-4,) (3.12)
’ (vo+ A2, —Az ) (vo+Az —Az) |

The static stifiness of each hydro-pneumatic strut can then be obtained by taking
the first derivative of the static force with respect to the respective relative

displacement as:

dG, ac
. and k. =-9C 3.13
g, 2 k=g (3.13)

k=~

where k. k_ are the static stiffness of left and right struts, respectively. The

vl v

solution of Equation (3.13) yields the static stiffness in the following manner:

Al —A A, <, &,
n d‘ dz
kvf :npﬂvﬂ n+i n+l (314)
(v, +Ayz, =4z,) (v +A,2, —Az,)
A - 4,4 ZL- A} - A4, Z-z
k., =np,yv, (3.15)

+
(vo + A,z — AIZ()'HJ (vy +A2, ~ Alzr)"”

In pure bounce mode, the relative displacements across the left and right
struts are identical, such that z,=z =z, a.d dz,/dz, =dz, [dz, =1. By letting
k,=k_ =k  and 4, = A4 — 4, Equations (3.14) and (3.15) are simplified to yield
the bounce stiffness of each strut in the interconnected suspension: -
12

Tvisdz) (3.16)

k, = npav"Az

A comparison of Equation (3.6) with (3.16) reveals that the stifiness of an

interconnected strut in the bounce mode has the same form as that of an
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unconnected strut. The effective area of an interconnected strut is the piston rod
area, while that of an unconnected strut is the piston head area.

The static stiffness of the interconnected suspension corresponding to the
design ride height can be obtained by letting z =0:
k® =nA? y 23 (3.17)

Vo

The effective static deflection of an interconnected strut under symmetrical

loading is then obtained as:

-

WV
- 8
x, =

Y
k:' nAfPa

(3.18)

where w =w, =w, is the static load carried by each strut corresponding to the
design position.

Assuming identical struts on each axle, the bounce mode suspension
rates of the unconnected and interconnected suspensions in the roll plane is

derived from Equations (3.6) and (3.16).

i
K. =2Nk =2N ) S 3.19
Y RAR LT u"povo 2 (va ’f‘AzZ)"” ( )
K, =2Nk, =2N.npv, 4} d (3.20)

(v, +A4,z)"
where X, is the suspension rate of the unconnected suspension, and K, is the
suspension rate of the interconnected suspension. The suspension rates
corresponding to the static ride height of the vehicle can be derived by letting

z =0 in Equations (3.19) and (3.20):

K =2Nnle g2 ' (3.21)
V,

[

K =2NnPe 47 (3.22)
v

/]
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Equations (3.21) and (3.22) further reveal that the suspension rates of
unconnected and interconnected suspensions differ by their respective effective

working areas, 4, and A4,.

3.4 SUSPENSION ROLL STIFFNESS

Suspension roll is defined as the rotation of vehicle sprung mass about a
fore-aft axis with respect to a transverse line joining a pair of wheel centers [72].
in the roll plane, it is the roll motion of sprung mass about the suspension roll
center. Suspension roll stiffness can be derived from the restoring moment
developed by the suspension subject to a static roli angle. During roll motions,
the left and right struts develop unequal forces leading to certain heave motion

of the sprung mass.

3.4.1 Roll Stiffness of the Unconnected Suspension

The vehicle sprung mass will experience a roll angle ¢ and a
displacement x with respect to the unsprung mass, when subjected to a roll
moment, as shown in Figure 3.3. The static roll deflections of the sprung mass
cause unequal gas pressures in the left and right struts, which may be derived

from Equation (3.4):

1 1
— and p, =pVv,——— (3.23
(v, +A,z,)" Pr =Po¥o (v, +4,2,) )

P, =DPoYo
where p, and p, are the pressures of the gas in left and right struts, respectively,
z, and z, are the relative vertical motions across the left and right struts.
Assuming small roll motion, the relative displacements can be expressed as:

z,=x—¢p, and z =x+tlgp (3.24)
where ¢ is half the suspension strut track. The restore moment developed due to

suspension forces can then be expressed as:
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N = e B

The suspension roll stiffness is the rate of change of the roll moment M with
respect to the relative roll angle @, and reflects the resistance of the vehicle

body to roll about its roll center. The roll stiffness of an unconnected suspension
K, is thus derived as:

dx dx
I—-—7¢ I1+—/¢
d d,

am [ [
K =—= "420°N + 3.26
g e A L ) A, T [y (% 4L0) Ay (3.20)

where dx/dp is due to the non-linear property of gas springs. dr/dp can be
computed from the static equilibrium equation:

(B, - P) A +(p, = Do) A, =0 (3.27)
Upon substituting for p, and p, from Equation (3.23), the equation of static

equilibrium can be expressed as:

1 1 2
ey ey ey N LR o Py LR (3.20)
and
dx % ¢ [vo-l-A,(x-:'—Ego)]"”—-[v0+A,(x—€¢)]””}
& __ = (3.29)
dg @/ [vﬂ+A2(x+£¢)]"*’+[vo +A2(x-€qo)]"”

For a given roll angle ¢, Equation (3.28) is solved to yield x. Equation (3.29) is
then solved for dx/dp to determine the roll stifiness of the unconnected
suspension from Equation (3.26). In the absence of roll motion (¢ =0), the
solution of Equations (3.28) and (3.29) yields x =0 and dx/dp =0. The static roll

stiffness corresponding to the static ride position is thus computed as:
K:" =K% ¢ (3.30)
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Figure 3.3 Unconnected hydro-pneumatic suspension
in a rolled position

Figure 3.4 Interconnected hydro-pneumatic suspension
in a rolled position
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where K’ is the suspension rate of the unconnected suspension at design ride

position as derived in Equation (3.21).

3.4.2 Roli Stiffness of the Unconnected Suspension with Anti-Roll Bar

As discussed earlier in Chapter 2, the anti-roli bar adds auxiliary roll
stifiness to the vehicle suspension. The total roll stiffness is the sum of the
auxiliary rol! stiffness and the roll stifiness arising from the hydro-pneumatic
struts, as described by Equation (3.26). The total roll stiffness of the
unconnected suspension with anti-roll bar can be expressed as:

Ky =K, +kg (3.31)
where K, is the total roll stiffness of the unconnected with anti-roll bar; &, is the
auxiliary roll stiffness due to anti-roll bar. At static ride height, the roll stiffness of
the suspension with anti-roll bar can be related to the vertical suspension rate in
the following manner:

Kgb =K’FA, (3.32)
where 4 =1+k,/K’¢% is termed as the roll stiffness amplification factor of the

anti-roll bar.

3.4.3 Roll Stiffness of the Interconnected Suspension

The sprung mass of a vehicle equipped with an interconnected
suspension experiences a roil motion about its roll center when subjected to a
roll moment. The roll motion is also accompanied by corresponding vertical
displacement due to the nonlinear property of the gas springs, as shown in
Figure 3.4. Wheén the . sprung mass is subjected to roll rotation, the
corresponding pressures in the left and right struts (p,, and p,,) are related to
the relative vertical displacements across the struts, as described earlier in
Equation (3.10):
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1 1
; and = poV, 3.33
(v, + Az, ~Az,)" Par =Pos (v, +4,2, — Az, ) (3:33)

n
P = PV

where z,=x-£p and z, =x+£p. x is the vertical displacement of the sprung
mass with respect to the unsprung mass, and ¢ is the roll angle of the sprung
mass around its roll center. Under static conditions, the pressures of fluid in
interconnected chambers approach the same values (p, =p, =p, and
Ps, =P = Py)- The restore roll moment is thus derived as:

M =( A, +4,)(Py~Py) (3.34)
Substituting for p,, and p,, from Equation (3.33) yields:

n 1 - !
M=pald+ 4/ EN"{[% +A(x—b@) - A (x+£0)]" [vy+Ay(x +€¢)—A:(x—f¢)f”}

(3.35)
Roll stifiness, which is defined as the rate of change of roll moment with respect

to roll angle, is derived as:

(A, +A, ) ~(4,~A,)% (A, + A4, )E+( 4, - A4,)%
K, =npv, (4, +AJ)£‘NI[ — A¢7 7T !/ A@’ 1]
[V, +A,(x=L@)=A(x +Lp)]"" [V, +A(x+Lp)-A(x~Lp)]""

(3.36)
dx/dp is again computed from the corresponding static equilibrium equation:
( Py D3, =20, N A, = A4,) =0 (3.37)
Substituting for p,, and p,, from (3.33} into above equation resuits in:
f(x.p)= ! s : ,-"2:=0
[vo + A, (x—L@) A, (x +Lp)]"  [v, +A,(x+Lp)—A)(x --Ego)j v,
(3.38)

dx/d  is thus derived from Equation (3.38) as:

dx (A + A ) [vy+ A, (x+Ep) - A {x- L) —[vy + A, (x— L) — A(x+ep)]™
d(p A -4 |[v+4GE+ip) -4 (x- — )" +[v, + A, (x- )~ A(x+Lp)™
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(3.39)
For a given sprung mass roll angel @, Equations (3.38) and (3.39) are solved to

determine x and dx/d @, respectively. Equation (3.36) is thus solved to yield the
roll stifiness characteristic of the interconnected suspension. In the absence of
sprung mass roll (@ = 0), Equations (3.38) and (3.39) yield: x =0, and dx/dp =0.

The : =il stiffness corresponding to the design ride height is then computed as:

K, =2NnBeca, + 4,70 (3.40)
Vo

Using Equation (3.22) and noticing 4, = 4, - 4,, the static roll stiffness can be

expressed in terms of the suspension rate:

2
kS, =ng’(%) (3.41)

where f=4,/4, is the piston area ratio of the interconnected struts, which is
always greater than one. Equation (3.41) reveals that the static roll stiffness of
the interconnected suspension can be effectively enhanced by selecting smaller

piston area ratios. A roll stiffiness amplification factor 4, can thus be defined as:
4, =(-ﬁ-ﬂ)2 (3.42)
B-1

A comparison of Equations (3.30) and (3.41) clearly reveals that the rol! stiffness
of the interconnected suspension corresponding to the design ride height is
larger than that of the unconnected suspension when both suspension struts are
selected to yield identical suspension rates. The amplification factor 4, is
determined by strut configuration. This inherent anti-roli property of an
interconnected suspension offers considerable potentials to achieve a better
compromise between the ride and handling qualities without the aid of anti-roll

bars.
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315 DAMPING PROPERTIES OF HYDRO-PNEUMATIC SUSPENSIONS

The vehicle ride and roll performance characteristics are related to the
damping properties of its suspension. The hydro-pneumatic suspension
interconnected in the roll plane yields additional damping due to fiuid fiow
through the interconnecting pipes, and due to the coupling effects. Since anti-roll
bars do not contribute to suspension damping, the damping properties of the
unconnected suspension with anti-roll bar are thus identical to those of the

suspension without anti-roll bar.

