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ABSTRACT

AN ANALYTICAL INVESTIGATION OF PASSIVE AND ACTIVE
SUSPENSION SYSTEMS FOR ARTICULATED FREIGHT VEHICLES

Faisal Queslati, Ph.D.
Concordia University. 1995

Articulated freight vehicles transmit high levels of whole-body ride vibration to the
driver and high magnitudes of dynamic tire forces to the pavements. The high levels of
ride vibration and tire forces are attributed to the excessive sizes and weights of these
vehicles. The driver health and safety risks posed by ride vibrations, and the significant tire
induced road damage caused by heavy vehicles have prompted a growing demand for
design of driver- and road-friendly vehicles. Different active and passive suspension
systems are thus analyzed to enhance the performance characteristics of articulated freight
vehicles. The investigation is carried out in five sequential phases: (i) development of a
representative dynamic model of the vehicle; (i} passive suspension design and
optimization; (iii) ideal active suspension design, (7v) limited-state active suspension
design; and (v) assessment of tire dynamic forces transmitted to the pavement. An
articulated freight vehicle is characterized by an inplane nine degrees-of-ireedom (DOF)
dynamic system model. An analytical characterization of the randomly irregular road
surface is presented and the time delays between the consecutive wheel inputs are
incorporated using Padé approximation. The validity of the analytical vehicle model is
asserted by comparing its response characteristics with the road measured data. A
technique, based on covariance analysis, is employed to perform the multi-parameter
sensitivity analysis and to design an "optimum" passive suspension. A performance index
comprising ride quality, cargo safety, suspension rattle space and dynamic tire forces is
formulated to derive the "optimum" suspension design. The effects of varying the

suspension propertics on the frequency response characteristics are investigated to further



verify the conclusions drawn from the covariance analysis. Linear Quadratic Gaussian
(LQG) control technique is employed to design an ideal fail-safe active suspension scheme
based on full-state feedback. Passive damping and stiffness elements are incorporated in
the active suspension system to yield a fail-safe configuration with minimal power
requirement. The performance characteristics of the ideal active suspension are compared
to those of the "optimum" passive suspension to determine their potential performance
benefits. In view of the excessive hardware and signal processing 1equirements, high cost
and poor reliability of a full-state feedback active suspension design, a thorough analysis of
a more realistic active suspension scheme, based on H, synthesis, is undertaken. Two
suspension schemes based upon limited-state measurements are investigated. The
performance characteristics of the proposed suspension designs are compared to those of
the full-state active suspension and the "optimum” passive suspension systems. Finally, a
comprehensive analysis is undertaken to assess the effects of the passive and various active
suspension schemes on the dynamic tire forces. It is conciuded that the reduced state
active suspension systems yield performance characteristics comparable to those of an

ideal active suspension.
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CHAPTER 1

INTRODUCTION

1.1 GENERAL

For reasons of freight transportation economy, the weights and dimensions of
articulated freight vehicles have been increased considerably during the past decade.
Various studies conducted by transportation research organizations and regulatory bodies
have established that the directional stability and control, ride vibration environment, and
dynamic tire forces of heavy vehicles are strongly affected by the increased sizes and
weights in a highly adverse manner. The ride quality and dynamic tire forces of heavy
vehicles are directly related to different vibration modes of the vehicle. The ride
performance of an articulated freight vehicle is substantially different from that of a
passenger car. The excessive masses of the coupled dynamic vehicle system yield vibration
levels 9 to 16 times larger than those encountered in a passenger car. Vehicle drivers are
exposed to such high levels of vibrations for approximately 10 hours a day during driving,
and perhaps an additional 10 hours a day if they are employed in sleeper-line dual
operation. The health and safety risks associated with the prolonged exposure to high
levels of articulated vehicle vibration have prompted a demand for enhancement of ride

quality performance of the vehicles. The high levels of vehicular vibration have also caused



many concerns related to cargo safety.

Freight vehicles with high axle loads and high tire inflation pressure transmit high
magnitudes of dynamic forces to the pavement through the tires. The high magnitudes of
dynamic tire forces are known to accelerate pavement fatigue and rut formation. Dynamic
wheel loads of heavy vehicles transmitted to the pavement have been associated with high
cost of highway infrastructure maintenance. The total annual cost of highway
infrastructure maintenance by the federal and provincial governments in Canada, has been
estimated at $ 8 billion. While part of this cost is due to environmental factors, a significant
component has been directly attributed to the heavy vehicle tire loads. In recent years,
OECD (Organization for Economic Cooperation and Development) has undertaken a
major initiative to enhance the road-friendliness of heavy vehicles in an attempt to protect

the public investments in highway infrastructures.

The ride vibration environment and the dynamic wheel loads are strongly influenced
by various design and operating parameters in a highly complex manner. Among the
various design parameters, vehicle suspension design and road roughness, are known to
affect driver- and road-friendliness of the vehicle in a very most significant manner. The
handling directional control and stability, ride quality and suspension rattle space, however,
pose conflicting design requirements for suspension design. Tractor-semitrailer suspension
systems are thus designed to achieve a compromise among the design requirements. For
ride comfort and cargo safety, the suspension should isolate the driver and cargo from high
frequency roadway inputs. On the other hand, for good vehicle handling, the tractor,
semitrailer and wheels should closely follow the vertical inputs from the road at low
frequencies. Enhancement of driver- and road-friendliness of heavy vehicles thus involves
formulation of an adequate suspension design objective comprising ride quality, cargo

safetv, rattle space requirements and dynamic tire forces. Passive suspensions, while being
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very reliable and easily implementable, exhibit inherent performance limitations in
satisfying the various conflicting design requirements. Passive suspensions are constrained
due to the constitutive laws of their elements. With recent advances in optimization
techniques, automatic control, and reliable hardware, active suspensions offer considerable
performance potentials to enhance the vehicle performarnce related to nde quality, cargo
safety, suspension rattle space and dynamic tire loads. While active suspensions eliminate
some of the inherent performance limitations of passive suspensions, the associated high
costs and complexities prohibit their general implementation. The active suspensions are
thus considered feasible when the performance benefits outweigh the increased cost and
complexities. In view of the health and safety risks posed by the ride vibration environment
of heavy vehicles, and the high cost associated with the tire induced road damage, the
demand for reliable active suspensions has been growing. The cost and complexities of an
active suspension system can be reduced considerably through suspension designs based
upon limited-state measurements. The control gains, however, must be selected to enhance
both the driver- and road-friendliness of the vehicle. This research is thus directed towards
the design of "optimum" and limited-state active suspensions to improve the ride quality,

cargo safety and reduce the tire generated road damage.

1.2 LITERATURE REVIEW

A review of previous investigations relevant to tractor-semitrailer suspension design
aspects, such as vehicle mathematical modeling, performance evaluations, design and
optimization of passive and active suspension systems, and tire generated pavemeiit

damage, is presented in the following subsections to develop the scope of the research.



1.2.1 Vehicle Mathematical Models

A study of ride dynamics and pavement interactions of a freight vehicle involves
development of a representative dynamic model that closely describes the vehicle
behavior. Many vehicle models ranging from linear guarter vehicle models with two
degrees-of-freedom (DOF) to complex three-dimensional models with many DOF have
been reported in literature. While the majority of the models consider the sprung and
unsprung masses as rigid bodies, few models have incorporated the flexibility of the trailer

structure to study contributions due to frame bending modes [1-5].

Simple one and two DOF vehicle models have been used by several investigators to
study the performance characteristics of active, semi-active and passive suspension
systems [6-10]. Such models permit the analysis of different suspension concepts under
uncoupled vertical motions in a highly convenient manner. These models, however, can
not be utilized to analyze the ride dynamics of heavy vehicles, which comprise various
vibration modes associated with vertical, roll and pitch motions of sprung and unsprung

masses.

Many analytical and experimental studies on ride dynamics of road vehicles have
been reported in literature. The primary objectives of these studies, in general, include:
assessment of vehicle ride quality, performance evaluation of different vehicle suspensions,
assessment of cargo vibrations, and evaluation of dynamic tire loads transmitted to the
pavement. Since the simple one-dimensional one- and two DOF vehicle models can not be
used to predict the complex dynamics associated with articulated heavy vehicles, a number
of comprehensive two- and thres-dimensional vehicle models have been developed to
study the ride quality and tire force characteristics. Ride dynamic models of articulated

freight vehicles, reported in literature, vary from two-dimensional three DGF to three-
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dimensional nineteen DOF models [11-13]. Analytical models with limited number of
DOF, but realistic enough to provide reasonably accurate estimate of the ride dynamics,
are desirable for design and optimization studies. In recent years, these analytical models
have been further employed to study the dynamic wheel loads transmitted to the pavement
[14-17]. Various studies on ride dynamics and vehicle-pavement interactions have
concluded that contributions of the roll-plane dynamics of highway vehicles are
insignificant [18]. The vehicle ride quality, and the dynamic wheel loads are strongly
related to the pitch and vertical modes of the sprung masses and vertical deflection modes
of the unsprung masses. An analogy between the vehicle ride vibrations and the pavement
interactions has been further derived due to their strong dependence upon the vehicle
vibration modes [19,20]. Results of these studies have demonstrated that three and six
DOF inplane vehicle models can be effectively used to determine the ride dynamic

behavior of articulated vehicles.

The ride dynamics of articulated freight vehicles are strongly dependent upon their
weight and dimension, axle configuration, suspension and tire properties, etc. A wide
range of freight vehicles operate on our highways, such as trucks, tractor-trailer
combinations, B-trains, doubles and triples. Since the dynamics of the vehicle is strongly
dependent upon the configuration, the vehicle models are developed to address the
dynamics of specific a vehicle configuration. A survey conducted by Road Transport
Association of Canada [21], reported that approximately 77% of all heavy vehicles
operated in Canada are tractor-semitrailers. Tractor-semitrailers exhibit complex ride
behavior due to interactions of the multiple axles and pavement, articulation properties,
and excessive weights and dimensions. A study of dynamic performance behavior of
articulated vehicles thus necessitates the development of a comprehensive analytical
model. The DOF and thus the complexity of the model, however, are related to the

objectives of the analysis. Tractor-semitrailer combinations comprise long semitrailer



structures supported on two-, or three-, or four axles at the rear end, and the articulation
mechanism at the leading edge. Trailer frame deformations, that are known to exhibit
bending modes in the 6 to 9 Hz frequency range, have been included in some of the
reported models of heavy vehicles to study the contribution due to frame bending.
Majority of the studies, however, have concluded that contributions of the frame bending
modes to the overall dynamic behavior are insignificant [1-5]. The tractor and semitrailer

sprung masses can thus be characterized by rigid bodies.