3.5.1 Damping Property of the Unconnected Suspension

Assuming turbulent flows through constant area orifices, the damping
force developed by an unconnected hydro-pneumatic strut, derived in Chapter 2,
is expressed as: |

fo =L i zlsgn(z,), (i=£4r) (3.43)
T 2CH '

In the bounce mode, since z, =3, =z, the damping force developed by a single

unconnected hydro-pneumatic strut can be expressed as:

pA; . i
7, =2Cd;2 sgn(z) (3.44)

In roll mode, since z, = -z,, the damping forces developed by the left and right
struts are equal in magnitudes but opposite in directions. Since there are no
coupling effects betweer. the left and right struts of the unconnected suspension,
the damping force developed by a single strut in the roll mode possesses the

same expression as that in the bounce mode.

3.5.2 Damping Property of the Interconrnacted Suspension
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Damping forces developed by the left and right struts of an interconnected
suspension have been derived in Chapter 2. The damping force due to left and
right struts, as shown in Figure 3.2, is expressed as:

=B 5B, s =)= B, i P st =]+

__ P4
20 d

(05, B P st~ )~ i, P st~ )]+ 2 5 3.45)
Equation (3.45) reveals that the damping force developed by one strut
comprises a nonlinear component due to orifice flows and a linear component
due to laminar flows through the pipes. Further the damping force developed by
one strut is related to relative velocities across both struts. A dominant linear
damping property can be thus achieved by selecting large orifice area a and

small diameter interconnecting pipes. Alternatively, a dominant quadratic form of

damping force may be obtained by using small orifice area and large
interconnecting pipes. In the bounce mode, since z, =2, =z and f=4,/4, >1,
the velocity squared terms in Equation (3.45) can be simplified as:

(3, -, ) =(:, -, ) =(1-B)’ and

sgn(z, —p2,) =sgn(z, — Pz, ) = —sgn(z) (3.46)
The damping force developed by each interconnected strut can thus be
expressed as.
pA]

ch C} 2

Jp2 SAULAJ :
(B—1)sgn(2)+———— oy (3.47)

in the roll mode, z, and z, are related to the roll velocity of the sprung mass with
respect to the unsprung mass and possess opposite directions. The damping
forces developed by the left and right struts, derived from Equation (3.45), are
thus equal in magnitudes but opposite in directions. The damping force

developed by one strut in the roll mode can be simplified as:
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* 7 2Ca?

(B+1) 2 sgn(z)+ oy

(3.48)

where 7 is the relative velocity across the strut. A comparison of Equation (3.47)
and (3.48) reveals that the damping force developed by one strut in the roll
mode is always larger than that in the bounce mode due to the coupling effects

of the left and right struts of the interconnected suspension.

3.6 SIMULATION PARAMETERS

In order to investigate the stiffness and damping properties of an
interconnected hydro-pneumatic suspension, five different configurations of
vehicie suspensions are considered, which include: (i) unconnected without anti-
roll bar: (i) unconnected with anti-roll bar; (iii) interconnected I (IC-1); (iv)
interconnected 1 (IC-2); and (v) interconnected Il {IC-3). The parameters of
different suspension are selected to achieve identical load-carrying capacities
and static suspension rates at the design position (except interlinked 1C-3, which
is selected to realized lower suspension rate). The vehicle model parameters are
selected for a modern high-decker highway bus {73], while the parameters of
different suspension configurations are selected to realize their stifiness
properties similar to those of the currently used suspension system. Table 3.1
lists the common simulation parameters for the five suspension configurations,
while Table 3.2 illustraies the specific simulation parameters for different

configurations.
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TABLE 3.1

Simulation parameters of the vehicle model [73]

SYMBOLS DESCRIPTION PARAMETER
VALUES
m, Sprung mass 14110 kg
m, Unsprung mass 3616 kg
I Moment of inertia of sprung mass 19300 kgm’
1, Moment of inertia of unsprung mass 3819.9 kgm’
k,.k, Stiffness coefficients of left and right tires | 3574.8 kN/m
€, Cpy Damping coefTicients of left and right tires 9500 Ns/m
£,.¢, Lateral di-*ances from left and right struts 07 m
t0 Sprung mass c.g.
£...0., Lateral distances from left and right tires 1.03 m
10 Unsprung mass ¢.g.
h, Vertical distance between sprung mass c.g. 0.62 m
and its roll center
hy Vertical distance between unsprung mass 0 :n
¢.g. and its roll center
H Dynamic viscosity of fluid 0.6 Ns/m’
p Mass density of fluid 797 kg/m’
C, Discharge coefficient 0.7
n Polytropic coefficient 1.38
N, Number of struts used on each side 4
D, Atmospheric pressure 101300 Pa




TABLE 3.2

Simulation parameters of different hydro-pneumatic suspensions

Parameters

Unconnected
without anti-

roll bar

Unconnected
with anti-roll

har

Interconnected
IC-1

Interconnected
IC-2

Interconnected
IC-3

Nominal gas
volume v,

(m’)

0.00672

0.00672

0.00672

0.00427

0.00672

Nominal gas
pressure p,
(Pa)

7 x16°

7 x10°

7 x10°

10°

108

Piston head
area A4, { m?)

0.0289

0.0289

0.03251

0.062166

0.02473

Piston rod side
area 4, [or
rod area 4, ]

(m’)

6.00361
[0.0259]

0.0024
[0.01926]

0.00547
[0.01926]

Piston arca
ration

4.52

Orifice area a
(m?)

Ixijo™

3x10™

3x107*

3x10~*

3xi0”*

Length of

connecting

15

1.5

L3

pipes L (m)
Diameter of

connecting

0.03

0.03

0.03

pipes D (m)
Roll stiffness

of anti-roll bar
(kNm/rad)

264.6
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3.7 COMPARISON OF PROPERTIES OF DIFFERENT SUSPENSIONS

The static properties of different suspension configurations at design ride
position are computed and compared, as shown in Table 3.3. The unconnected,
unconnected with anti-roll bar, and interconnected suspensions are c¢onfigured
to achieve identical load carrying capacity, static deflection and vertical
suspension rate. The parameters of the unconnected suspension with anti-roll
bar and the interconnected suspension are selected to achieve identical roll
stiffness of the two suspensions. The properties of three different interconnected
suspension configurations, termed as IC-1, IC-2 and IC-3, are investigated and
compared to those of the conventional suspensions. While the 1C-1 and IC-2 are
configured to yield static properties identical to those of the unconnected
suspension with anti-roll bar, the 1C-3 suspension with low bounce rate and high
roll stiffness is configured to achieve improved ride and handling performance.
The auxiliary roll stiffness of ant-roll bar is chosen such that the roll stiffness
amplification factor of that kind of suspension is the same as that of the
interconnected suspensions.

The static properties of the five suspension systems are further evaluated
and compared as functions of the vertical and roll displacements of the sprung
mass with respect to the unsprung mass. Figure 3.5 illustrates the vertical
suspension rates of the five suspension configurations as a function of the
relative displacement across the struts. As can be seen, ull the suspensions
exhibit progressively hardening properties due to the force-deflection
characteristics of the gas springs. Unconnected, IC-1 and 1C-2 suspensions
yield almost identical vertical rates over the defection range of 20.03 m, whereas

the IC-3 suspension yields lower vertical rate
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TABLE 3.3

Comparison of static properties of hydro-pneumatic suspensions

Static Unconnected | Unconnected | Interconnected | Interconnected Interconnected
propertiesat | without anti- | with anti-roll IC-1 1C-2 IC-3
design roll bar bar
position
Load-carrying 14110 14110 14110 14110 14110
capacity (kg}
Suspension 960 960 960 960 610
rate (kN/m)
Effective static 0.144 0.144 0.144 0.144 0.227
deflection {m)
Roll stiffness 470.4 735 735 735 735
(kNm/radj
Roll stiffness 1 156 1.56 1.56 2,46
amplification
factor

Figure 3.6 presents a comparison of static roll stiffness of the five
suspensions as a function of the sprung mass roll angle with respect to the
unsprung mass. The roll stifiness rates of all the interconnected suspensions are
considerably larger than that of the unconnected suspension, due to the
coupling effects of the interconnected struts. The roll stiffness of uncunnected
suspension with anti-roll bar is considerably enhanced by the auxiliary rolil
stiffener. The roll stifiness of all the suspension configurations tends to decrease
with an increase ‘in the sprung mass roll angle, although the relative reductions
in the roll stiffness differ for various configurations. The static roll stiffness of all

the three interconnected suspensions, corresponding to zero degree relative roli
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displacement, is identical to that of the unconnected suspension with anti-roll
bar. The static roll stiffness of the suspension employing unconnected struts,
however, is 36% lower than those of the other configurations. While the anti-roll
bar suspension exhibits the largest roll stiffness in the entire range of roll
displacement considered, the roli stiffness of interconnected suspensions tends
to decrease relatively rapidly with an increase in the roll angle. The 1C-3
suspension, with lower bounce rate, yields larger roll stiffness than the IC-1 and
IC-2 suspensions.

The ride and handling properties of a vehicle are strongly related to the
damping properties of its suspension. The relative vertical and roll damping
properties of the suspension configurations are thus evaluated assuming
constant area damping orifices. The assumption of laminar flows within the
interconnecting pipes is valid, since the maximum Reynolds number in the pipes
is much smaller than the transition number (R =2200). Figure 3.7 and 3.8
illustrate the damping forces of a single strut under the bounce and roll modes of
deflections, respectively. The damping force of a single strut in the bounce mode
is computed under identical vertical deflections of the right and left wheels, while
the damping force in the roll mode is computing by subjecting the right and left
wheels to out-of-phase vertical deflections. Although the suspension systems
are configured with identical orifice areas, the resulting damping properties of
the various suspension systems are considerably different as illustrated in the
Figures. Since anti-roll bars do not contribute to the damping properties of a
suspension, the damping properties of the two unconnected suspensions are
identical. Figure 3.7 demonstrates that the bounce mode damping force of an IC-
1 suspension strut is similar to that of the unconnected suspension, while the
damping forces of IC-2 and IC-3 struts aie similar. These results are mainly due

to the effective working area of the respective struts in the bounce mode. As
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FIGURE 2.8 Damping force developed by a single strut in the roll mode

62



illustrated in Table 3.2, the piston rod area of IC-1 strut and the piston head area
of the unconnected suspension are identical, while the piston rod area of IC-2
strut is the same as that of IC-3 strut.

The damping force of an unconnected suspension strut in the roll mode is
identical to that in the bounce mode. The roll mode damping forces due to the
interconnected struts in all the configurations, however, increase considerably
due to feedback effects, as described in Equation (3.48). The roll mode damping
forces of IC-1 and IC-2 struts approach values nearly twice as large as those in
the bounce mode. The roll mode damping force of the 1C-3 suspension strut,
however, approaches a value that is more than three times the bounce mode

damping. This relative high roll mode damping of the IC-3 suspension can be

attributed to the smaller piston area ratio 3.

3.8 SUMMARY

Stiffness and damping properties of different hydro-pneumatic
suspensions are investigated and discussed in terms of load-carrying capacity,
suspension rate, roll stiffness and damping characteristics. Five different
suspension systems, including unconnected, unconnected with anti-roll bar, IC-
1, 1C-2, and IC-3 are configured such that their load carrying capacities and
static defiections (except IC-3) are identical. The IC-3 suspension is configured
to achieve low suspension rate but high roll stiffness. The unconnected
suspension system provides considerably low roll stifiness, and identical
damping properties in the roll and bounce modes. While anti-roll bars do not
influence the suspension rate, they enhance the suspension roll stiffness
considerably. The interconnected suspensions exhibit an inherent anti-roll
property and thus yield high roll stiffness. All the suspension configurations

exhibit progressively hardening suspension rates, while their roll stiffness rates
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tend to decrease with an increase in the sprung mass roll angle. The
interconnected suspensions with constant area damping orifices Yyield

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



CHAPTER 4

DYNAMIC RESPONSES OF THE INTERCONNECTED SUSPENSICN
WITH FIXED ORIFICE DAMPING

41 INTRODUCTION

The ride and handling characteristics of a vehicle are related to its tire
and suspension characteristics etc. 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 may be related to the roll and lateral response of the
sprung and unsprung masses when the vehicle is subiccted to a directional
maneuver. In this section, the roil plane mode! of a hi'grxway" wus equipped with
different configurations of unconnected and interconnected suspension, are
analyzed to determine the relative vertical and roll response of the vehicle
subject to road irregularities and centrifugal forces arising from a directional
maneuver. The natures 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 transient and steady state roll
responses of sprung and unsprung masses during constant radius turning and
lune changing maneuvers. The dynamic ride performances are established in
terms of both heave and roll shock isolation characteristics of the suspensions
subjected to road excitations. Vibration transmissibility characteristics of different
suspensions are also investigated by using harmonic 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 input data. The input data should be representative of
typical excitations arising from steering maneuvers and tire-terrain interfaces.
The input data due to steering maneuvers can be expressed in terms of transient
lateral acceleration experienced by sprung and unsprung masses. 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 mobility 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 highway maneuvers. The sprung and unsprung
masses of a vehicle are subjected to centrifugal acceleration during a directional
maneuver. The acceleration causes a roll moment, which results in roll motion of
sprung and unsprung masses. The handling quality of a vehicle is primarily
related to vehicle's ability to counteract the overturning moment caused by the
centrifugal or lateral acceleration. Various studies have concluded that rollover
threshold of heavy vehicles, which is the maximum value of lateral acceleration
that a vehicle can withstand during a steady turn, lies in the range of 0.3 g - 0.5
g [75).

The lateral acceleration encountered during a steady turn maneuver is
approximated as in Figure 4.1. The magnitude of lateral acceleration is
considered to be 2.5 m/ s*, which is slightly lower than the rollover threshold of
typical heavy vehicles.

The heavy vehicles experience large magnitude oscillatory lateral

acceleration during high speed lane change maneuvers. Field tests performed
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on a highway bus concluded that althcugh a lateral acceleration as high as 0.5 g
was measured on a skid-pad, the maximum level of lateral acceleration
measured during a continuous lane change maneuver at maximum permissibie
speed is 0.3 g [73]. The oscillation frequency of such acceleration is of the order
of 0.3 Hz. Figure 4.2 illustrates the transient lateral acceleration measured
during a lane change maneuver at 110 Km/. The magnitude of lateral
acceleration excitation, however, decreases when the maneuvers are performed
at reduced speeds. The lateral acceleration excitation, shown in Figure 4.2, may
thus be considered to be realistic under severe maneuvers.

Since the lateral acceleration normally causes a roll motion of sprung
mass around its roll center (it is assumed that roll center of unsprung mass and
its ¢.g coincide), the overturning moment acting on a vehicle during steady steer

or lane change maneuver can be expressed as

T,(t)=To(t) +Ty(1) (4.1)

where 7,(1) is the total roll moment acting on the vehicle, as presenied in
equations (2.2), (2.27) and (2.31); T, is the primary overiurning moment due to
lateral acceleration and T, is the roll moment due to the lateral displacement of
the sprung mass as shown in Figure 4.3. Assuming smail roll angles, roll
moments caused by lateral acceleration and displacement of the sprung mass

can be expressed as

T,=mah (4.2)
Ty =m,g8,(t)h, (4.3)
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Figure 4.3 Lataral acceleration excitation of the roll plane model
during steering maneuvers
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where a, is the lateral acceleration of the vehicle, encountered during steady
steer or lane change maneuvers, and g is the acceleration due to gravity.
Equation {4.1) reveals that a vehicle with smaller roll stiffness will experience a

larger roll moment than that with larger roll stiffness, even though the magnitude

of lateral acceleration and the roll center height are the same.

4.2.2 Excitations due to Tire-Terrain Interactions

Apart from on-board excitations, the main excitation source of road
vehicles comes from tire-terrain interactions - the road roughness [76]). Road
roughness is described by the elevation profile along the wheel tracks over
which the vehicle passes. It has been reported that the amplitude of surface
undulations on medium-quality roads is in the order of 0.013 m or less, while
amplitudes of 0.005 m are characteristic of very good roads [74]. Road profiles
fit the general category of "wide-band random signals” and, hence, can be
described either by the profile or its statistical properties. One of the most useful
presentations is the Power Spectral Density (PSD) function. The response
characteristics of vehicles incorporating the interconnected suspension under
stochastic inputs will be discussed in Chapter 5.

The relative ride performance of vehicle suspension, however, can be
effectively evaluated using deterministic excitations representing the tire-terrain
interactions [74). Relative transient response characteiistics of different
suspension may be evaluated using a bump excitation characterized by a half-
sine pulse displacement shown in Figure 4.4. Vertical shock attenuation
performance characteristics can be evaluated using in-phase bump excitations
at both wheels. Out-of-phase excitations at the two wheels can provide the
coupled vertical and roll response characteristics. In this study haif-sine pulse

and rounded-step displacement (Figure 4.5) excitations are employed to
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evaluate the relative shock attenuation performance characteristics of the
suspension systems.

Two types of harmonic excitations are considered to evaluate relative
vibration transmissibility characteristics of the suspension models: (i) in-phase
harmonic excitation, right and left tires subjected to identical vertical sinusoidal
excitations of 0.01 m amplitude; and (ii) 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.

4.3 VEHICLE RESPONSE TO LATERAL ACCELERATION EXCITATIONS
The response characteristice of the vehicle with five different suspension
configurations, described in Chapter 3, are evaluated for lateral acceleration
excitations to assess the relative handling characteristics. The excitations
considered here are the lateral accelerations encountered during steady turns
and lane change maneuvers, as shown in Figures 4.1 and 4.2. The gquations of
motion for the vehicle models, derived in Chapter 2, are solved using numerical

integration approach to determine roll response of the sprung and unsprung

masses.

4.3.1 Response to a Rounded Step Lateral Acceleration

The roll angle response characteristics of the sprung mass of the vehicle
employing different suspension systems, subjected to a rounded step lateral
acceleration encountered during a steady turn, are shown in Figure 46,

Unconnected suspension yields high amplitude roll response of the sprung mass

72



SPRUNG MASS ROLL ANGLE (rad)

0.1

UNCONNECTED
---------- UNCONNECTED WITH ANTI-ROLL BAR
. INTERCONNECTED 1C-1
- ===~ INTERCONNECTED IC-2
e INTERCONNECTED 1C-3

0.08

0.06

0.04

0.02

TIME (s)

Figure 4.6 Roll angle response of the sprung mass of the vehicle employing
gifferent suspension systems subject to a rounded step
lateral acceleration during steady turning meaneuver

73



SPRUNG MASS ROLL VELOCITY (rad/s)

0.2

0.15

(o]
-

©
o
bl

{0.05)

(0.1)

UNCONNECTED
---------- UNCONNEGTED WITH ANTI-ROLL BAR
................... INTERCONNECTED 1C-1
----- INTERCONNECTED IC-2
memomee INTERCONNECTED 1C-3

Excitation: Rounded step lateral acceleration

i | | [ 1 | ! l i I 1

1 2 3 4 5
TIME (s)

Figure 4.7 Roll velocity response of sprung mass of different
suspensions subject to a rouned step lateral
acceleration

74




as compared with those of the anti-roll bar and the interconnected suspensions.
The magnitude of steady state of the sprung mass of the vehicle with
unconnected suspension is quite large due to its low roll stiffness, with the value
of 0.065 radians. The roll angle of sprung mass approaches a steady value of
0.038 radians when interconnected suspensions are employed. All the
interconnected suspensions demonstrate the superior anti-roll capability due to
their high roll stiffness rates. The anti-roll bar also limits the body roll in a highly
effective manner. The roll angle of the sprung mass of the vehicle employing
unconnected suspension with anti-roll bar also approaches a steady value
similar to that of the vehicle employing interconnected suspensions. The roll
response of the sprung mass of the vehicle with unconnected suspension
exhibits an oscillation frequency of approximately 0.63 Hz. The oscillation
frequency of the roll response of interconnected and anti-roll bar suspension are
observed to quite similar, near 0.8 Hz. Although these suspensions are
configured to yield identical static roll stiffness, the effective roll stiffness of
different suspensions in the rolled position differs slightly as illustrated in Figure
3.6. The roll oscillation frequencies of the different suspension systems thus
differ only slightly. The peak roll angle response and the rate of decay of
different suspension systems, however, difter considerably, as shown in Figure
4.6 These differences are attributed to their damping characteristics in the roll
mode as described earlier in Figure 3.8.

The peak roll angle response of the vehicle with IC-1 suspension is the
lowest due to high roll mode damping of the suspension. The second lowest
response is that of the 1C-3 suspension, which provides the second largest
damping force in roll model. Both the suspensions exnibit rapid decay of the roli
response. The unconnected suspension with ant-roll bar yields the third lowest

peak response with lower decay rate. Although the damping force of the 1C-1

75



0.005

- ————— UNCONNECTED
R it UNCONNECTED WITH ANTI-ROLL BAR
o : ‘_1 ................... INTERCONNECTED 1C-1
R INTERCONNECTED K2-2
7 ————— INTERCONNECTED IC-3

0.004 —

é
I

0.002 + §

UNSPRUNG MASS ROLL ANGLE {rad)

0.001
- Excitation: Rounded step lateral acceleratio:.
o { ! : | ! ] ] L ! )
0 1 2 3 4 5
TIME (s)

Figure 4.8 Roll angle response of the unsprung mass of the vehicle
with different suspensions subjected to a rounded
step lateral acceleration

76



suspension is the same as that of the unconnected in the bounce mode, the roll
response of the IC-1 suspension decays faster due to its larger damping force in
the roll moda. The IC-2 suspension exhibits the largest peak response of sprung
mass among all the three interconnected suspensions due to its weakest
damping in the roll mode, as shown in Figure 3.8.