Development of an analytical vehicle model to determine the ride dynamics and
pavement interactions primarily involves characterization of the suspension and tires.
Vehicle suspension systems often exhibit nonlinearities associated with progressively
hardening force-deflection and variable force-velocity properties of the stiffness and
damping elements, respectively. A number of analytical techniques have been proposed to
analyze the response characteristics of nonlinear dynamic systems. These techniques
employ various approaches based on Markov process, perturbation, and simulation
methods [22-24]. In view of the convenience of analysis using well established linear
analytical tools, time and frequency domain equivalent linearization techniques are
frequently employed to analyze nonlinear dynamic systems [25-28]. Analytical
investigations of vehicle characteristics based on the assumption of linear suspension
parameters, however, are frequently used to derive preliminary design guidelines and to

gain an insight into the vehicle response behavior with relatively simple analysis.

The tire-terrain interactions have been characterized by different types of linear and
nonlinear tire models. The tire models, reported in the literature, can be grouped in four
categories based upon the characterization of the tire-road contact: point contact; rigid
tread band; fixed foot print; and adaptive foot print models [29,30]. These models are

conceived, to different degrees of complexity, to account for the tire deflection properties,



geometric filtering of the rolling wheel, and contact pattern with the road. In view of the
complexities associated with adaptive foot print models, and the lack of knowledge of the
tire properties, the wheel-terrain interactions in most heavy vehicle models are represented
by a point contact. While some of the linear analytical models consider the force-deflection
properties of the tire as bilinear and unbounded, others incorporated tire properties

influenced by the wheel-hop motion [31].

1.2.2 Performance Measures and Passive Suspension Optimization

Design of a passive suspension for a heavy vehicle involves careful selection of the
suspension parameters, namely the stiffness and damping properties, to achieve a
compromise between the ride, handling and control performance characteristics. A rather
extensive body of literature has been published on the ride quality and cargo safety aspects
of tractor-semitrailers. The performance measures related to ride quality, suspension rattle
space, handling, roll stability, and directional control characteristics pose conflicting
requirements on passive suspension design. Enhancement of ride quality and cargo safety
necessitates soft and lightly damped suspensions. The soft vehicle suspensions, however,
result in poor roll stability and directional control performance. The suspension rattle
space requirements also increase with soft suspensions. A passive vehicle suspension with
constant parameters thus exhibit inherent limitations to meet all the conflicting
requirements. The overall performance measures of a heavy vehicle suspension, however,
must be formulated to address a design compromise among all aspects of desirable
performance characteristics. Four primary concerns that evolve from suspension design
formulate the objectives for the performance analysis: (i) the level of vibration perceived
by the passenger/driver, which can be related to the acceleration response at the tractor
driver/passenger seat or the acceleration response of the tractor sprung mass [32-341; (/i)

cargo safety, which can be related to the bounce and pitch accelerations at the semitrailer



center of gravity (CG); (i) suspension deflections, which are indication of the working or
rattle space requirements [35]; and (i) tire deflections, which are an indication of the

severity of forces transmitted to the roads [34,36].

The performance measure refated to ride quality has been the subject of considerable
analytical and experimental evaluations. Ride quality can be assessed in terms of
preservation of health, comfort and performance. Proposed vibration tolerance criteria
have related ride quality to driver's work station design, placement of controls, visual
displays, cab temperature, driver seat, and cabin noise and vibration environment [37].
Although the ride quality related to work station design is frequently assessed using
subjective rankings, subjective response data has been insufficient and inconsistent to
derive a generally acceptable comfort criteria with respect to vibration levels. Many
objective methods have been developed to assess the ride quality related to noise and
vibration environment. Objective methods proposed to assess the ride vibrations are based
upon directly measurable physical quantities, such as velocity, acceleration and jerk. A
good correlation between the mean square jerk or acceleration and the subjective human
response has been reported [38]. From various objective evaluations, it has been
concluded that a seated human driver is most sensitive to vibrations in the 4 to 8 Hz
frequency range [39). The International Organization for Standardization (I1SO) [40] has,
therefore, suggested three exposure criteria as function of exposure time and frequency.
The proposed exposure criteria are recommended for evaluation of health risks, comfort,

and preservation of working efficiency under exposure to whole-body vibration.

Two DOF, quarter-vehicle models have been extensively used to gain a fundamental
understanding of the effect of suspension parameters on the vehicle performance
characteristics subjected to deterministic or random road disturbances. A study performed

by Chalasani [41] presented a comprehensive attempt to evaluate the effects of suspension



stiffness and damping on the root mean square (RMS) values and frequency response
characteristics of the vehicle. The author further presented the relative response
characteristics of passive and ideal active suspensions using a seven DOF, three-
dimensional car mode], subjected to periodic excitations and transient excitations arising

from a chuck-hole-type road disturbance. [42].

Vehicle ride vibrations and tire forces are strongly related to various vibrations of
the vehicle. Vehicle vibrations and thus the dynamic tire loads are dependent on the
restoring and dissipative properties of the suspension and tires. Extensive studies reported
on ride dynamics of road vehicles, however, have concluded that suspension damping
affects the vehicle vibration behavior in a significant manner [20,43,44]. The significance
of suspension damping in reducing dynamic wheel loads has also been investigated
through the response analysis of a noniinear quarter-car model to identify the suspension
damping properties most suited for tire forces reduction [45]. Vibration absorbers
mounted on vehicle axles have been also suggested for reducing the dynamic pavement
loads in the vicinity of wheel hop frequencies. The study concluded that adequately tuned
vibration absorbers can yield 15 to 20% reduction in the dynamic load coefficient (DLC)

[46].

The ride dynamics of heavy vehicles has been extensively addressed in numerous
analytical and experimental studies. The analytical investigations using two- and three-
dimensional vehicle models of diverse degrees of complexity have mostly employed
numerical integration techniques to solve the differential equations of motion. The thrust
of the work was basically in the validation of experimental measurements [19,47-51].
Design optimization in conjunction with time-domain analysis of vehicle models subjected
to random road excitations pose considerable computational challenge, specifically when

the performance index comprises several components. Alternatively, the frequency domain



analysis of linear or nonlinear equivalent vehicle models simplifies the design optimization
tasks. The design optimization, however, necessitates well defined performance objective
and the formulation of a performance index. A number of studies have employed
optimization techniques and various forms of optimization criteria in the design of vehicle
suspension systems [51,52-54]. The primary objective of these was to achieve an
improved compromise between vibration isolation and suspension deflection, which have
been identified as competing and contrary goals. Ride quality has by far been the major
concern of heavy vehicle suspension design and optimization. In view of the excessive
road damage caused by heavy vehicle tire forces transmitted to the pavement, it is
desirable to integrate a measure of the tire forces within the performance index. There
have been relatively few attempts to systematically address the tractor-semitrailer passive
suspension optimization. ElMadany [55] identified this problem and presented an
optimization method to minimize the acceleration and jerk transmitted to the driver

position in an attempt to enhance the vehicle ride quality.

1.2.3 Active Suspensions

1t has been established that passive suspension systems with fixed parameters exhibit
inherent performance limitations to meet various design objectives related to ride, handling
and directional control. Active suspension systems with parameters that can change with
varying response and excitations offer considerable potentials to achieve an improved
compromise among various conflicting design requirements. Although many designs of
active suspensions have been proposed for passenger cars, light trucks and railway vehicles
[10,32,56-61], their implementations have been severely limited due to associated high
cost, poor reliability and high complexities. Recent relaxation in heavy vehicle weight and
dimension regulations, however, have resulted in deterioration of directional stability and

control performance, increased levels of ride vibration, and high levels of dynamic tire
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forces transmitted to the pavements. A heavy vehicle driver is exposed to high levels of
whole-body vehicular vibration for almost 10 hours a day. The dynamic tire forces
transmitted to the roads have been associated with excessive maintenance costs for the
highway infrastructure. The growing population of heavy vehicles on our highways,
continued interests to further increase the weight and dimensions, the impact of vibration
levels on driver performance and safety, and the road damage caused by heavy vehicles,
have prompted a growing interest for development of active suspensions to enhance the
driver- and road-friendliness performance of the vehicles. Recent advances in control
technologtes and hardware have further contributed to a renewed interest in the
development of active vehicle suspensions. While, drivers of passenger cars can benefit
greatly from the active suspensions, the potential and effectiveness of active suspensions
can best be harnessed when used in heavy vehicles, since the ride vibration levels of heavy
trucks are 9 to 16 times higher than those of the passenger cars [62]. In view of the
prolonged exposure and high levels of ride vibravions, and significani dynamic tire forces
known to accelerate pavement deterioration, the effectiveness of advanced suspensions
need to be further investigated for use in heavy vehicles. Although considerable research
effort has been mounted to develop effective active suspension systems, the majority of
these efforts are either exploratory (based on one or two DOF vehicle models) or directed
towards passenger cars. These studies provide considerable knowledge relevant to
understanding the potential of the active suspension schemes. These suspension models,
however, need to incorporate wheel base effects, dynamics due to articulation, etc. to

study the performance enhancement potentials for heavy vehicles.

The design of an active suspension system involves the formulation of a feedback
control scheme and a contro! optimization to determine the optimal control gains. Optimal
controi theory is the most widely used technique to achieve designs of active suspension

systems [35,36,33,63,64]. Other control design techniques, such as pole placement or
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classical techniques, where the gains are computed to obtain the desired natural
frequencies and damping ratios for the sprung and the unsprung masses, can also be used
[65,66]. Optimal control methodologies are very convenient for designing active
suspensions based upon full-state feedback laws. The control theory requires that the
performance index to be minimized is in a quadratic form, and all the state variables are
measurable. The theory further requires that the system input must be a white noise
[65,67]. Since the random road roughness can not be described by a white noise process, it
is necessary to augment the suspension system model with an integrator causing the road
elevation to become one of the system states rather than the input [36,68]. The
requirement of full-state information then necessitates the measurement of the road
elevations, which poses complexities in practical implementations of an active suspension.
Alternatively, feedback control systems with limited-state measurements have been
proposed. These methods employ a gradient descent method that results in limited-state
feedback [36,60,63,69], or state estimation using Kalman filtering, which yields an

estimate of the entire state vector [70,71].

The performance criteria of a tractor-semitrailer suspension contains a broad
spectrum of objectives. Very little research exists on using active suspension specifically
for tractor-semitrailers that targets all the performance criteria of the vehicle. Although
some researchers have attempted to use active suspensions for tractor-semitrailers, most
have stressed the improvement of ride quality alone [72]. A detailed investigation of a
stochastic optimal suspension system for the cab of a tractor-semitrailer is reported in [73].
The vehicle is assumed to be traveling over a randomly profiled road and the control
scheme includes both limited state measurements and corrupted signals. The study
analyzed the ride performance of active actuators used to support the tractor cab only. The
problem of limited-state measurement and corrupted signals can be formulated in a

compact and elegant way by-iormulating the linear quadratic Gaussian (LQG) problem in
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an equivalent H, control problem. Kashani et al [74] demonstrated the use of this

methodology for the design of an active suspension based on a 2 DOF vehicle model.