Figure 4.7 illustraies the roll velocity response of sprung mass of the
vehicle employing different suspensions. The unconnected suspension exhibits
the largest peak roll velocity response, which decays rapidly due to its lower roll
frequency. The velocity responses of other suspension configurations can be
again ranked according to the magnitude of their damping forces in the roll
mode. The IC-1 suspension yields the smallest response due to its largest
damping force in the roll mode.

The roll angle response characteristics of the unsprung mass of the
vehicle with five different suspensions are shown in Figure 4.8. A comparison of
Figures 4.7 and 4.8 reveals that the roll angle response of the unsprung mass is
considerally lower than that of the sprung mass due to high stiffness of the tires.
Although the unconnected suspension vyields larger steady response of
unsprung mass, the peak roll angie response is lower than those of the anti-roll
bar ar* 1C-2 suspensions. The IC-2 suspension yields the largest peak roll
response, while the peak response of the 1C-1 suspension is the lowest. The
peak roll angle response of the anti-roll suspension is slightly large. than that of
the unconnected suspension. The figure further illustrates that the unsprung
mass roll response of IC-1 and 1C-3 suspension decays rapidly due to their high

roll mode damping.

4.3.2 Response to a Transient Lateral Acceleration
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The roll angle and roll velocity response characteristics of the sprung
mass of the vehicle with different suspension systems, subjected to a transient
lateral acceleration during a iane change maneuver, are shown in Figures 4.9
and 4.10. The results clearly reveal that the suspension system interconnected
in the roll plane can effectively limit the body roll motion. The peak magnitude of
roll angle response of the sprung mass with the uncornnected suspension is
observed to be 0.09 radians, whereas that of the sprung mass with
interconnected suspensions is approximately 0.062 radians. The anti-roll bar
suspension also demonstrates its superior anti-roll capability. A comparison of
the peak response amplitudes of interconnected suspensions further reveals the
influence of damping in the roll mode in reducing the body roll. The effect,
however, is not as significant as that in Figure 4.6. An examination of the
excitation and the roll response characteristics reveals significant phase delay
when the unconnected suspension is employed. The phase angle between the
excitation and response, however, is quite small with interconnected
suspensions.

Figure 4.11 illustrates the roll angle response characteristics of the
unsprung mass of the vehicle employing different suspension systems, subject
to lateral acceleration excitation corresponding to a lane change maneuver.
Comparison of Figures 4.9 with 4.11 reveals that the magnitude of roll response
of the unsprung mass is considerably lower than that cf the sprung mass,
irrespective of suspension systems used. The unsprung mass of the vehicle with
the unconnected suspension exhibits slightly larger roll angle response than that

with other suspensions.

4.4 VEHICLE RESPONSE TO ROAD EXCITATIONS
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Dynamic ride characteristics of the vehicle employing unconnected,
unconnected with anti-roll bar and interconnected suspensions are analyzed in
terms of transient vertical and roll response of the sprung mass, when subjected
to excitations at the tire-terrain interface. The vertical shock attenuation
characteristics are evaluated for an in-phase half-sine excitation, while the roli
attenuation characteristics are evaluated for an out-of-phase half-sine bump
excitation. A rounded step displacement excitation occurring only at the right
tire-terrain interface is further used to evaluate the bounce and roll response
characteristics of different suspension configurations.

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 compared in Figures 4.12 and 4.13, respectively.
The peak displacement response of the 1C-1 suspension is similar to that of the
unconnected suspension and considerably larger than those of the IC-2 and IC-
3 suspensions. The large peak response of the unconnected and 1C-1
suspensions is attributed to their high bounce mode damping. The displacement
response of sprung mass with 1C-3 suspension, however, decays at a faster rate
than that with 1C-2 suspension due to its low suspension rate. All the suspension
configurations, except the I1C-3, exhibit sprung mass bounce resonance near 1.2
Hz, while the corresponding frequency of the 1C-3 suspension is near 1 Hz. The
peak vertical acceleration response of the IC-2 and IC-3 suspensions is
observed to be nearly 50% of the acceleration response of the unconnected and
IC-1 suspensions, as shown in Figure 4.13.

THe roll angle and acceleration response characteristics of the sprung
mass of the vehicle employing different suspensions, subjected to an cut-of-
phase bump, are compared in Figures 4.14 and 4.15, respectively. The figures

clearly reveal that the peak rol! displacement and acceleration response of the
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vehicle with 1C-1 suspension is considerably larger due to its high suspension
damping in the roll mode. The roll displacement response of the vehicle,
however, decays rapidly. The vehicle with 1C-2 suspension yields the iowest
values of peak roll displacement and acceleration due to its low roll mode
damping characteristics. The roll displacement response, however, decays at a
slower rate than that of the IC-1 suspension. The results further demonstrate
that the anti-roll bar has no significant influence on the roll ride response since
the body roll angle is considerably small under such a excitation. The peak
response of the IC-3 suspension is slightly larger than that of the anti-rol! bar
suspension. It should be noticed that the 1C-1 suspension, which yields superior
road holding performance, results in excessive roll acceleration of the sprung
mass. It may thus be concluded that high suspension damping is desirable for
good vehicle handling, while lower damping is preferred for enhancement of
vehicle ride quality. Damping characteristics associated with fixed orifice can not
satisfy these cenflicting requirements.

The shock attenuation performance characteristics of the vehicle with
different hydro-pneumatic suspension systems are further explored for a
rounded step displacement excitation occurring only at the right tire-terrain
interface. The vertical and roll acceleration response characteristics of the
sprung mass of the vehicle equipped with different suspension are illustrated in
Figures 4.16 and 4.17, respectively. Similar to the results presented earlier, the
unconnected and IC-1 suspensions vyield peak vertical accelerations
considerably larger than those of the IC-2 and IC-3 suspensions. The vertical
acceleration responses of the unconnected, IC-1, and IC-3 suspensions,
however, decay fastsr then the IC-2 suspension, as shown in Figure 4.16. The
peak roll acceleration response characteristics for a rounded step displacement

excitation are also quite similar to those for out-of-phase half-sine displacement

85



SPRUNG ROLL ANGLE (rad)

0.003

Excitation: Qut-of-phase half-sine displacement

0.002 -

0.001

(0.001)

4 e g

ok ke

(0.002)

(0.003)
UNCONNECTED  UNCONNECTED WITH ANTI-ROLL BAR  INTERCONNECTED IC-1
B INTERCONNECTED IC-2 INTERCONNECTED K-8
(0.%4) 1 l i | | I ] I 1 l ]
0 1 2 3 4 5
TIME (s}

Figure 4.14 Roll angle responza of the sprung mass of the vehicle with
different suspensions subject to an out-of-phase halt-sine
displacement axcitation

86



SPRUNG MASS ROLL ACCELERATION (radfs?)

Excitation: Out-of-phase half-sine disjslacemant

@
UNCONNECTED UNCONNECTED WITH ANTI-ROLL BAR  INTERCONNKECTED 1C-1
" INTERCONNECTED I1C-2 INTERCONNECTED 1C-3
g 1 L L
0 0.02 004 006 008 0.1 0.12 0.14
TIME (s)

Figure 4.15 Roll acceleration response of the sprung mass of the vehicle with
different suspensions subject to an out-of-phase haif-sine
displacement excitation

87



INTERCONNECTED -2

INTERCONNECTED IC-3 J

SPRUNG MASS VERTICAL ACCELERATION (m/s?)

Excitation: Rounded step displacement at
right tire-terrain interface

(1 .5) | | 1 l ! |
o 0s 1 1.5 2

TIME (s}

FIGURE 4.16 Vertical acceleration response of the sprung mass of the vehicle
with different suspensions subject to a rounded step
displacement excitation at right tire-terrain interface

88



SPRUNG MASS ROLL ACCELERATION (radfa?)

1.5

INTERCONNECTED 1C-2

INTERCONNECTED 1C-3

05 =
Excitetion: Rounded step displacement at
right tire-terrain interface
(1) 1 E I i 1 l 1
0 05 1 1.5
TIME (s)

FIGURE 4.17 Roll accsleration response of the aprung mass of the vehicle
with different suspensions subject to & rounded step
displacement excitation at right tire-terrain interface

89



excitation. The anti-roli suspension, however, deteriorates the roll ride of the

vehicle, as shown in Figure 4.17.

4.5 FREQUENCY RESPONSE CHARACTERISTICS

Frequency response characteristics of the vehicle employing different
hydro-pneumnatic suspension systems are evaluated in terms of displacement
and roli angle transmissibility characteristics of the sprung and unsprung
masses. The relative vertical displacement transmissibility characteristics are
evaluated for 0.01 m in-phase harmonic excitations at the right and left tire-
terrain interface. The roll transmissibility characteristics are evaluated for 0.01 m
out-of-phase harmonic excitations. The frequency response characteristics are
obtained by computing the ratio of steady state response amplitude to equivalent
excitation amplitude in time-domain by sweeping the interested frequency range.
Vibration isolation characteristics of different suspension systems are expressed

by the following transmissibility ratios:

vertical displacement transmissibility of sprung mass, 7., =§-’-

vertical displacement transmissibility of unsprung mass, T, =~§L

[4

rolt angle transmissibility of sprung mass, 7 :%

€

roll angle transmissibility of unsprung mass, T, =%-

(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
excitation; @, and @, are the amplitudes of roll angle response of the sprung

and unsprung masses, respectively; and @, is the amplitude of static roll angle

of the vehicle under 0.01 m out-of-phase input.
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Displacement transmissibility characteristics of the sprung and unsprung
masses of the vehicle with different suspensions are present in Figures 4.18 and
4.19, respectively. The vehicle exhibits insignificant roll due to in-phase vertical
excitations at both the tracks. The vertical displacement response characteristics
of the sprung and unsprung masses exhibit peaks corresponding to their
respective resonant frequencies. The bounce resonant frequencies of the
vehicle employing different suspensions, under 0.01 m in-phase harmonic
excitation, are illustrated in Table 4.1. Although all the suspensions, except the
IC-3, are configured to yield identical bounce suspension rates, the frequencies
corresponding to the peak responses tend to be lower than the undamped
resonant frequencies. The damped sprung mass frequency of the unconnected
and IC-1 suspensions is observed to be near 0.95 Hz, while the corresponding
undamped frequency is 1.23 Hz. The undamped and damped resonant
frequencies of the IC-2 suspension are 1.23 and 1.1 Hz, respectively. The
relative small difference in the frequencies is attributed to its low damping. The
IC-3 suspension, configured to yield lower vertical spring rate, exhibits the
damped and undamped frequencies as 0.86 Hz and 1.0 Hz, respectively. The
damped unsprung mass resonant frequencies of all the suspensions are
observed to be considerably lower than those of undamped frequencies. The
damped unsprung mass frequency of unconnected and IC-1 suspensions is
reduced as low as 3.34 Hz due to the high damping developed by the struts,
while the corresponding undampead frequency is 7.55 Hz. The damped unsprung
mass resonant frequencies of IC-2 and IC-3 suspensions, however, are 4.5 and
4.3 Hz, respectively. The I1C-2 suspension, due to its low damping, results in a
large peak value around its resonant frequency, while the peak response around
the unsprung mass resonant frequency is almost suppressed. Although the

unconnected and IC-1 suspension systems give the lowest sprung mass
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excitation at tire-terrain interface
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displacement transmissibility around the resonant frequency of the sprung mass
due to the high damping, the displacement transmissibility of the sprung mass
around the wheel hop frequency is considerably large. The large response of the
sprung mass at the resonant frequency of the unsprung mass implies that the
vibration of the sprung mass is largely influenced by the movement of the
unsprung mass. Since the ride quality of a vehicle is related to the vibration
transmissibility of sprung mass in the frequency range of 4-8 Hz [7], these
suspension systems with fixed orifice damping characteristics are unsuited to
enhance vehicle ride quality. The lower spring rate of the iC-3 suspension yields
peak sprung mass displacement transmissibility larger than the IC-1 suspension
but smaller than that of the IC-2 suspension. The light damping properties of the
IC-3 suspension, however, results in superior vibration attenuation at excitation
frequencies beyond 1.5 HZ. Vibration attenuation of the IC-2 suspension is
observed beyond 2 Hz, while those of the unconnected and IC-1 suspensions
are obtained beyond 4 Hz. The unconnected and IC-1 suspensions also yield
excessive peak vertical transmissibility of the unsprung mass corresponding to
its resonant frequency, as shown in Figure 4.19.

Roll angle transmissibility characteristics of sprung and unsprung masses
of the vehicle with different suspensions are present in Figurez 4.20 and 4.21,
respectively. The roll resonant frequencies of the vehicle employing different
suspensions, under 0.01 m out-of-phase harmonic excitations, are illustrated in
Table 4.2. The damped sprung mass resonant frequency of the unconnected
suspension is .67 Hz due to its low roll stiffness, while the corresponding
frequencies of other suspensions are observed in the range of 0.81-0.88 Hz.
The IC-1 suspension yields the smallest roll transmissibility around its roll
resonant frequency of the sprung mass due to its high damping in the roll mode,

while the IC-2 suspension exhibits the largest peak response around the
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Table 4.1

Bounce mode resonant frequencies of sprung and unsprung masses of the

vehicle with different suspensions

Damped Resonant Frequency (Hz} [Undamped]

Mass of Unconnecfed interiinked interlinked Interlinked
Vitration with/without iC-1 ic-2 ic-3
Antiroll Bar
Sprung Mass 0.95[1.23} 0.95[1.23] 1.1[1.23] 0.86[1.0]
Unsprung Mass 3.34[7.55] 3.34[7.55] 4.5[7.55] 4.3[7.38]
Table 4.2

Roll mode resonant frequencies of sprung and unsprung masses of the vehicle

with different suspensions

Damped Resonant Frequency (Hz) [Undamped]

Mass of Unconnected | Unconnected Interfinked interiinked interiinked
Vibration with Anti-roll 1C-1 1C-2 IC-3
bar
Sprung Mass 0.67[0.76] | 0.86[097] | 0.81[097] | 0.88[0.97] 0.84[097]
Unsprung Mass 4.2[7.31] 43[743} 3.34[743] 51[7.43] 4.1{7.43]
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resonant frequency of the sprung mass. The anti-roll bar suspension, however,
deteriorates the ride performance of the vehicle by exhibiting larger roll response
than the unconnected suspension in the frequency range of 0.84 Hz. A
comparison of Figure 4.18 and 4.20 reveals that although the vertical
transmissibility of sprung mass of the vehicie with 1C-1 suspension is identical to
that with unconnected suspensions, the peak roll response of sprung mass of
the vchicle with IC-1 suspension is much smaller than that with unconnectad
suspensions. The sprung mass roil response of IC-1 suspension, however,
exhibits poor vibration attenuation beyond 1.3 Hz. The roll response of sprung
mass of the IC-3 suspension is observed to be smaller than that of anti-roll bar
suspension around the sprung mass resonant frequency and slightly larger
beyond 1.3 Hz.
Table 4.3
A comparison of the computed and measured natural frequencies of the

unconnected suspension

Methods for Bounce mode Roll mode
natural (Hz) (Hz)
frequencies

sprung mass unsprung mass sprung mass unsprung mass

Computed 1.21 7.4 0.74 7.16

Measured 1.49 7.98- - §.99

A comparison of the computed lightly damped (with equivalent damping
ratio of 0.2) natural frequencies of the unconnected suspension with the

measured ones is presented in Table 4.3. The comparison reveals that
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computed natural frequencies correlate quite well with the measured dominant
ride frequencies. The measured dominant frequency of the bounce motion of the
sprung mass (1.49 Hz), however, is slightly higher than the computed resonant
frequency (1.21). This discrepancy may be produced by the high stiffness of the
rubber bushings employed in the torque rods of the suspension system. The
dominant frequencies of the vertical and roll motion of the unsprung mass are
also slightly higher than the computed ones. The roil mode resonant frequency
of the unsprung mass is 7.16 Hz, and the corresponding measured one is 9.99
Hz. This discrepancy is mainly attributed to the auxiliary roll stiffness introduced

by anti-roli stifferers and Panhard rods.

46 SUMMARY

The ride and handiing performance characteristics of five hydro-
pneumatic suspension configurations are investigated for deterministic
excitations using numerical integration technique. The deterministic excitations
include lateral accelerations experienced by the sprung mass during steering
maneuvers and vertical excitations arising from the tire-terrain interactions.
Relative handling quality analyc2s are performed for rounded step and transient
lateral acceleration excitations. The shock and vibration attenuation
performance characteristics are evaluated for half-sine displacement bump,
rounded step displacement excitation, and 0.01 m in-phase and out-of-phase
harmonic excitations. The results clearly demonstrated that interconnecting the
suspension in the roll plane effectively limits the body roll motion during steering
maneuvers due to the enhanced roll stiffness of the suspension. The damping
char ~steristics the suspension systems, on the other hand, play a very important
role in ride quality and road holding abilities. Whiie high damping is desirable for

improved road holding, light damping is preferred for adequate shock and
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vibration attenuation. interconnected suspensions demonstrate larger damping
rates in the roll mode than in the bounce mode. The interconnected suspensions
thus offer a considerable potential to achieve a better compromise between
handling performance 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 vibration transmissibility characteristics of
different suspensions alsn revealed that the interconnected suspension with
reduced suspension rate can provide improved vibration isolation performance.
The fixed orifice damping, however, is not suited to realize a better compromise
between the handling and ride qualities of a vehicle. A variable orifice damping

is vital for enhancement of these performance characteristics.
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CHAPTER &

DETERMINISTIC AND STOCHASTIC ANALYSES OF THE
INTERCONNECTED SUSPEMSION WITH VAR!ABLE DAMPING

5.1 INTRODUCTION

The results discussed in the previous chapter clearly demonstrate the
inherent performance limitations of unconnected and interconnected
suspensions with fixed orifice damping. High damping forces developed by fixed
orifice suspension tend to suppress the roll oscillations caused by out-of-phase
excitations at the tire-terrain interface and the lateral acceleration excitations.
High damping forces further reduce the amplitude of vertical vibration around the
bounce natural frequency of the vehicle. The vibration isolziion performance of
the heavily damped passive suspension, however, is deteriorated considerably
in the higher frequency range. While a lightly damped suspension is desirable
when the disturbance frequencies are beyond the natural frequency, light
damping yields poor response corresponding to the vehicle resonance.

In order to overcome these inherent limitations, many passive, semi-
active and active vanable damping mechanisms have been proposed and
investigated. Passive suspension dampers are designed to yield high damping
at low velocities across the dampers due to bleed flows, and low damping at
high velocities due to blow off valves. A tunable passive sequential hydraulic
damper has been proposed and analyzed to achieve variable damping within a
vehicle suspension [26]. A three-level adjustable shock absorber was developed
by Nissan Motor Co. Ltd., which allows the drivers to select the damping force
setting [28]. A number of semi-active dampers employing “"on-off” or sequential

damping have been proposed and investigated {31, 32, 33]. Semi-active shock



absorbers that provide scft ride under normal driving conditions and firm
damping for improved handling, when required, have been developed [30].
Active vehicle suspensions with parameters that change with variations in
excitation and response characteristics, have also been extensively investigated,
[41-43].

Active vehicle suspensions, however, require an external energy source
and sophisticated control system with large number of sensors, which limits the
applications of active suspension to cases where performance benefits outweigh
the disadvantages associated with costs and complexities [44, 45]. Although
hardware implementation of a semi-active suspension is considerably simpler
than an active suspension, the realization of semi-active damping still requires a
comprehensive instrumentation package and control devices. In this chapter, a
passive variable damping mechanism is implemented within the interconnected
suspension to achieve improved vibration isolation as well as handling
performance. The vibration isolation performance of the vehicle suspension
employing the variable damping is further investigated under deterministic and

random excitations via computer simulation.

5.2 VARIABLE SUSPENSION DAMPING

The simulation results discussed in Chapter 4 demonstrated that the
vehicle ride comfort and handling performance impose conflicting requirements
on vehicle suspension damping. High suspension dariping is desirable to
achieve good handling by controlling the roll response of the vehicle, while the
attainment of good ride comfort necessitates variable damping. Fixed orifice high
damping further deteriorates the shock isolation performance of the
interconnected suspension. The damping requirements of a vehicle suspension

under different driving conditions can be summarized as:
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(2)

(3)

(5)

High damping is preferable to suppress the sprung mass roll
encountered during directional maneuvers,

High suspension damping is desirable in the frequency band around
the natural frequency of the sprung mass to control the resonant
response.

High suspension damping is desirabie in the frequency band around
the natural frequency of the unsprung mass to reduce the wheel hop
response and dynamic wheel load transmitted to the road.

Light damping is desirable in the frequency band between the natural
frequencies of the sprung and unsprung masses to achieve good ride
response. The vehicle ride comfort is directly related to magnitude of
transmitted vibration in this frequency range, since human body is
most sensitive to vibration in the 2-7 Hz frequency range.

Light damping is desirable corresponding to excitations at frequencies

beyond the natural frequency of the unsprung mass.

Although it is quite difficult to satisfv all the above requirements through

the use of passive damping mechanisms, an adequately tuned variable damper

can fulfill the requirements (1) to (4).

5.2.1 Variable Damping Mechanism

In a hydrauiic damper the strut velocity, z, is related to the pressure

differential across the orifice, p,,, through the following nonlinear relation,

derived in Chapter 2:

2 (3/) sut) (5.1

p23 - ch
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Damping force, f,, due to the pressure differential across orifice restriction is

expressed as.

Ji =4, (5.2)

Equations (5.1) and (5.2) reveal that the damping force is related to square of
tha relative velocity, 7, across the strut. Constant orifice dampers thus yield high
damping forces corresponding to high frequency excitations and therefore poor
vibration isolation. The magnitude of damping force at higher excitation
frequencies or relative velocities can be effectively controlled by modulating the
orifice area a.