1.2.4 Tire Generated Road Damage

High magnitude of static and dynamic tire loads in heavy vehicles are known to
accelerate the pavement fatigue and rut formation. Various aspects of the road damage

caused by heavy vehicles have been addressed in the literature.

A number of analytical and experimental studies have been carried out to assess the
dynamic tire forces, road damage potentials of heavy vehicle tire loads, and to derive
reliable pavement damage assessment tools. These studies have established that the
magnitudes of dynamic tire loads are directly influenced by the vehicular vibration modes
associated with the vertical and pitch motion of the sprung and unsprung masses. Many
studies have concluded that the dynamic tire loads are strongly dependent upon vehicle
and axle configurations, inertial and geometric properties of the vehicle, spe=d, road

roughness, and suspension and tire properties.

Laboratory simulation of vehicle service stress was carried out by deriving
synthesized random displacements based on the knowledge of road surface undulations.
Laboratory evaluations of dynamic tire forces necessitate an accurate generation of road
profile in the laboratory [81]. It has been shown that road displacement can be derived
from the spectral density evaluated from a single traverse along the road [76]. Hu {75]
stressed that correct regeneration of road undulation is significant for laboratory analyses
of dynamic tire forces, and suggested that a standard vehicle configuration in conjunction
with realistic and consistent levels of excitation must be established to determine the

suspension performance related to the tire 'oads.
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Misoi et al [14, 15] investigated the road corrugation preblem in view of vehicle
dynamics and wheel-soil interactions. The effect of a developing road corrugation on the
dynamics of a single DOF tire model was discussed based on a sinusoidal corrugation
profile, and the study suggested that poorly damped vehicles should be avoided. The study
further described the corrugation creation and their relation to soil properties and
environmental effects such as rainfall. Pavement types, the mechanisms related to
pavement deterioration and the roie of environmental factors have been described in a US

Depariment of Transportation study by Jackson [77].

The design of pavement structures, the role of traffic loads, vehicle configuration
and static loads have been described by Mahoney [78]. The study proposed that the
pavement design should be based on the concept of Equivalent Single Axle Loads (ESAL)

rather than on economics, and/or local practices and materials.

The dynamic load coefficient (DLC), defined as the ratio of the RMS tire force to the
mean tire force, has been most widely used to assess the effect of tire loads on the
pavement damage. Many studies have reported that the DLC increases with the increasing
road roughness, speed, tire inflation pressure and suspension stiffhess [19,79], while the
influence of roll mass moment of inertia of sprung and unsprung masses, roll center height,
auxiliary roll stiffness, lateral suspension spread, track width, and cornering and

longitudinal stiffness of tires, on the DLC is found to be relatively insignificant [80].

The pavement-vehicle interactions have been investigated through road tests and
analysis of various vehicle models. An experimental study conducted to evaluate the
interactions between dynamic axle loads of heavy vehicles and pavement roughness,
concluded that there is no unique pavement statistic providing the best fit between

pavement roughness and the dynamic axle load variatious over the range of test vehicle

14



speeds [81]. Todd et al [16] evaluated the vehicle ride quality and tire forces using a
quarter truck (2 DOF), half single unit truck (4 DOF) and half tractor-semitrailer (9 DOF)
models. The study investigated the correlation between the results obtained using the
different models but did not address the influence of vehicle design parameters on the ride

quality and tire dynamic forces.

A comprehensive study on tire generated road damage and its relation to vehicle
design was reported in [17]. The effect of truck suspension on pavement response was
evaluated using a truck simulation package VESYM [82] in conjunction with a flexible
pavement simulation package FESYS [83]. The analysis dealt mostly with passive
suspensions and the effects of variations in damping and stiffness properties. The analysis
was carried out based on the dynamic load coefficient (DLC) and present serviceability
index (PS/). The performance characteristics of an artive suspension scheme, based upon
feedback from the tire forces, were also compared to those of a passive suspension. The
study further mentioned the difficulties, related to tire forces measurement, in practical
implementation of the scheme. The effects of suspension systems on other performance
aspects, such as suspensions rattle space requirements, ride quality and cargo safety were

not addressed.

From the iwruck manufacturer's view point, suspensions and tires were identified as
the most important elements in the design process, when pavement life is to be taken into
account {84]. Experimental studies [85] have confirmed that heavy vehicle suspensions
can impose high dynamic loads on road surfaces and that the magnitudes of these loads
vary considerably from one type of suspension to another. A reliable methodology to
assess the pavement failure, however, does not yet exist due to the complex dynamics
associated with the wheel-road interactions and the pavement structures. Although,

considerable efforts have been made to derive assessment tools, the agreement between
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theory and experiment is often unsatisfactory [86]. Concerns on the validity of the Fourth
Power law, variations in the vehicle configurations, and climatic effects are some of the
complicating factors that can result in underestimating pavement fatigue lives by a factor
of 100 [86-88]. The damage caused by dynamic wheel loads is thus considered to be an
area of high uncertainty [19]. It has been proposed, therefore, that various vehicle
configurations should be classified based on the magnitudes of tire forces, represented by

the dynamic load coefficients to assess their road damage potentials.

1.3 SCOPE OF THE THESIS

The overall objective of this thesis research is to contribute towards enhancement of
driver- and road-friendliness of articulated freight vehicles through design of optimal active
and passive suspension systems. The specific objective of the thesis research is to carry out
an analytical investigation of passive and active suspension systems for articulated freight
vehicles to achieve an improved compromise among the various conflicting design
requirements identified in the previous section. The suspension systems are analyzed and
optimized in view of a performance criteria comprising ride quality, cargo safety,
suspension rattle space, and dynamic tire forces. Active suspension systems are further
formulated to achieve a fail-safe design based on limited-state measurements, to reduce
their associated cost and complexity, and to enhance their reliability. The particular

objectives of the study are:

1. To develop a comprehensive mathematical mode!, for the most commonly used
heavy vehicle configuration, to investigate the performance characteristics of

suspension systems through computer simulation.
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10.

1.

1.3.1

To incorporate realistic stochastic road undulation and time delay in the model
development.

To formulate a performance index to assess different conflicting design
requirements, such as ride quality, cargo safety, rattle space and dynamic tire
forces.

To investigate the influence of stiffness and damping properties of a passive
suspension on the vehicle performance characteristics i sing covariance analysis and
frequency domain techniques.

To select "optimal" passive suspension stiffness and damping parameters to ensure
a compromise among all the design objectives.

To formulate an ideal fail-safe active suspension scheme for the heavy vehicles.

To investigate the effects of variations in the actuator power supply, and variations
in the stiffness and damping properties of the active suspension on the performance
characteristics of the vehicle.

To select controller feedback gains and passive suspension properties to ensure a
fail-safe and optimum performance of the active suspension system.,

To develop a realistic active suspension control scheme that incorporates limited-
state measurements and sensor noise in the design.

To assess the effects of sensor noise and limited-state measurement on the
performance characteristics of the actively suspended heavy vehicle.

To investigate the effects of passive and active suspension schemes and vehicle

parameter variations on the tire dynamic forces.

Layout of the Thesis

In Chapter 2, the most commonly used vehicle configuration is identified from the
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reported survey on heavy vehicle population. A representative ride dynamic model of an
articulated freight vehicle is formulated with an objective to assess the suspension system
performance criteria comprising: ride quality, cargo safety, rattle space requirements and
dynamic tire forces. The randomly distributed road roughness is characterized, and the
time delays between the consecutive wheel-road contact points are incorporated using

Padé approximation.

In Chapter 3, an "optimum" passive suspension is developed for the heavy vehicle. A
performance criteria is formulated to assess the performance characteristics related to ride
quality, cargo safety, rattle space requirements and dynamic tire forces. The validity of the
mathematical vehicle model is asserted by comparing the analytical frequency response
with the road measured data. A sensitivity analysis, based upon the covariance matrix of
the state vector, is performed to select optimal suspension parameters. The method is quite
efficient and specifically well suited for multi-parameter design optimization. The
covariance matrix is employed to yield mean square values of the various performance
indices, such as tractor and semitrailer bounce and pitch accelerations, suspension
deflections, and dynamic tire loads. The effects of varying the damping and stiffness
properties of the suspension on the frequency response characteristics are further

investigated to verify the conclusions drawn from the covariance analysis.

In Chapter 4, Linear Quadratic Gaussian (LQG) control technique is employed to
design an ideal active suspension scheme based on full-state feedback. The idzal active
suspension scheme is formulated to minimize a quadratic performance measure that
includes ride quality, cargo safety, suspension and tire dynamic deflections, and power
requirements. The active suspension suggested is a parallel combination of passive
elements and a feedback controlled force generator. Although an active suspension is

often designed without the passive elements, the presence of the passive components
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yields a fail-safe active suspension design that reduces the power requirements and
enhances the reliability. While the design aspects are briefly addressed, the performance
characteristics of the ideal active suspension are compared to those of the "optimum"

passive suspension to determine their potential performance benefits.

In view of the extensive hardware and signal processing requirements, high cost and
poor refiability of a full-state feedback active suspension design, a thorough analysis of a
more realistic active suspension scheme, based on H, synthesis, is undertaken in Chapter
5. The assumption of full and perfect measurement of the states is relaxed in the design of
the A, active suspension. The proposed active suspension system is analytically formulated
incorporating the sensor signal noise in the output equation. A Kalman filter is
incorporated to derive an optimum estimate of all the state variables. Two suspension
schemes based upon limited-state measurements are investigated and the relevant design
aspects such as actuator size, measurement noise intensity and its effect on the
performance are addressed. The performance characteristics of the proposed suspension
designs are compared to those of the full-state active suspension and the "optimum"

passive suspension systems.

Chapter 6 presents a comprehensive investigation of the effects of the passive and
various active suspension schemes on the dynamic tire forces. Road friendliness of heavy
vehicles is assessed in terms of the DLC. Effects of the restoring and dissipative properties
of the suspensions, road roughness, vehicle velocity, tire stiffness, semitrailer axle spacing

and loading patterns are also investigated in view of DLC.

Finally, the conclusions and recommendations for future work are presented in

Chapter 7.
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CHAPTER 2

VEHICLE MODEL AND ROAD
CHARACTERIZATION

2.1 INTRODUCTION

A study of ride dynamics and pavement interaction of a freight vehicle involves
development or selection of a representative dynamic model that closely describes the
vehicle behavior. Many analytical and experimental studies on vehicle ride have been
reported in the literature. The primary objectives of these studies, in general, include
assessment of vehicle nde quality, performance of different vehicle suspensions, cargo
vibrations, etc. Ride dynamic models of articulated freight vehicles, reported in the
literature vary from a simple two-dimensional 3 degrees-of-freedom (DOF) to a
comprehensive three-dimensional 19 DOF models [1-3]. In recent years, these analytical
models have been further employed to study the dynamic wheel loads transmitted to the
pavement [4-7]. Various studies on dynamic ride and vehicle-pavement interactions have
concluded that contributions of the roll-plane dynamics of highway wvehicles are
insignificant [8]. The vehicle ride quality and the dynamic wheel loads are strongly related
to the pitch and vertical deflection modes of the sprung and unsprung masses. An analogy

between the vehicle ride and pavement interactions has been further derived based on their



strong dependence upon the vehicle vibration modes [9,10]. Results of these studies have

demonstrated that in-plane models can predict the ride dynamic behavior reasonably well.