The damping requirements (1) to (4), described in the previous
subsection, can be satisfied by varying the damping force through variations in
the orifice area. The orifice area may be varied with the pressure differential
using pressure control valves. The damping valve is designed to yield constant

area orifice when the pressure difference, p,,, is below certain pressure value,
(P, ), The damper thus yields high damping corresponding to low pressure
difference and thus low strut velocity. When the pressure differential across the
damper, p,,, exceeds the preset value (p,),, @& pressure control valve
modulates the damping orifice area such that the pressure differential remains
nearly constant in the modulation range. The pressure control valve, however,
becomes fully opened beyond the modulation range. This damping force control
scheme thus yields three stages of the damping force, as illustrated in Figure
5.1. The stage one is achieved by relatively small orifice area when the pressure
control valve is not actuated. After the damping force reaches a certain value,
which corresponds to the preset pressure differential value, the pressure control

valve begins to modulate the fiuid flow resulting in nearly constant damping force
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in the second stage. In the third stage, the pressure control valve approaches
fully open position, and the corresponding pressure and damping force increase
with the strut velocity. Assuming nearly constant damping force during stage I,

the damping force may be expressed as:

¢,2’sgn(3); for |4 <y,; for stage |
1, ={c,sgn(z); for y,<|2| sy,; for stage li (5.3)
c,3’sgn(z); for |2|> y,; for stage Il

where ¢, =pd} [2C3a? is the damping coefficient corresponding to the orifice
area a, in the first stage, c,=pd]/2Cial is the damping coefficient
corresponding to the orifice area a, in the third stage; 7, and y, are the strut
velocities representing the modulation range. Fer convenience of analysis, a
damping parameter, «, is defined as the ratio of damping force to the

corresponding linear critical damping force of the system:
a=Je (5.4)

where ¢, is the critical damping coefficient. Upon substituting Equation (5.3), the

damping parameter corresponding to the three stages can be expressed as:

(¢, .
—Lz; for stage!

o

o

o
A%

. for stage |l (5.5)
¢,z

23; for stage Il

L€

<

Equation (5.5) reveals that damping parameter of the variable damper is
proportional to the magnitude of relative velocity response in the first damping

stage. However, as the relative velocity response increases, the corresponding
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damping parameter is observed to be inversely proportional to magnitude of the
relative velocity response. In the third stage, the damping parameter is again
proportional to the magnitude of relative velocity response. Figure 5.2 illustrates
the variations in damping parameter with the strut velocity. The damping
parameter approaches its peak value at the velocity between stages one and
two. The damping parameter then decreases with increase in the strut velocity
during the second stage, and increases again in a moderate manner in the third
stage. By selecting adequate moduilation range and damper parameters, it is
thus possible to achieve high damping around the natural frequency of the
sprung mass (corresponding to the peak damping parameter in the transition
range between stage | and lI) to control the resonant response, light damping in
the frequency band between the natural frequencies of the sprung and unsprung
masses (stage |i and lll); and high damping around the natural frequency of
unsprung mass (stage lll). Different preset values of pressure differentials,
however, need to be selected for different terrain profiles and applications. The
preset pressure differential (p,,) may be related to a tuning factor, &, in the
following manner:

(P2)=08(Ps)s (5.6)
Figure 5.3 illustrates the force-velocity characteristics of the damper for different
values of the tuning factor. The results clearly show that the range of modulation
(7,.7,) is directly related to the preset pressure or the tuning factor.

Figure 5.4 illustrates the schematic of a possible damper valve that may
be used to realize the above damping characteristics. The damper comprises
fixed orifices and pressure control valves with tapered pins. High damping rate is
realized corresponding to low strut velocity since the pressure control valve
remains closed due to low pressure differentials. As the strut velocity increases,

the pressure control valve opens progressively. The modulation of the pressure
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control valve results in nearly constant damping force with reduced damping
parameter. With further increase in strut velocity, the valve approaches its fully
open position and the damping force tends to increase as square of the relative
velocity. The pressure control valves, shown in Figure 5.4, can be tuned to
achieve different preset pressures and modulation ranges in compression and

rebound strokes.

5.2.2 Damping Parameters

The ride and handling performance characteristics of a suspension
system are strongly dependent upon the damping coefficients corresponding to
low and high velocities, and the transition velocities. The enhancement of
improved compromise between the ride and handling performance
characteristics thus necessitates the selection of appropriate damping properties
and the transition velocities. Different transition velocities can be obtained by
adjusting the pre-load on the pressure control valve springs. The damping ratio
of a highway bus suspension typically varies in the range of 0.2 to 0.4, which
corresponds to bounce resonant vibration transmissibility in the 1.25-2.5 range.
The fixed orifice area of the interconnected suspension is thus selected to
achieve sprung mass bounce resonant transmissibility in the above range. The
fixed area orifice, a, =2 x 107 n’, is selected to achieve resonant transmissibility
of 1.8. A transition velocity of approximately 0.1 m/s is recommended , such that
high suspension damping is available to control roll oscillations and resonant
vertical vibrations [29, 52]. The preset pressure differential of the pressure
control valve (p,,) , is selected as 150 kPa, which corresponds to strut velocity of
0.09 mvs. The total orifice area is assumed to vary linearly with the inflation
pressure until the valve approaches its fully open position, as shown in Figure

5.5. The valve is assume to approach fully open position at a pressure
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differential of 156 kPa (p,,),.. which corresponds to a strut velocity of
approximately 0.28 m/s, as shown in Figure 5.6.

The damper yields high damping when the strut velocity is about 0.08
m/s, reduced damping in the wide strut velocity range of 0.08-0.28 mJ/s, and
increased damping at strut veiocity greater than 0.28 mys. The transition
velocities may be further derived from the strut velocity response to realistic
excitations. The peak amplitude of undulations of medium-quality roads is known
to be in the order of 0.013 m or iess [74]. The strut velocity response is thus
investigated for in-phiase and out-of-phase 0.01 m harmonic excitations. The
strut velocity is further investigated for typical lateral acceleration excitations
arising from directional maneuvers. It has be established that peak lateral
acceleration excitation caused by a steering maneuver of a high c.g. vehicle is
less than 0.3g [73]. Figure 5.7 illustrates the amplitude of strut velocity when the
vehicle employing variable damping suspension is subjected to 0.01 m out-of-
phase harmonic excitation. Maximum strut velocity response of the vehicle
employing the interconnected 1C-3 suspension with fixed orifice damping a,,
subjected to different values of rounded step lateral acceleration, is shown in
Figure 5.8. In the roll mode, the strut velocities of 0.09 and 0.28 m/s correspond
to excitation frequencies of 1.9 Hz and 4.7 Hz, respectively, as shown in Figure
5.7. The frequency range, 1.9-4.7 Hz is beyond the sprung mass resonant
frequency and corresponds to the desirable isolation region. At strut velocity
great than 0.28 mvs, the damping tends to increase as the excitation frequency
approaches the unsprung mass resonance. The peak strut velocity under 0.3g
lateral acceleration is also observed to be below 0.09 m/s (Figure 5.8). The
damping requirements (1) to (4), described in section 5.2, can be thus satisfied

using the proposed variable damping mechanism.
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5.3 DYNAMIC PROPERTIES OF THE INTERCONNECTED SUSPENSION

WITH VARIABLE DAMPING

Dynamic ride performance characteristics of the interconnected
suspension with the multi-stage dampers are evaluated in terms of transient
vertical and roll velocities and accelerations and compared to those with fixed
orifice dampers, to demonstrate the effectiveness of the variable damping. A
rounded step displacement excitation occurring at ‘he right tire-terrain interface
is used for this investigation.

Vertical and roll velocity response characteristics of the sprung mass of
the vehicle employing 1C-3 suspension with muiti-stage and fixed orifice
dampers are presented in Figures 5.9 and 5.10, respectively. The peak vertical
velocity response of sprung mass with fixed orifice damping is 0.14 m/s, while
that of sprung mass with multi-stage damping is 0.12 m/s. The peak roll velocity
of sprung mass with fixed orifice damping is 0.12 rad/s, while that of sprung
mass with multi-stage damping is about 0.1 rad/s. The muiti-stage damper
improves the shock attenuation performance of the interconnected suspension
due to its variable damping. The rates of decay of vertical and roll velocity
responses of the sprung mass w_ith both dampers are quite similar, since the
multi-stage dampers continue to behave as the constant orifice dampers at low
strut velocities.

Vertica! and roll acceleration response characteristics of sprung mass of
the vehicle employing multi-stage and fixed orifice dampers, subject to a
rounded step displacement excitation at the right tire-terrain interface, are
presented in Figures 5.11 and 5.12. The peak vertical accelerations of sprung
mass with fixed orifice and multi-stage dampers are 1.5 m/s? and 1.25 m/s?,
respectively. The peak amplitudes of roll acceleration of the sprung mass with

fixed and variable orifice damping are observed as 1.24 rad /s?> and 1.0 rad / 5%,
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respectively. The reduction in peak vertical and roll acceleration responses of
the variable damping suspension are attributed to the relatively low damping
force developed by the multi-stage dampers.

While variable passive damping mechanism offer simpie and reliable
means to improve ride and handling performance characteristics, they tend to
reduce the jerk associated with switching of the semi-active variable dampers
[4). Figure 5.13 illustrates the steady state roll acceleration response of sprung
mass of the vehicle employing fixed and multi-stage orifice dampers, subjected
to 0.01 m out-of-phase harmonic excitation at a frequency near 6 Hz. While the
discontinuities in the acceleration response of the sprung mass with multi-stage
dampers are evident, the associated jerk is negligible. The discontinuities in the
response are attributed to sharp transitions of the damping parameter, shown in
Figure 5.2. It should be noted that sharp transitions in the damping parameter
occur due to assumptions made in the simple analysis. Such sharp transitions,
however, do not exist in practice and the corresponding acceleration response
can thus be expected to be relatively smocth.

The roll response characteristics of sprung and unsprung masses of the
vehicle employing the interconnected suspension with fixed and multi-stage
dampers are presented in Figures 5.14 and 5.1o, for excitations arising from a
typical lane change maneuver. The roll response of the interconnected
suspension with multi-stage dampers is identical to that wiin fixed orifice
dampers due to low velocities across the struts. The results clearly demonstrate
that the multi-stage damping does not deteriorate the handling response of the

vehicle.
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5.4 FREQUENCY RESPONSE CHARACTERISTICS

The vibration attenuation characteristics of the interconnected suspension
with fixed and multi-stage orifice dampers are evaluated in terms of vertical
displacement and roll angle transmissibility of sprung and unsprung masses.
The vertical and roll response characteristics are evaluated for 0.01 m in-phase
and out-of-phase displacement excitations, respectively. The transmissibility
characteristics are computed as the ratio of steady state response amplitude to
the constant excitation amplitude at each excitation frequency, as described in
Section 4.5. Displacement transmissibility characteristics of the sprung and
unsprung masses of the vehicle with fixed and multi-stage orifice dampers are
illustrated in Figures 5.16 and 5.17, respectively. The transmissibility
characteristics exhibit two peaks corresponding to vertical rnode natural
frequencies of the sprung and unsprung masses. The vertical displacement
response of the sprung mass with multi-stage dampers is identical to that with
the fixed orifice dampers when excitation frequencies are less than 2.2 Hz. The
vertical displacement response of the sprung mass with multi-stage dampers,
however, is considerably reduced for higher excitation frequencies due to its
reduced damping. The displacement transmissibility of the sprung mass is as
high as 1.05 near the natural frequency of the unsprung mass with fixed orifice
damping, while the corresponding transmissibility with the variable damper is
approximately 0.27. The displacement response of the unsprung mass
corresponding to its natural frequency, however, increases slightly when
variable damping is used, as shown in Figure 5.17. The natural frequencies of
the unsprung masses are also quite different in two cases. The high damping
rate of the fixed orifice damper at higher excitation frequencies tends to reduce
the unsprung mass natural frequency to 3.5 Hz. The natural frequency of the

unsprung mass of the vehicle with variable damping is observed to be near 6.3
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Hz. Figure 5.16 clearly demonstrates that vibration isolation performance of
interconnected suspension can be significantly improved by using multi-stage
dampers.

Roll angle tr_asmissibility characteristics of sprung and unsprung masses
of interconnected suspension with fixed and multi-stage orifice dampers are
presented in Figures 5.18 and 5.18. The roll displacement transmissibility
response characteristics are quite similar to those described in Figures 5.16 and
5.17. The roll angle response of the sprung mass with multi-stage dampers is
identical to that with the fixed orifice dampers, when excitation frequencies are
less than 1.8 Hz. At excitation frequencies beyond 1.9 Hz, the pressure control
valves in the muiti-stage dampers offer light damping by modulating the damping
area. The corresponding roli response of the sprung mass is thus considerably
lower than that due to fixed orifice damping. The resonant frequency of the
unsprung mass of the vehicle with variable damping is near 6.1 Hz. The
corresponding frequency of the unsprung mass with high constant orifice
damping is about 3.2 Hz. The light damping due to variable dampers results in
unsprung mass roll angle response considerably larger than that of the unsprung

mass with fixed orifice damping, as shown in Figure 5.19.

5.5 STOCHASTIC RESPONSE ANALYSIS OF THE INTERCONNECTED
SUSPENSION
While deterministic excitations are effectively used to carry out relative
performance characteristics of different suspension designs, the ride
performance of a vehicle suspension needs to be assessed for realistic random
road excitations. It has been established that the road surface irregularities are
approximately Gaussian distributed {53, 54]. The road roughness can thus be

described either by its profile or by its statistical properties, such as power
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spectral density (PSD) function. The stochastic response analysis of nonlinear
systems, in general, involves various complexities. Since exact solutions of
nonlinear systems subject to random excitations are limited to only few classes
of nonlinearities, many approximate or numerical techniques have been
developed to predict the response behavior of nonlinear systems subjected to
random excitations [55-58]. These method can be classified as: (1) Markov
methods; (2) perturbation method; (3) equivalent linearization methods; and (4)
simulation methods.

When the future state of a system response process only depends on the
most recently known state, the process is called Markov process. A Markov
random process is completely described in terms of the first and transition
probability densities [58]. The response characteristics of a system with Markov
process properties can be explored using Fokker-Planck equation. The exact
solutions of Fokker-Planck equation, however, have been limited to a special
class of nonlinear {unctions [57]. Although a number of techniques have been
developed to obtain approximate solutions of the Fokker-Planck equation, the
Fokker-Planck equation of dynamic systems with nonlinearities involving
velocities, or inertial or damping coupling between the general coordinates, still
remain to be solved [59, 60].

The perturbation method is an effective technique to analyze dynamic
systems with weak nonlinearities. In this approach, the magnitude of non
linearity is assumed to be controlled by a small perturbation parameter £. The
solution of the nonlinear equation of motion is expressed by a power series of
the perturbation parameter ¢. Substituting the power series solution into the
original equation of motion and equating the coefficients of like powers of ¢, a
hierarchy of linear differential equations are obtained and solved sequentially

using linear theory [57].
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The equivalent linearization techniques, invariably, approximate the
norlinear system by an equivalent linear system, such that the linearized
response behavior dees not deviate significantly from that of the nonlinear
system. Thomson [61] developed a deterministic linearization method based on
energy similarity, where equivalent linear damping coefficient is evaluated by
equating the energy dissipated per cycle of the linear damping element to that of
the nonlinear damper. This simple approach has also been used to approximate
random response of nonlinear systems [62]. Statistical linearization technique,
where the nonlinear stiffness and damping elements are replaced by optimal
linear elements, have been extensively used for stochastic response analysis.
The linear elements are selected by minimizing the mean square errors betwee:
the nonlinear and linear response [57]. Rakheja et al. [63, 64] proposed a local
equivalent linearization method, based on principle of energy similarity, to
characterizes the nonlinear damping by an array of local damping constants as
function of local excitation and amplitude, response and type of nonlinearity. Su
[4] extended the local equivalent ricthod to deal with nonlinear elastic elements.

The simulation techniques can be generally applied to almost all types of
nonlinear systems. The technigue, in general, involves: (i} generation of sample
functions of the excitation process; (ii) computation of the corresponding sample
functions of the response process; ard (iii) determination of the desired
response characteristics through statistical analyses. For stationary, ergodic
processes, the method is simplified due to the fact that temporal averaging
needs only one input/output realization of sufficient duration. The vehicle model
with interconnected suspension exhibits strong nonlinearities associated with
orifice flows, gas springs, damping valves and the coupling effects between the
left and right struts. The methods based on Fokker-Planck equation, perturbation

analysis, and equivalent linearization can not be applied. The simulation method
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is, therefore, used to evaluate the vibration isolation performance of
interconnected suspension under random excitations.

The first step in the simulation method is to generate an excitation
process representing road surfcce iregularities. Roadway surface profiles have
been extensively measured and expressed in terms of their PSD by various
researchers [1, 65, 66, 67]. Although the PSD of every road section is known to
be unique, majority of the roads exhibit a characteristic drop in the amplitude
with wave number or frequency. Since offside and nearside wheels do not
traverse identica! profiles, the idea that road surfaces are isotropic are proposed
to derive a coherence function describing the relationship between parallel
tracks on a surface at a specific separation [65, 68]. Redfield [66] developed a
method to create random road input for parallel tracks with desired statistics of
track variance and parallel track covariance. The description of road surfrice
using the spectral density of a single profile, however, has been accepled for
predictions of vehicle ride response [65]. In this investigation, a single-profile
model is thus used to assess the stochastic ride response of the vehicle model

employing the interconnected suspension.

5.5.1 Road Excitation Process
The power spectral density of different road surfaces has been related to

the vehicle speed in the following manner [69, 70].

S(m):(gg-) ?l,vz : +(§) Av(w? + V2 +17v?) (5.7)
)| @ + Ay 7 ) (@7 + AV =1 )2 +4 5TV

where S{w) is the PSD of road roughness; w denotes the angular frequency; v

is the vehicle velocity; 1,,4,, 7,07 and o} are coefficients depending on the type

of road or terrain and are presented in Table 5.1. Figure 5.20 illustrates the PSD
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of different road surfaces, and the PSD of an asphzi road is presented in Figure
5.21, as a function of the vehicle forward speed v. From Figure 5.21, it is
evident that the PSD of road excitation and the frequency corresponding to peak
PSD increase with an increase in the vehicle speed.

Table 5.1

Values of parameters describing road surface spectrum

Type of road | Afrad/m) | A[rad /m] | drad/m] | of[m’] o3[m?]
asphalt 0.2 0.05 0.6 7.65x10% | 1.35xi0°¢
paved 0.5 0.2 2.0 2.55x10~* | 4.5x107

dirt 0.8 0.5 1.1 7.5 %10~ 2.5 x]0-7

Equation (5.7) can be rewritten as

bw* +b,07 +b, (5.8)

S =
(@) w® +b,0’ +b,w? +b,

where
v
b =—(aj4, +034,)
T

b, :Efzogu,v, )+ GIAE + A (A + )]

5
by = A, (R, # 7 )[ G +7 )+ 03, ]
b3
b, =vi(R +27,-27)
by =v{( X - ) 28 +(F -1 )] +4%7}
by =vSX (A +7T )
The stochastic excitations of a given road and vehicle speed can be

generated through derivation of a linear filter subject to band-limited white noise
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excitation, The filter transfer function, H(w), is selected such that its output is
equal to the PSD defined in Equation (5.7) or (5.8). Let §, denote the power
spectral density of the band-limited white noise, the desired road PSD can then

be related to the frequency response function of the filter in the following

manner;

Stw)=|H(w)S, (5.9)
The linear filter is characterized by the third order differential equation of the
form:

X + X + 1,5 +1,X = 1,6+ 1,6+ 7,C (5.10)

where 7,,---, n, denote the coefficients; ¢ is the amplitude of white noise input,
and ¢ and ¢ are the first and second derivatives, respectively, x denotes the
desired random road excitation. The transfer function of the linear filter defined
in Equation (5.10) is derived as:

2 .
H(O))-—T 776 277;5') +?’]5&)l — (511)
M — 7o +H N0 =10 )i

Egquation (5.9) can thus be rewritten as

S(O))= ’726’) +(Tf 27]6774)60 +77)
AN +(772 =2mm )" +(m =2n,7, )’ ""Tf’

The filter coefficients #,,---,n, are then obtained from Equations (5.8) and

(5.12):

(5.12)

Mo =1

{ M ~27, =b,
’72_2\/577; =b;
;s =‘JI76_

= bJ/Sa

M5 =\(b, +2bb, )/ S,
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e =by /S, (5.13)
The output of the above filter, subjected to a sample function of band-limited
white noise, represents the random excitation of the specified road surface
corresponding to vehicle speed v in the time domain. The random response of
the interconnected suspension system can then be evaluated using numerical
integration. The random response in the time domain can be expressed by its
PSD using a Fast Fourier Transform (FFT) algorithm.

The proposed filter design is used to generate the random excitation due
to asphalt and dirt roads. The PSDs of road excitations are compared to those
derived from Equation (5.7) in order to validate the filter design. A Gaussian
distributed white noise with zero mean value and 64 Hz cut-off frequency is
generated using a random signal generator, as shown in Figure 5.22. The filter
coefficients corresponding to v =20 m/s are computed using Equstion (5.13),
and the filter output is obtained from direct integration of Equation (5.10). Figure
523 illustrates the linear filter response that represents the displacement
excitations due to an asphalt road for v=20 m/s. Figure 5.24 presents a
comparison of the PSD estimation of the filter outp.t and the PSD derived from
Equation (5.7) for asphalt and dirt roads. The comparison clearly iliustrates that

the random road roughness can be accurately estimated from the linear filier

design.