Although vehicle models with large number ¢f DOF provide comprehensive insight
into the dynamic behavior of the vehicle, in-plane vehicle models with reduced DOF are
known to yield reasonably accurate estimate of dynamics associated with vehicle ride and
vehicle-pavement interaction. Vehicle models of reduced size are particularly desirable
when optimization studies need to be performed. In this study, an articulated freight
vehicle is characterized by a 9 DOF dynamical system, while negiecting the contributions
due to roll dynamics. Freight vehicle vibration primarily originate at the tire-road interface,
and hence the ride behavior of the vehicle is greatly influenced by the highway profile.
While a qualitative analysis of the ride performance of vehicle suspensions may be
conveniently carried out using simplistic sinusoidal representation of the road profile, a
comprehensive road characterization is necessary to closely predict the vehicle ride
response to realistic road profiles. An analytical characterization of the randomly irregular
road surface is, thus, undertaken to analyze the ride and pavement load response

characteristics in a quantitative manner.

2.2 BASELINE MODEL OF A HEAVY VEHICLE

A large number of commercial vehicle configurations, such as straight trucks,
tractor-semitrailers, tractor-trailers and B-trains are used in highway transportation of
freight. The percentage population of various vehicle combinations used across Canada is
summarized in Table 2.1 [11]. The results of the survey, presented in the table, reveal that
approximately 77% of all heavy vehicles operating in Canada are tractor-semitrailers with
a tandem or tri-axle semitrailer. In this study, a tractor-semitrailer is selected as the

candidate vehicle for model development and analysis. The DOF of the analytical model
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directly relate to its complexity and ability to predict the dynamic response. The DOF and
thus the complexity of the model is surther related to the objectives of the analysis. Four
primary concerns that evolve from suspension design formulate the objectives for the
performance analysis, which include: (i) the level of vibration perceived by the
passenger/driver, which can be related to the acceleration response at the tractor center of
gravity (CG) [12-14]; (i) cargo safety, which can be related to the bounce and pitch
accelerations at the semitrailer CG; (iii) suspension deflections, which are indication of the
working or rattle space requirements [15]; and (iv) tire deflections, which are an indication
of the severity of forces transmitted to the roads [14,16]. A tractor-semitrailer model that
is not very complex but realistic enough to allow for the study of these aspects can be
represented by an in-plane 9 DOF dynamic model, as shown in Figure 2.1. This model
allows for the study of the tractor and semitrailer motions as well as the suspension and

tire deflections, while neglecting contributions due to roll dynamics.

The model comprises the tractor and semitrailer sprung masses each with bounce
and pitch DOF. Assuming rigid cab mounts, the cab and chassis of the tractor are lumped
together and represented by the sprung mass m,,. The tractor is, thus, represented by a
planar rigid body supported by three axle suspensions, as shown. Assuming the cargo is
rigidly attached, the semitrailer is modeled by a planar rigid body m,, and is assumed to
have two independent axles. The drive and semitrailer axles are represented by
independent axle suspensions assuming that the couplings contribute primarily to the
higher frequency vibration. Furthermore, the independent axle suspension representation
closely relates to current tridem configurations of the semitrailer. Since the modern trends
in freight transportation are inclined towards tridem and quad-axle semitrailers, the
proposed analytical model can be effectively used to characterize these configurations. The
lumped unsprung mass of each wheel and axle assembly is represented by m,, with only

vertical DOF. Each axle suspension is represented by a linear spring and a viscous damper
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in parallel. These passive elements will be supplemented by active actuators when dealing
with active suspensions. The vertical compliance of the fifth wheel is modeled as a parallel
combination of a spring and a damper constrained to move along the vertical direction.
The elastic property of each tire is characterized by a linear stiffness element, X, assuming
point contact with the road and negligible wheel hop motion. The suspension stifiness and
damping elements as well as the tire stiffness coefficients are assumed to be linear.
Although passive vehicle suspension, invariably, exhibit progressively hardening force-
deflection and variabie force-velocity properties, the linear suspension parameters yield
significant insight into vehicle response behavior with relatively simple analysis. The
tractor and semitrailer pitch motions are assumed to be small and hence first order
approximations are considered for the derivation of the equations of motion. The
numerical parameters for the baseline model, along with the range of values for the
suspension stiffness and damping rates, are listed in Table 2.2 {6,11]. Freight vehicles
employ different designs of vehicle suspension with varying values of equivalent stiffness
and damping coefficients. Published studies on suspension parameters are reviewed to
identify the ranges of suspension parameters listed in Table 2.2. The identified ranges of
suspension parameters serve as a guideline for selection of optimal parameters presented

in the following chapter.

The effects of the frame bending are neglected assuming that the corresponding
motions imposed on the axles are quite small relative to motions caused by the sprung and
unsprung mass rigid body vibration. Although the frame bending vibration of a semitrailer
are known to be significant, the location of suspensions near the nodes diminishes their

contributions [17-21].
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Table 2.1 Percent population of the various heavy vehicle combinations present in various

centers across Canada [11]

Iehicle Combination || Vancouver | Calgary Winnipeg Toronto Montreal t  Monition
Tractor-semitrailer 60 80 60 70 90 98
A-Doubles 32 8 25 8 1
B-Doubles 8 10 14 5 2 1
C-Doubles 0 <2 <1 <1 <] 0
Triples 0 <1 <1 0 <1 0
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Table 2.2 List of parameters for the baseline model along with ranges of suspension

parameters [6,11].
{Based on half-a-vehicle)

Description of the Parameter

Parameter Value/Range

Tractor mass {m ;) 2,000.0 kg
Tractor pitch moment of inertia (/,,)) 10,000.0 kg.m?
Tractor front tire and axle assembly mass (m,;) 270.0 kg
Tractor leading rear tire and axle assembly mass (m, ;) 520.0 kg
Tractor trailing rear tire and axle assembly mass (m,,,) 520.0 kg
Semitrailer mass (m;,) 14.000.0 kg
Semitrailer pitch moment of inertia (/) 300,000.0 kg.m?
Semitrailer leading tire and axle assembly mass (m,,;) 340.0 kg
Semitrailer trailing lire and axle assembly mass (m,,;) 340.0 kg

Tractor front suspension stiffness (K})

10,000.0 to 510,000.0 N/m

Tractor front suspension damping coefficient (C))

9,000.0 to 59,000 N.s/m

Tractor leading rear axle suspension stifiness (X ;)

10,000.0 to 510,000.0 N/m

Tractor leading rear axle suspension damping coefficient (C,)

9,000.0 10 59,000 N.s/m

Tractor trailing rear axle suspension stiffness (K,) 10,000.0 to 510,020.6 N/m
Travtor trailing rear axle suspension damping coefficient (C,) 9,000.0 to 59,000 N.s/m
Semitrailer leading axle suspension stiffness (K;) 10,000.0 to 510,000.0 N/m
Semitrailer leading axle suspension damping coefficient (C;) 9,000.0 to 59,000.0 N.s/m
Semitrailer trailing axle suspension stiffness (K ;) 10,000.0 to 510,000.0 N/m
Semitrailer trailing axle suspension damping coefficient (C;) 9,000.0 10 59,000.0 N.s/m
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Table 2.2 Continued...

Description of the parameter

Parameter Value/Range

Tractor front tire stiffness (X,,) 788,000.0 N/m
Tractor leading rear axle tire stiffness (X,,) 1,576,000.0 N/m
Tractor trailing rear axle tire stiffness (X,,) 1,576,0600.0 N/mn

Semitrailer leading axle tire stiffness (K, ;)

1,576,000.0 N/m

Semitrailer trailing axle tire stiffness (X ;)

1,576,000.0 N/m

Fifth wheel stiffness () 20,000,000.0 Nin
Fifth wheel damping coefficient (C} 200,000.0 N.s/m
Distance from tractor CG to tractor steer axle (4,) 1.5m
Distance from tractor CG to tractor first drive axle (B)) 28m
Distance from tractor CG to tractor second drive axle (B ) 4.5m
Distance from tractor CG to fifth wheel (B) 30m
Distance from semitrailer CG to fifih wheel (4,) 6.0m
Distance from semitrailer CG to semitrailer first axle (B,) 56m
Distance from semitrailer CG to semitrailer second axle (B P 6.8 m
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2.2.1 Equations of Motion

Assuming linear behavior of all elements and small angular displacements, the
following set of second order coupled differential equations characterizing the ride

dynamics of the baseline vehicle model are obtained,

Vertical motion of the tractor sprung mass:

m,F, +
C\(F, + A, —F, )+ Co( 2, ~ By —F, ~ B, ~i, ) £ Cy(F, ~Byfy —F, — A, )+ 21D
K.(r,+Ar,-r,)+K,(2r, =By, -r, =B,r, -1, ) +K;(r, ~Bir, —r, = A,r,)
=0

Pitch motion of the tractor sprung mass:
1.7 +C A, (F, +AF, =% )+C,[B(F, —BF, —F )+ .16)
BZ(’;.' _Bzfz _’;7)] '“CsBs(’:.r _Bs’::’ _’:3 _A.?’:J) + ‘
KA (r,+Ar, —r )+ K, [B(r, =B, =1, ) +
By(ry =By, =1, )] =K By(r, =Byt =1, Ay, ) =0

Vertical motion of the semitrailer sprung mass:
m,Fb; +

; .. s . . . . (2.1c)

Ci(¥, —Byf, =Fy +7; =B, =1, ) + C(F; + A, —F, +BjF, ) +
K,(r,—By,—r,+r,~By,~r, )+ K (r; + Ay, —r, +B;r, ) =0

Pitch motion of the semitrailer sprung mass:
1.7, —C.[B,(F, =B;F, —F, ) +B,(¥, —-BJF, ~V¥, ) ] + @.1d)

C A (F, + AF, -7, +B, )~ K, [ By(r; =By, —ry ) +
B(r,—By,—r, )] +K A (r, + Ay, —r, +B,r,) =0
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Verucal motion of axle 1;

mFs+C(f~F = Ar )+ K (r,—r, - A, )+ K r; = K, \q,

Vertical motion of axle 2:

mF +Co(Fg—F + Bl )+ Ky (r,—r,+ B, )+ K1, = K, 4,

Vertical motion of axle 3:

m 5 +Co(F, —F + Bty j+ Ky (r, =1, +Byr, )+ K o1, =K g,

Vertical motion of axle 4:

m iy +Ci(Fy—F, + B, )+ K (r,—r,+Byr, )+ K .5, = K g,

Vertical motion of axle 5:

m 5, +C.(F —F, +BF )+ K (1, —r, +Br )+ K 1, =K .4,
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2.3 DESCRIPTION OF ROAD UNDULATIONS

The ride vibrations of a road vehicle, primarily, originate from the random road
undulations. The vehicle ride and dvaamic wheel load response characteristics are directly
related to the road roughness. The evaluation of the vehicle suspension performance thus

necessitates a description of the road roughness.