5.5.2 Random Ride Response

Ride response characteristics of the vehicle model employing the
interconnected suspension, subjected to random road excitations, are evaluated
in terms of PSD of vertical acceleration of the sprung mass. The equations of
motion of the vehicle model, derived in Chapter 2, are solved for random road

excitations generated from the linear filter shown in Figure 5.23. The PSD of the
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sprung mass acceleration response is then estimated using an FFT algorithm. It
should be pointed out that the random excitation data, derived from the output of
the third order linear filter, demonstrates a peak value around 1.8 Hz for asphalt
road with v=20 m/s (Figure 5.24). The vehicle response, therefore, also exhibits
this characteristic with peak value around 1.8 Hz.

PSDs of vertical acceleration of the sprung mass of the vehicle employing
interconnected IC-3 and unconnected suspensions with fixed orifice dampers,
traveling on an asphalt road at a forward speed of 20 m/s, are illustrated in
Figure 5.25. The response PSDs are presented in the 0-20 Hz frequency range,
such that the ride performance of the suspension can be assessed. The
acceleration PSD response of the interconnected suspension is lower than that
of the unconnected suspension in the 1 to 5 Hz frequency range. The
acceleration response of the interconnected suspension, however, exceeds the
acceleration PSD response of the unconnected suspension near the natural
frequency of unsprung mass 7.55 Hz. The interconnected suspension then
yields slightly better vibration isolation performance beayond the natural
frequency of unsprung mass. it should be noted that only bounce mode is
excited for the single profile exciteton considered in this study. In the pure
bounce mode, the flows through interconnecting pipes are reiatively
insignificant. The interconnected suspension thus behaves similar to the
unconnected suspension. The IC-3 suspension under pure bounce motion is
equivalent to the unconnected suspension with lower suspension rate and light
damping, as described earlier in Chapter 3. The ride performance benefits of the
IC-3 suspension, however, are evident.

Vertical acceleration PSD of sprung mass of the vehicle employing
interconnected IC-3 with fixed and multi-stage damping characteristics, traveling

on a dirt road with a forward speed of 20 m/s, are shown in Figure 5.26. The first
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stage orifice area of the variable damper is selected to be identical to that of
fixed orifice damper in order to demonstrate the effectiveness of the muiti-stage
damper. The bounce acceieration response of the vehicle with variable dampers
is identical to that of the vehicle with fixed orifice damper at low excitation
frequencies. Since the relative velocity response and thus the pressure
differential across the damper is small at low frequencies, the damping
characteristics of the variable dampers are similar to those of the fixed orifice
dampers due to closed control valves. However, as the excitation frequency
increases, the control valves begin to modulate the damping rate. The multi-
stage dampers thus yield lower acceleration response in the 1.5 to 6.5 Hz range
due to reduced damping. Although the acceleration response of the variable
damping suspension is slightly larger around the natural frequency of the
unsprung mass, the response is considerably reduced beyond the unsprung
mass natural frequency. it can be therefore concluded that the bounce
acceleration PSD of the vehicle can be significantly improved by using the multi-

stage dampers.

56 SUMMARY

Based on damping requirements of ride comfort and handling, a tunable
multi-stage damper is proposed to achieve improved overall performance of a
interconnected suspension. Upon selecting suitable damping parameters and
the tuning factor, a multi-stage damper can provide high damping around natural
frequency of the sprung mass, light damping in the middie range of excitation
frequencies, and high damping around and beyond the natural frequency of the
unsprung mass. Moreover, it is possible to maintain high damping during turning
and lane change maneuvers to achieve good handling performance. Vibration

isolation performance characteristics of an interconnected suspension
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incorporating multi-stage damper are investigated using computer simuiation for
deterministic and random excitations. Tne simulation results clearly reveal ihat
vibration isolation performance of the vehicle can be improved by using the

multi-stage campers.
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CHAPTER &

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

6.1 GENERAL

The passenger ride comfort and vehicle handling performance pose
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, yield poor ride performance. In this
dissertation, a concept of hydro-pneumatic suspension interconnected in the roll
plane is thoroughly investigated to achieve an improved compromise between
the ride and handling performance characteristics of a heavy vehicle.

The primary objectives of this study included: (i) development of a model
of the proposed interconnected suspension system in the roll plane; (ii)
development of methodologies to evaluate the siatic and dynamic properties of
the interconnected suspension; (iii) evaluation of roll and ride dynamic potentials
of the proposed suspension by comparing its properties to those of conventional
suspensions; and (iv) analysis of the proposed suspension with multi-stage
orifice damping to further improve its ride performance. The major highlights of

the study and the conclusion drawn are discussed in the following sections.

6.2 MAJOR HIGHLIGHTS GF THIS INVESTIGATION

The major highlights of this investigation are summarized below:



(1

(2)

(4)

The concept of a hydro-pneumatic suspension, interconnected in the roli
plane, is discussed in view of its ride and roll performance potentials.
Three different hydro-pneumatic beam-axle suspension systems, namely,
unconnected, unconnected with anti-roll bars, and interconnected, are
described and analytically modeled in the roll plane of the vehicle. The
mechanics of anti-rol! bars is described and expressed analytically. The
roli plane dynamics of a heavy vehicle with three suspension systems are
represented by a four-degrees-of-freedom model subject to excitations
arising from road irregularities and directionai maneuvers. The dynamic
suspension forces are derived assuming incompressible fluid in hydraulic
struts, turbulent flows through the orifice restrictions, polytropic process of
gas in accumulators, and laminar flows through the interconnecting pipes.
The static and dynamic properties of the three suspension systems are
derived analytically and compared in terms of load-carrying capacities,
suspension rates, roll stiffness rates and damping forces. The roll
stiffness amplification factor of the interconnected suspension is proposed
and derived.

Five different suspension configurations, including an unconnected,
unconnected with anti-roll bar, and three interconnected (IC-1, 1C-2, and
IC-3) suspensions, are proposed based on the same load-carrying
capacity and suspension rate (IC-3). The fundamental properties of these
five suspension systems are evaluated, compared and discussed.

The ride and handiing perforiiance characteristics of five hydro-
pneumatic suspensions are investigated using numerical integration
approach for deterministic excitations. The natures of excitations arising
from tire-terrain interactions and steering inputs are described. The roll

performances of the suspension systems are evaiuated in terms of the

137



(5)

6.3

transient and steady state roll response of the sprung and unsprung
masses during constant radius tumning and lane changing maneuvers.
The dynamic ride performance characteristics are established in terms of
both heave and roll shock isolation response of the suspensions
subjected to road excitations. Transmissibility characteristics of different
suspensions are investigated using harmonic excitations arising from tire-
terrain interactions.

A variable damping mechanism is integrated to achieve improved
vibration isolation performance of the interconnected hydro-pneumatic
suspension system. Dynamic ride performance characteristics of the
interconnected suspension with variable dampers are evaluated in terms
of transient vertical and roll velocities and accelerations. Frequency
response characteristics of the interconnected suspension with variable
and fixed orifice dampers are further investigated in terms of
displacement and roll angle transmissibility characteristics of sprung and
unsprung masses in order to demonstrate the effectiveness of the
variable dampers.

Various approaches to analyze stochastic response of nonlinear dynamic
syster.s are briefly reviewed. The spectrum of road surface irregularities
is approximately modeled by a rational function and a linear filter is
desigred to generate ;:andom road excitations in the time domain. The
random response characteristics of the interconnected suspension are
evaluated using numerical integration and discrete FFT algorithm in terms

of bounce acceleration PSD of the sprung mass.

CONCLUSIONS

138



Based on the studies carried out in this thesis work, the following

conclusions can be drawn:

The vibration isolation and handling performance characteristics of the
interconnected hydro-pneumatic suspension can be effectively
investigated from the rol! plane model of the vehicie.

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

The interconnected struts generate coupling or feedback effects, which
influence both static and dynamic properties of the interconnected
suspension.

Suspension rate of the interconnected hydro-pneumatic suspension is
proportional to the square of the piston rod area, whereas that of the
unconnected suspension is proportional to the square of the piston head
area.

The interconnected suspension exhibits an inherent anti-roll capability,
which can be expressed by a roll stiffness amplification factor determined
from the strut configurations.

Unlike unconnected suspensiors, inlerconnected suspensions yield
higher damping in the roll mode than that in the bounce mode.

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

A vehicle suspension with softer bounce rate and enhanced roll stiffness
can be achieved from the interconnected struts.

The interconnected suspension can thus provide a better compromise

between handling performance and ride comfort.
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The interconnection technique has significant effect on restricting body
roll motion due to the enhanced roll stiffness of the interconnected
suspension.

While anti-roll bars effectively restrict the body roll moment, they tend to
increase the roil response of the vehicle subject to a single-wheel bump.
The fixed orifice suspension damping yields unsatisfactory ride
performance of the vehicle. Multi-stage damping can be achieved via
modulating the pressure differential across the damper using pressure
control valves.

By selecting suitable preset pressure differential values, the multi-stage
damper can provide firm damping around natural frequency of sprung
mass. low damping in the frequency range between the resonance of the
sprung and unsprung masses, and firm damping around and beyond the
natural frequency of unsprung mass. The variable dampers further
provide firm damping during vehicle directional maneuvers for good road
holding performance.

The multi-stage damping offers an improved shock and vibration isolation
performance.

Unlike semi-active on-off dampers, the muili-stage dampers can be
realized passively without using sensors and signal pracessors. The jerk
associated with 'on’ and 'off states of the cn-off damper can be also
eliminated by the passive damping mechanism.

The simulation method used in this investigation is found to be effective to
analyze the nonlinear dynamic system with displacement and velocity

coupling under stochastic excitations.
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6.4

The random ride response of the interconnected suspension system
clearly reveals that vibration isolation performance can be significantly

improved by using the multi-stage damper.

RECOMMENDATIONS FOR FUTURE WORK

The thesis research is carried out to evaluate the roll and ride dynamic

performance of an interconnected hydro-pneumatic suspension system. In view

of the significant potentials demonstrated in this study, it is recommended {c

undertake the following future works to further explore its performance

potentials, and facilitate its realization and implementation.

The analytical model of the interconnected suspension needs to be
validated through fabrication and testing of a prototype. Efforls are
needed to incorporate fluid compressibility, inlet and outlet flow losses of
interconnecting pipes, and unsteady state flows in the roll plane vehicle
model.

A more elaborate three-dimensional vehicle model, incorporating fluid
flow interconnections in the roll and pitch planes, should be developed
and analyzed to assess the ride, anti-roll and anti-pitch characteristics of
the vehicle suspension.

The dynamic properties of the proposed multi-stage damper should be
investigated, and a physical validation must be carried out for realization
and application of such a damper.

Stochastic excitations to the roll plane vehicle model should be generated
by using more elaborate models describing the relaticnship between
parallel tracks. Stochastic analysis of the roll plane vehicle model under
such inputs should be carried ou:t to evaluate the ride perfcrmance of the

interconnected suspension with multi-stage dampers.
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© An optimal design of interconnected hydro-pneumatic system should be
carried out to achieve the best vibration isolation performance without
deteriorating the 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.
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