Road roughness, characterizing the random deviations in road elevation resulting
from practical limits on precision to which the road surface can be constructed and
maintained, acts as a vertical displacement excitation to the wheel and tire assemblies,
resulting in highly complex vibration of the vehicle. It has been established that road
profiles, described by stationary Gaussian random functions with zero mean, can be
mathematically characterized by their PSD [22]. These excitations are, evidently,
dependent on the road roughness and the vehicle speed v. Road irregularities can be
characterized in terms of the temporal angular frequency o by a single sided power

spectral density, @,, of the form [23]:

)_ 2(11-’0"2

¢ () =—"2
"’V +w’)

q

(2.2)

where a is a coefficient that depends on the roughness of road irregularities and o ? is the
variance of road irregularities. Table 2.3 illustrates the values of @ and o for asphalt and

concrete highways [23].

37



Table 2.3 Roughness parameters for asphalt and concrete roads [23].

Type of road & (1/m) o(m)

Asphalt (smooth) 0.15 0.0033
Concrete (medium rough) 0.20 0.0056
Concrete (rough) 0.40 0.0120

EQ (2.2) yields a reasonably good appreximation of the actual road spectra as
illustrated in Figure 2.2. The spatial displacement spectral densities, @€J), of various
measured road profiles [24] are compared to those derived from EQ (2.2). The spatiai
displacement PSD and spatial frequency {2 (//m) are related to the temporal PSD and

temporal frequency @ (rad’s) in the following manner:

P (w)=—-2, and w=Rv (2.3)

The temporal PSD of the elevation of the three different roads are shown in Figure
2.3. The PSD of road elevation tends to increase with increase in vehicle speed Seyond a
certain frequency that depends on the road type. While the PSD of road profiles is strongly
dependent upon road type and vehicle speed, the magnitude of the PSD, in general,
decreases considerably at higher frequencies. The road profiles exhibit larger deviations
corresponding to low frequencies or long wavelengths, and the magnitude of deviations

decreases significantly corresponding to short wavelengths.
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2.3.1 Synthesis of Road Roughness

While ali the wheel-road contact points of a multiple wheeled vehicle are subject to
identical road profile, the cross-correlation among the inputs is dependent upon the time
lapses between the various tire-road contact points. The road roughness model is tlus
formulated with appropriate consideration of the time delays between the first and
subsequent tire-road contact points. This can be accomplished by expressing the input at
the first wheel in a state space format and representing the time delay between subsequent
inputs by Padé approximation. The resulting first order state space format of the road

excitation can be conveniently combined with the equations of motion of the vehicle,

The road roughness characterized by a stationary Gaussian random excitation, can
be realized from a white noise signal passed through a first order filter. The PSD of the

road excitation @,(«) at the first wheel can be generated by passing a white noise process,

& with covariance E[&1)&r)] =2avo’ e - 1), through a first order filter of the form:

E

q, =-avg, +§&, (2.4)

where &y - «) is the Dirac delta function and q, is the road elevation at the first wheel.

A vehicle traversing a road is subjected to random road input at all the wheel-road
contact points. Assuming constant vehicle velocity and rigid pavement, the excitation at
the second tire-road contact point is identical to that encountered at the first contact point
with the exception of the time delay, which is related to the vehicle speed. The roughness

excitation encountered at the subsequent contact points may thus be expressed as:
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g,s)=e Mg, n=2..5 (2.5)

where 4, is the time delay between the first and the »" wheel. The time delay can be
represented by a first order Padé approximation. The transfer function of the first order

Padé approximation is given in the frequency domain by [25]:

G _ st o, 2-A,s

4, 21 A5 (2.6)

The road roughness encountered at the »* tire-road contact point can, thus, be

derived from the following:

S I
G, ==, +A—(q, ~4,) 2.7)

n

where ¢, is given by EQ (2.4). For the five-wheeled vehicle considered in this study, the

tire-road excitation can be expressed in the following matrix from:

- - - — - - o

q, -av 0 0 0 0 |g 1
g,| 'av+2/4, -2/4, 0 0 0 |lg,| |-/
g, |=|av+2/4, 0  -2/4, 0 0 |q, i+ -1 (2.8)
g,| lav+2/4, 0 0 =204, 0 |q.| |~
g; | av+2/4; 0 0 0 2/4,)q;] |-
or:
§=Agq+B¢ (2.9)

where A, € R 3+ and B, € R~ In the absence of correlation between the road

disturbance signals at the different tire-road contact points, the matrices A, and B, are
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expressed as:

A,=-aul, and B =1 (2.10)

where 1 is the identity matrix. Moreover a vector of five time-delayed white noise inputs,

&°, will replace the single white noise input &

E={E, & & 8 &Y @.11)
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2.4 SUMMARY

The candidate vehicle, a tractor-semitrailer, is characterized by a 9 DOF dynamic
model to investigate the ride behavior and road load performance characteristics of the
suspension system. The baseline parameters for the vehicle model are proposed and the
equations of motion are derived in the vertical-pitch plane. The road roughness is
characterized by a white noise process passed through a first-order filter. The time delays
between various tire-road contact points are accounted for by using a first order Padé
approximation. The analytical model of the veliicle and the road roughness will be utilized

to study the performance of passive and active suspensions in the following chapters.
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CHAPTER 3

PASSIVE SUSPENSION DESIGN AND
OPTIMIZATION

3.1 INTRODUCTION

Design of a passive suspension for a heavy vehicle requires careful choice of the
suspension parameters, namely the stiffness and damping properties, to achieve a
compromise between the ride, handling and control performance characteristics. A rather
extenstve body of literature has been published on the ride quality and cargo safety aspects
of tractor-semitrailers. A soft and adequately damped suspension yields good ride quality
with larger suspension deflection and reduced effective roll stiffness. Alternatively, a stiffer
suspension, yields good roll stability and control performance with poor ride quality and
reduced suspension deflection. The suspension design further influences the characteristics
of the dynamic wheel loads transmittec to the pavement, which contribute to premature
pavement fatigue and rut formation. Design of vehicle suspension, thus, involves a
compromise among different conflicting requirements including good ride quality,
suspension travel, good roll stability and low dynamic forces transmitted to the pavement.
These performance characteristics are strongly related to. vehicle configuration, vehicle

weights and dimensions, road roughness, speed, and suspension and tire properties. Since



the vehicle weights and dimensions are selected based on the road laws and economic
aspects of freight transportation, the suspension and tire properties have been the primary

design focus to enhance the vehicle performance.

While the roll stability of a vehicle is related to its roll stiffness, the vehicle ride
quality and dynamic wheel loads are refated to the restoring and damping properties of the
suspensions and tires. The roll dynamics of the vehicle yield only minimal contribution to
the ride quality and wheel load performance of the vehicle. The performance
characteristics related to vehicle ride quality, suspension deflection, and pavement joads
are thus directly related to the vertical and pitch vibration modes of the vehicle. These

vibration modes of the vehicle are strongly dependent upon the suspension design,

Suspension tuning to achieve an "optimum" performance can be accomplished
through the study of the frequency response of each of the design criteria for varying
suspension parameters. While such a design approach involves simple analyses, it tends to
be extremely tedious and cumbersome, specifically when many design variables and
performance requirements are considered. Alternatively, optimum suspension parameters
may be selected from sensitivity analysis based upon the covariance matrix of the state
vector. The method is quite efficient and is specifically well suited for multi-parameter
design optimization. The covariance matrix is employed to yield mean square values of the
various performance indices, such as tractor and semitrailer bounce and pitch

accelerations, suspension deflections, and dynamic tire loads.

In this chapter, the covariance matrix of the state vector is formulated for the 9 DOF
in-plane model of the tractor-semitrailer derived in the previous chapter. A range of
suspension parameters is identified from the various database and published literature. The

analyses are performed to derive the performance indices for variations in the suspension
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parameters. The mean suspension performance, characterized by the mean square values of
each component of the performance index is evaluated through the covariance matrix. The
mean square values of the performance indices are presented in a graphical form for easy
interpretation. The analytical vehicle model is validated using the road measured data and
an extensive frequency response analysis is performed to validate the conclusions drawn

from the covariance analysis.

3.2 STATE SPACE FORMULATION

The coupled differential equations of motion for the nine-DOF vehicle model,

developed in Chapter 2, can be expressed in the matrix form:
Mi+Ci+Kr=K.q (3.1)

where M, C and K_, are (9.x9) mass, damping and stiffness matrices, respectively. K, is a
(9x5) tire stiffness matrix. r and q are (9x/) and (5x/) vectors of generalized

coordinates and road excitations, respectively.

The equations of motion may be expressed 1 the first order state-space form by

defining the new state vector y, as:

.vy—{r} (3.2)

The dynamics of the tractor-semitrailer can thus be described by the first order

matrix equation:
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y(t)=Ay +Bg (3.3)

where,

M M -
A = M7C -M"K, and B, = MK, (3.4}
* 1 0 ’ 0

and 1 is a (2x9) identity matrix.
Since ¢ is a vector of stationary Gaussian random road excitation, derived from a

white noise process with covariance E[&n)é&n]= 2avp’Si- » and a first order filter, as

described in Chapter 2:
6j’=Aqq +Bq§ (3.5)

EQ (3.3) can be combined with the road excitation EQ (3.5) to yield the following

augmented state-space form:
X=Ax+B¢& (3.6)

where,

|y, _ Ay By _ 0
x_{q},A—{o qul' and B,—[Bq (3.7)

where x is the (23 x/) augmented state vector given by:
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!

x= [r,,rz...,rp,r,,rz...,rp,qi,qz,qs,gwqj]

where - ' » designates the transpose. 4, € R -2 is the system dynamics matrix and B, €

R 2341 is the excitation disturbance vector.

3.3 PERFORMANCE INDEX

The performance index, in general, is selected to reflect specific design objectives.
For the candidate vehicle considered m this study, the suspension design objectives
include: ride quality, cargo safety, rattle space requirements and dynamic tire forces. The
vehicle ride quality is known to be a complex function of driver's work station design,
placement of controls, visual displeys, cab temperature, driver seat and cabin noise and
vibration environment. While the ride quality related to work station design is frequently
assessed using subjeciive rankings, many objective methods have been developed to assess
the ride quality related to noise and vibration environment. Since the suspension design
primarily determines the whole-body vibration environment of the driver's compartment,
the ride quality related to vehicle vibration is addressed in this study. Although ride quality
related 0 vehicle vibration is assessed using the weighting filters representing the human
response to vibration [1], a relative measure of vehicle ride quality can be conveniently

derived from the vertical (z,) and pitch (z,) acceleration responses.

The cargo safety is primarily related to the vibration levels transmitted to the cargo,
while the cargo placement and attachment play a secondary role. The performance index
related to cargo safety can thus be expressed in terms of vertical (z;) and pitch (z,)

acceleration response of the semitrailer.
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The relative deflections across the axle suspensions (zs, 24, 25, 24, Z) determine the
rattle space requirements for the suspension system. The relative deflections across the tire
elements (2,4, 2z}, 2,5 Z;3 Z;,) directly relate to the dynamic forces transmitted to the
pavements. The pavement fatigue and rut formation, attributed to heavy vehicle dynamic
loads, is thus related to the tire deflections. The performance index, therefore, includes the

square of the following response variable;

z,= Tractor bounce acceleration (¥),
z,= Tractor pitch acceleration (F,),

7= Semitrailer bounce acceleration (#}),
z,= Semitrailer pitch acceleration (#,),

z,toz, = Suspension deflections,

2,,to z,, = Tire deflections.

From the equations of motion, EG (2.1), these performance variables can be related

to the components of the augmented state vector as follows:

z, == [C,(x, +Ax, —x; ) +C,( 2%, = Bx, ~x; =Byx, =%, ) +

(3.8a)
Clx, =Bsx, —x; —Ayx, )+ K, (x)0 + A%, =%, ) +
K, (2%, =Bx;;, —x;5 —Byx), — x5 ) + K (%, —Bsx;; =X, _Azxn)]’/ my
2, =~ [CA(x, +Ax, =x, ) +Co [ Bi(x, —Byx, —X; ) + 3.86)
B(x, —B,x,—x,)]—CB(x; = Bsx, ~x, - Ax, )+
KA (x,+Ax,—x. - K, [B/(x,y—Bx;, =x;5)+
Bz(xro _Bzxn ' -:5)] _Kst(x:o '_Bsxu X Al’le)]/]yl
2y = — [Cy(x; —Byx, —xy +x5 —Bx, =%, )+ Cs(X; + A%, =%, + Byx; ) + (380

Kyf(xpy=Byx;s =X, %5 =B,y =X, )+ K%, # A5 =0+ Byx, )]/ my
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2y = ‘{—Cs[Bj(xs ~Byx, ~x; )+ B,(x; -Bx, ~x,) ] +

(3.8d)
C A, (%, +Ayx, —x, +Bsx, )-K [ Bo(x,, —Byx)5 =%, ) +
B,(x,, = Bx;; =X, )] + K Ay( %, + Ayx,; =X, + B, )]/ 1,
z, =X, +Ax, —x, (3.8¢)
z, =x,, = Bx;, —x;; (3.8f)
Z, =X, —B,x;, — X, (3.8g)
z, =%, - Bx;; —x,; (3.8h)
z, =X, —B,x,;; =X, (3.81)
2 =X, =X (3.8p)
2, TX;; ~ Xy (3.8k)
Zpp =Xy T Xy (3.8)
Z), =X, — X {3.8m)
(3.8n)

iy = Xpg Xy

The performance variables, z's, may be related to the state vector x in the followin
p ' Y g

manner:

z=Cx (3.9)

where z is the vector of performance variables, and C,, € & 7<% is the state-to-
performarce variables transformation matrix. The performance index can, thus, be written

as.

Tow

J:limE{

jar (E‘y‘zrz]dt} (3.10)
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Alternatively,

w0 - 07z
P P ES N
SIS M W U | R S e
6 0 Hie L 21

Where f_) =Diag[,u Y70 Ty 1§ 4] and u's are weighting factors. Upon substituting for z

in terms of the state vector x, EQ (3.9), the performance index can be expressed as:

J =lim E{Ex c/ QC,xdt} (3.12)

3.3.7 Evaluation of Performance Indices

EQ (3.6) is formulated to determine the vehicle response to random road
excitations. The performance characteristics of the vehicle suspension are then examined
using the performance index formulated in section 3.3. The resulting performance index J
is strongly dependent upon the selected weighting factors u's. The optimum solution
necessitates selection of appropriate weighting factors for each performance variable. The
selection of weighting factors, however, is quite complex due to excessive variations in the
magnitudes of different performance variables. For instance, the mean square values of
the tire deflections (z,, to z,, ) are normally small when compared to those of the
suspension deflections, and bounce and pitch accelerations of the vehicle. The
performance variables representing the tire deflections thus need to be heavily weighted in
order to reflect their contribution to the overall performance index J. The performance

index, described by EQ (3.12), comprises the weighted mean square response of 14
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performance variables, which represents the combined desired performance objectives of
the suspension system. The overall performance index thus can not accurately describe the
characteristics of each performance variable due to its dependence upon the selected
weighting factors #'s. In view of the complexities associated with selection of appropriate
weighting factors, it is desirable to examine each performance variable independent of the

others to derive the optimum suspension parameters.

The influence of variations in suspension design variables on each of the
performance variables can then be investigated, while eliminating the complexities
associated with the selection of weighting factors. The weighting factors are thus selected
to be unity and the overall performance index J is represented by its 14 variants (J,;, i=/

to 14) characterizing the performance associated with each variable z;.

3.4 COVARIANCE ANALYSIS

The steady-state mean square response of the passively suspended vehicle model can
be described by the covariance matrix X of the state vector x(2). The covariance matrix X
depends on the system dynamic matrix A4, the excitation vector B, and the covariance of
the disturbance & The covariance matrix is derived from the solution of the following

Lyapunov equation [2,3]:
AX +XA'+2avp’ BB/ =0 (3.13)

The performance index can then be expressed in terms of the covariance matrix X

and the transformation matrix C,, in the following manner [2]

J =Tr(XC;QC,) (3.14)
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Where 7r denotes the trace. The performance index J represents the weighted sum of
mean square contributions of all the penalized variables. The contributions of each

performance variable, however, can be determined from:
J.=p E(z:2) (3.15)

Upon combining EQ (3.15) with the state-to-performance variables transformation, EQ
(3.9), the contribution of the above penalized variable to the performance index is

computed from:

2
23
J, =p,.E|:2C,(i.j)xj] (3.16)
J=!
which can be rewritten as:
23 23
J =,UIZZ[C,(i,m)C,(i,n)]E(x(m)x(n)) (3.17)
m=in=]

In the above equation, the expected value E(xmxm)) is the element X(m,n} of the
covariance matrix X. The performance index can thus be described in terms of the

elements of the covariance matrix:

23 23

J, =;1,ZZ[C,(i,m)C,(i.n)]X(M.n) (3.18)

m=} n={

Once the covariance matrix X is determined, the above equation is used to evaluate

the components of the performance index ( J,, i=/ to /4). Since u's are selected to be
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unity, the elements of the performance index are simply unweighted mean squared values
of the performance variables. The components of the performance index are evaluated for

different suspension parameters to derive the optimum passive suspension design.

3.4.1 Ranges of Suspension Parameters

The passive vehicle suspensions employed in articulated freight vehicles exhibit
excessive variations in their stiffness and damping properties. The leaf- and rubber-spring
suspensions provide high stiffness, while the air-spring suspensions yield relatively low
stiffness. The lcaf-spring suspenc” - wrovides energy dissipation through inter-layer
friction and the air-spring suspensicn utilizes additional shock absorbers to damp the
resonant oscillations. The range of stiffness and damping properties of different passive
suspension systems is identified from the published data and summarized in Table 2.2. The
suspension parameters are varied within this identified range, and EQ (3.18) is solved to
examine the influence of variations on various components of the performance index, J.. A
range of suspension parameters resulting in reduced mean square value is thus identified
for each performance variable. The static deflection requirements of the suspension are

also considered to arrive at a near optimum range of suspension parameters.

3.5 FREQUENCY DOMAIN ANALYSIS

The dynamic response characteristics of the linear vehicle model described in
Chapter 2 can be conveniently derived using the frequency domain analysis. The frequency
response characteristics of the passively suspended vehicle subjected to a random road
excitation directly relates to the ride dynamics, suspension deflections and tire loads
performance of the vehicle. Since the road excitations are assumed to be stationary and

Gaussian, the vector of system response variables z is also stationary and Gaussian [4-6].
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The power spectral density S. of the response variables is related to the frequency

response function and the PSD of the excitation {7]:

S(w)=HSH (3.19)

where * denotes the complex conjugate transpose, and H, € (7#-/, is the frequency response
function relating the excitation £ to the vector of system response variables z. The frequency
response function is evaluated from the Laplace transform of EQ (3.6) and (3.9) and is given
by:

H :{CI(SI -A4)" B,} (3.20)

C, is the transformation matrix as described in EQ (3.9), and A and B, are the system
dynamic matrix and excitation disturbance vector, respectively, as defined in EQ (3.7). Tis a

(23 x23) identity matrix and s is the Laplace operator.

S, is the auto spectral density of the white noise input excitation given by:

_2avo’ (3.21)

s

S

¥/

The diagonal elements of S{0) (S, € (74~¥) provide the spectral densities of the

output state z, described in section 3.3.
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3.6 EXPERIMENTAL VALIDATION OF THE
MATHEMATICAL MODEL

The validity of the mathematical vehicle model is asserted by comparing the
analytical and experimental frequency response characteristics of the selected variables.
The results of a road measurement study, undertaken by CONCAVE Research Centre [8],
are examined to validate the analytical model of the passively suspended vehicle. The test
vehicle consisted of a three-axle tractor and three-axle semitrailer, supplied by Canadian
Liguid Air Ltd. The tractor consisted of a tandem rear axle and a tilt cab-over-engine
configuration. The semitrailer was a "FRUEHAUF" box semitrailer with tandem axles at
the rear, and a self-steering belly axle. The semitrailer was loaded with bottles up to half of
the semitrailer height. The vehicle response data was acquired on major Quebec (20W and
40W) and Omtario (401W) highways at a constant forward speed of 90 km/h. The

parameters of the test vehicle are summarized in Table 3.1 [8].

A number of accelerometers were mounted to measure the vertical acceleration
response at the tractor axles, cab floor, and at the driver and passenger seat locations. A
tri-axial seat accelerometer was mounted on the seat cushion to measure the vertical,

lateral and longitudinal acceleration transmitted to the driver-seat interface.

The test vehicle is quite similar to that considered in this study with the exception of
the belly axle. While the dynamics of the belly axle is expected to make definite
contribution to the vehicle response, the analytical model can be validated in view of the
general trends in the response characteristics. Since the statistical properties of the test
road profiles are not known, the road undulations are derived from EQ (2.2) assuming
medium rough roads. The constants « and o, representing the road roughness, are thus

selected as;
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a=02m' and o= .0056m

In view of the different semitrailer and drive axle configurations, the measured
vertical acceleration response of the front axle and the tractor's sprung masses are
considered to examine the validity of the analytical model. Figure 3.1 illustrates a
comparison of the PSD of the model and measured acceleration response characteristics of
the unsprung mass of the front axle. The model and the measured response characteristics
show similar trends in the unsprung mass frequency and the corresponding magnitude.
While the simulation results reveal front axle resonance near 10.3 Hz, the measured data
exhibits resonance in the 12-15 Hz range. The magnitudes of model and measured
acceleration response characteristics corresponding to the resonant frequencies, however,
are comparable. The discrepancies in the resonant frequencies can be attributed to the
assumptions of linear stiffness and damping properties of the suspension, the lack of
couplings present in the tandem axle suspension, and lack of accurate description of the
road profile. The front axle suspension of the test vehicle was a ieaf-spring type
suspension, which yields progressively hardening spring characteristics, and non-linear

hysteritic properties.

Figure 3.2 illustrates a comparison of the acceleration response characteristics
derived at the tractor CG with those measured at the cab floor. The results reveal that the
model response correlates well with the measured data. The model acceleration response
reveals bounce and pitch resonance of the sprung mass near 1.9 and 2.5 Hz, respectively.
The bounce and pitch frequencies of the test vehicle derived from the measured response
are 2.0 and 3.1 Hz, respectively. The measured response also exhibits peaks near 7 and 10

Hz, which may be attributed to frame bending mode and axle resonance,
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Table 3.1 Test vehicle parameters [8].

¥

Description of vehicle parameter

Parameter value

Tractor mass (tractor, cab and seat) 4,825.0 kg
Tractor pitch mass moment of inertia 24,735.0 kg.m?
Tractor front tire and axle assembly mass 544.0 kg
Tractor leading rear tire and axle assembly mass 1,136.0 kg
Tractor trailing rear tire and axle assembly mass 1,136.0 kg
Semitrailer mass 37,364.0 kg
Semitrailer pitch mass moment of inertia 741,525.0 kg.m?
Semitrailer leading tire and axle assembly mass 1,032.0 kg
Semitrailer trailing tire and axle assembly mass 1,032.0 kg

Tractor front suspension stiffness

465,300.0 N

'T'ractor front suspension damping coefficient

14,980.0 N.s/m

Tractor leading rear axle suspension stiffhess

1,970,100.0 N/m

Tractor leading rear axle suspension damping coefficient

27.600.0 N.s/m

Tractor trailing rear axle suspension stiffness

1,970.100.0 Ném

Tractor trailing rear axle suspension damping coefficient

27,600.0 N.sim

Semitrailer leading axle suspension stiffness 2,604,750.0 Nim
Semitrailer leading axle suspension damping coefficient 27,240.0 N.s/m
2,604,750.0 Mvm

Semitrailer trailing axle suspension stiffness

Semitrailer trailing axle suspensico~ damping coefficient

27,240.0 N.s/m

Tractor front tire stiffiess

1,970,000.0 N

Tractor leading rear axle tire stiffness

3,940,100.0 N/n

Tractor trailing rear axle tire stiffhess

3,940,100.0 N/m

Semitrailer leading axle tire stiffness

5,910,200.0 N/

Semitrailer trailing axle tire stiffness

5,910.200.0 N/m

Fifth wheel stiffness 20,000,000.0 A/m
Fifth wheel damping coefficient 200,000.0 N.s/m
Distance from tractor CG to tractor steer axle 2.00m
Distance from tractor CG to first tractor drive axle 2.60 m
Distance from tractor CG to second tractor drive axle 2.60m
Distance from tractor CG to fifth wheel 245 m
Distance from semitrailer CG to fifth wheel 5.93m
Distance from semitrailer CG to first semitrailer axle 495 m
Distance from semitrailer CG to second semitraiier axle 495 m
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3.7 IDENTIFICATION OF OPTIMUM SUSPENSION
PARAMETERS

Design of a passive vehicle suspension involves the study of the influence of
variations in suspension parameters on the desired performance objectives, and necessary
compromise when conflicting design requirements are considered. For the candidate
vehicle model considered in this study, the influence of variations in the stiffness and
damping properties of the passive suspension on the different performance variables is
investigated to identify the optimum suspension parameters. The road excitation is
formulated for excitation arising from a smoothroad ( @ = 0.715 m! and o = 0.0033 m),
as described in Chapter 2. The vehicle and road parameters are used to formulate the
system dynamic matrix A, defined in EQ (3.7). EQ (3.13) is solved to determine the
covariance matrix X, and the mean square value of each component of the performance
index is then evaluated using EQ (3.18). The stiffness and damping properties of all the
five suspension systems are varied concurrently resulting in simultaneous changes in all the
performance variables. The components of the performance index are computed for
various suspension parameters within the identified range listed in Table 2.2, Unity
weighting factors are selected to study the direct influence of suspension parameters on

each component of the performance index.

3.7.1 Intluence of Suspension Stiffness and Damping Parameters on the
Performance Variables

The perfcrmance objective comprising vehicle ride quality, cargo safety, suspension
deflections and tire deflections is strongly related to the vehicie suspension parameters.
Different components of the objective function often pose conflicting design requirements.
The effects of suspension parameters on the different components of the perfermance

index is thus investigated to realize an acceptable design compromise.
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Selection of passive suspension parameters involves the study of effects of stiffness
and damping variations on the components of the performance index and realization of an
acceptable compromise among the different performance objectives. EQ (3.7), (3.13) and
(3.i18) are solved to evaluate each component of the performance index, which is
presented as a function of the suspension stiffness and damping parameters. The analysis is
repeated for different values of suspension parameters within the identified range. Figures
3.3 to 3.6 illustrate the influence of variations in suspension parameters on various
performance variables: vertical and pitch accelerations of the tractor sprung mass (=, z,), a
measure of ride quality; vertical and pitch accelerations of the semitrailer sprung mass (z;,
z,), a measure of cargo safety; suspension deflections (z; to z,), a measure of the rattle
space requirements; and tire deflections (z,, to z,,), a measure of tire forces transmitted to

the pavement.

Figures 3.3a and 3.3b illustrate the effect of varying the suspension parameters on
the tractor bounce and pitch responses. The results are presented in terms of vertical and
pitch acceleration derived at the CG of the tractor sprung mass. The results show that a
soft suspension is required to improve the vehicle ride performance. The results further
reveal the existence of an ideal damping value for a given suspension stiffness. The
existence of the optimum suspension damping is quite apparent with st'ff suspension. Very
light damping, in conjunction with a stiff suspension, yields high bounce and pitch
acceleration response of the tractor sprung mass. High suspension damping also results in
large bounce and pitch acceleration of the tractor, irrespective of the suspension stiffness.
Although lightly damped soft suspensions yield enhanced ride quality, the associated rattle

space and roll stiffness of the suspension may be unsatisfactory.
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stiffness and damping.

Tractor Pitch Acceleration

and damping,
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The influence of suspension parameters on the bounce and pitch acceleration
response of the semitrailer is illustrated in Figures 3.4a and 3.4b, respectively. The
influence of suspension parameters on the semitrailer response is quite similar to that
observed for the tractor response. The semitrailer pitch response is relatively insensitive to
variations in suspension damping, when soft suspensions are used. The dependence of
pitch response on the darmiping value, however, increases rapidly with increase in the
suspension stiffness. From the vertical and pitch acceleration response characteristics of
the tractor and semitrailer sprung masses, it can be concluded that an optimum suspension
damping value exists to achieve improved ride and cargo safety. A soft suspension, while
desirable to achieve good ride quality and cargo safety, contradicts the handling and roll
stability as well as the static suspension deflection requirements. A heavily damped
suspension is desirable to reduce the suspension deflections, as illustrated in Figures 3.5a
to 3.5e. The results reveal the existence of an optimum suspension stiffness value for a
given value of damping for the tractor axle suspensions. The existence of the optimum
value is specifically apparent for lightly damped suspensions. The deflection response of a
heavily damped suspension, however, is relatively insensitive to variations in suspension
stiffness. Contrary to the tractor axle suspensions, the deflection response characteristics
of the semitrailer axle suspension do not reveal an optimum value in the range of
suspension parameters considered in this study. The results clearly illustrates the
conflicting requirements of suspension design to achieve improved ride quality and rattle
space. The deflection response of “he drive axle suspensions is illustrated in Figures 3.5b
and 3.5¢c. The deflection response of the trailing drive axle is considerably larger than that
of the leading axle. The deflection response of the trailing semitrailer axle is also observed
to be larger than that of the leading semitrailer axle ( Figures 3.5d and 3.5¢ ). Although the
two axles are closely spaced, the larger deflection of the trailing axle suspension is
attributed to increased pitch oscillations of tractor and semitrailer sprung masses with

increased suspension stiffness, as demonstrated in Figures 3.3b and 3.4b.
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Figure 3.42 Mean square acceleration of the semitrailer bounce for varying suspension
stiffness and damping,
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Figure 3.4b Mean square acceleration of the semitrailer pitch for varying suspension
stiffness and damping.
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Sspersion | Deflection

Figure 3.5a Dynamic mean square deflection of the first suspension for varying stiffness

and damping.
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Figure 3.5b Dynamic mean square deflection of the second suspension for varying

stiffness and damping.
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Suspension 3 por lection

Figure 3.5¢ Dynamic mean square deflection of the third suspension for varying stiffness
and damping.

Suspension 4 Beflection

Figure 3.5d Dynamic mean square deflection of the fourth suspension for varying stiffness
and damping.
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Figures 3.6a to 3.6e illustrate the influence of suspension parameters on the dynamic
deflection response of the tires. The figures clearly illustrate the existence of an optimum
suspension damping and stiffness to achieve low dynamic deflection of all the axle tires.
The tire deflection response of a lightly damped suspension is strongly influenced by the
suspension stiffness. The influence of stiffness of a heavily damped suspension on the
dynamic tire deflection, however is relatively insignificant. The tire deflection tends to
increase for extremely low and high damping values, irrespective of the suspension
stiffness. The deflections of tires on the trailing axle of the drive and semitrailer axles are
observed to be larger than those of leading axle tires due to pitch motions of the respective
sprung weights. The difference in magnitudes of mean squars deflections of the leading
and trailing axle tires tends to increase with increased damping. This increase in deflection
is attributed to increase in tractor and semitrailer pitch mutions with increase in suspension

damping, as ilustrated in Figures 3.3b and 3.4b.

In an attempt to identify optimum suspension parameters leading to minimal tire
deflections and thus minimum dynamic tire loads, the results of the covariance analysis are
presented in terms of contour plots. Figures 3.7a to 3.7e illustrate the constant tire
deflection curves as functions of the suspension stiffness and damping parameters. Each
curve represents a constant value of the mean square tire deflection, and different
combinations of suspension parameters can yield identical tire deflections as shown in the
figures. The damping and stiffness values corresporiding to the center-most iso-value
curves would result in the minimal dynamic tire deflection. The contour plots clearly
illustrate that the front axle suspension with light damping and stiffness value around 180
kN/m yields minimal dynamic tire deflection. The drive and semitrailer axle suspension with
slightly higher damping values in the 20-30 kNs/m range yields low dynamic deflections of

the respective tires.
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Suspensipn 5 Bellection

Figure 3.5¢ Dynamic mean square deflection of the fifth suspension for varying stiffness
and damping.
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Figure 3.6a Dynamic mean square deflection of the first tire for varying suspension
stiffness and damping.
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Figure 3.6b Dynamic mean square deflection of the second tire for varying suspension
stiffness and damping.

Figure 3.6¢ Dynamic mean square deflection of the third tire for varying suspension
stiffness and damping.
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Figure 3.6d Dynamic mean square deflection of the fourth tire for varying suspension
stiffness and damping.

Figure 3.6e Dynamic mean square deflection of the fifth tire for varying suspension
stiffness and damping.
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The results presented in Figures 3.3 to 3.7 are examined to identify a range of
suspension parameters that can provide best compromise among the different components
of the performance index. Although attempts are made to identify a single optimum
parameter value to meet all the design objectives, a range of optimum parameters is
identified in certain cases when conflicting design requirements exist. The optimum
suspension parameters derived from the results of the covariance analysis are summarized
in Table 3.2. The table describes the ideal suspension parameters required to achieve five
design objectives including: static suspension defleciion, ride quality, cargo safety,

dynamic suspension deflection, and dynamic tire deflection.

The range of suspension stiffness parameters is identified based upon static
deflections in the 0.05 to 0.15 m range, assuming static load equalization between he
tandem axles. Since the design objectives related to ride quality, cargo safety and dynamic
suspension and tire deflections pose conflicting requirements on the suspension design,
optimum parameters can not be identified to meet all the design objectives. Although soft
and lightly damped suspensions yield enhanced ride quality and cargo safety, soft
suspensions are not desirable to meet the design objectives related to dynamic suspension
deflection. The desirable values of suspension stiffness and damping for realization of
improved ride quality and cargo safety are thus indicated as "low” in the table. The
suspension damping parameters required to meet the suspension deflection objective are
indicated as "high” in a similar manner. Using the contour plots of the dynamic tire
deflections, optimum suspension parameters are identified to achieve minimal tire
deflection and thus minimal dynamic tire loads transmitted to the pavement. After setting
up the ranges of suspension parameters that would best satisfy each of the design
requirements, an initial selection of the nominal suspension stiffness and damping is made.

When selecting the nominal suspension parameuers conflicting design requirements have to
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be carefully considered to achieve a compromise. The resulting suspension should not
jeopardize any of the design requirements. A set of nominal suspension parameters is
derived to achieve a compromise among the different components of the performance

index. This initial set of nominal parameters is presented in Table 3.2.

Table 3.2 Ranges of suspension stiffness and damping parameters
required for each design objective.

Design Static Ride Low Low tire 18 Selection of
objective > deflection qualitv/cargo suspension | deflections nominal
requirement. safety deflections suspension
0.15t00.05m paramelers
Stiffnesses 1. | 154K o 432K Optimum 180 K 180 K
2. | 226K 10 680K exists 410K J00K
3. | 226K to €30K Low depending on 250K 300K
4. | 230K to 688K daimping 110K 300K
5. ] 230K 1o 688K 110 K J00K
Damping 1. — ILK 11K
2, — 31K 2K
3. _— Low High 22K 22K
4, — 21K 22K
5. — 21K 2K

3.7.2 Frequency Response Characteristics of the Passively Suspended Vehicle

The covariance analysis represents a first step in choosing the “"optimum” passive
suspension parameters. The results obtained from the covariance analysis, however, are
based on the mean square values of the penalized variables and thus yield an overall
measure of the performance. A study of the resonant behavior and frequency components
of the response characteristics necessitates the frequency response analysis. While the
nominal suspension parameters obtained from the covariance analysis (last column of
Table 3.2) are used to obtain the frequency response characteristics, the suspension

parameters are varied to further tune the suspension design and to achieve better
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compromise among the different performance objectives. The power spectral density of
the bounce and pitch acceleration response of the tractor and semitrailer sprung weights,
suspension deflections and tire forces are derived using EQ (3.19) for suspension values
variations around the nominal parameters. A prefiminary examination of the frequency
response characteristics revealed that the only adjustment deemed necessary was the
increase in the damping coefficients of the fourth and fifth suspensions. This adjustment
was carried out in an attempt to reduce the deflection response of the fourth and fifth axle
suspensions and tires. The resuiting {uial, referred to as "optimum", passive suspension

parameter values are shown in Table 3.3.

Table 3.3 "Optimum" suspension parameters

Nominal suspension
paramelers

Stiffnesses 1. 180K
2. 300K

3. 300K

4, 300K

5. 300K

Damping 1. 11K
2. 22K

3. 22K

4, 33K

5 33K

The effects of varying the damping and stiffness properties of the suspension on the
frequency response characteristics are further investigated to verify the conclusions drawn
from the covariance analysis. While the performance index comprises 14 variants, the
bounce and pitch acceleration response of the tractor and semitrailer and the deflection
response ¢ the second and fifth axle suspensions and tires are presented to demonstrate
the effectiveness of the covariance analysis. Although the covariance analysis was

performed using the disturbance vector based upon a smooth road, the frequency response
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analyses are performed for excitations arising from smooth, medium rough, and rough

roads to further demonstrate the validity of the analysis for varying road conditions.

Figures 3.8a and 3.8b illustrate the influence of road roughness and variations in
suspension parameters on the bounce acceleration PSD of the tractor sprung mass. While
the magnitude of the acceleration response increases considerably in the entire frequency
range with increase in the road roughness, the response characteristics reveal identical
dependency upon variations in the suspension parameters. Soft suspension yield improved
ride response, irrespective of the road roughness. An increase or decrease in the
suspension damping tends to increase the acceleration response in specific frequency
ranges, irrespective of the road roughness. These observations support the conclusions
drawn from the covariance analysis and demonstrate the validity of the covariance analysis

for varying road conditions.

The covariance analysis was performed to derive the mean square values of different
performance variables under excitations arising from rough and medium rough roads for
the "optimum" suspension parameters. The resulting mean square values are compared to

those derived for the smooth road, as illustrated in Table 3 .4.
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Table 3.4 Mean square value of the output variables for different roads
{ v = 90 km/h and "optimum" suspension parameters).

Performance variable Smooth road | Medium rough road Rough road
Tractor bounce acceleration 1.976¢e-1 7.473e-1 6.36%e+0
Tractor pitch acceleration 3.563e-2 1.343e-1 1.120e+0
Semitrailer bounce acceleration 1.762¢-1 6.581e-1 5.306e+0
Semitrailer pitch acceleration 9.585¢-4 3.553e-3 2.784e-2
Suspension | deflection 3.206¢-6 1.152¢-5 8.159¢-5
Suspension 2 deflection 3.581e-6 1.287¢-5 8.831e-5
Suspension 3 deflection 5212e6 1.866e-5 1.256e-4
Suspension 4 deflection 4.410e-6 1.581e-5 1.057e-4
Suspension 5 deflection 4.936e-6 1.761e-5 1.158e-4
Tire I deflection 1.573e-6 5.962e-6 5.157e-5
Tire 2 deflection 1.401e-6 5.313e-6 4,608e-5
Tire 3 deflection 1.652¢-6 6.23%9e-6 5.308e-5
Tire 4 deflection 1.511e-6 5.677e-6 4.705e-5
Tire 5 deflection 1.570e-6 5.890e-6 4.845e-5
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Figures 3.9 to 3.16 present the effect of variations in suspension parameters on the
frequency response characteristics of the vehicle subjected to excitations arising from a
rough road. Figures 3.9 and 3.10 reveal that for a given damping value, an increase in
suspension stiffness yields an increase in tractor and semitrailer bounce and pitch
acceleration response in the entire frequency range. A soft suspension may be desirable to
achieve improved ride quality and cargo safety. Reduction in the suspension spring rate
further yields small reduction in the peak suspension deflection as illustrated in Figures
3.11a and 3.11b. The dynamic tire forces at low frequencies also decrease with soft
suspension as shown in Figures 3.12a and 3.12b. The tire forces beyond 4 H:z, however,
increase with decrease in suspension spring rate. The "optimum" suspension stiffness
values presented in Table 3.3 may thus be considered to provide an overall good

performance without compromising the static suspension deflection requirements.

The selection of adequate suspension damping (once the stiffness is fixed) involves a
compromise between low and high frequency performance. For a given stiffness, an
increase in the suspension damping results in improved ride quality, cargo safety and tire
forces only at low frequencies (below 2.5 Hz). The ride quality, cargo safety and tire
foices, however, deteriorate at frequencies above 2.5 Hz, as shown in Figures 3.13, 3.14
and 3.16. The rattie space requirements, however, decrease throughout the frequency
range with increase in suspension damping, as shown in Figure 3.15. The "optimum"
damping parameters are thus considered to provide an adequate compromise among the

different performance objectives.

The "optimum" suspension parameters thus result in suspension static deflections

that are within the acceptable limits, as shown in Table 3.5,
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Table 3.5 Static deflections of the "optimum"”

suspension

Axle suspension

Deflection (m)

Suspension 1286
Suspension 2 1133
Suspension 3 1133
Suspension 4 1148
Suspension 3 1148

The eigen values, natural frequencies (/4z) and damping ratios associated with

different deflection modes of the tractor-semitrailer with "optimum" passive suspension are

derived as follows:

ey
=
|

-4.55+10.53i

= 1.82, {,= 0.396; tractor bounce

241+08.59; f,= 1.42, {;=0.270; semitrailer bounce

—n
x
1l

-5.61x11.91/

—
3
|

-22.10%53.16¢

il

2.09, ;= 0.426; tractor pitch and semitrailer pitch

= 9.62, (4= 0.365; axle 1 bounce

2105+56.21i  f,= 9.55, {4=0.350; axle 2 bounce

-21.50+56.29i

9.59, (= 0.356; axle 3 bounce

f
.49.42+44.06i  f,=10.53, ;= 0.746; axle 4 bounce
f

I

-48,52+56.21i
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3.8 SUMMARY

A method based on covariance analysis was demonstrated for the selection of an
"optimum" passive suspension for the tractor-semitrailer. The second order coupled
differential equations of motion of the 9 DOF planar vehicle model reduced to the first
order state-space form were augmented with the road excitation. The objectives of the
suspension design are expressed in a matrix form as a function of the augmented state
vector comprising tractor and semitrailer bounce and pitch acceleration, suspension
deflections and tire deflections. The performance index is then formulated and each of its
components is determined separately. The validity of the mathematical freight vehicle
model is examined using the data obtained from the road tests conducted by CONCAVE
Research Centre. The effecis of variations in suspension parameter on the penalized
variables are investigated to achieve a better compromise among different performance
objectives. The results demonstrate the effectiveness and convenience of the covariance

technique in selecting the nominal suspension.
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CHAPTER 4

IDEAL LQOG ACTIVE SUSPENSION DESIGN

4.1 INTRODUCTION

Design of a passive vehicle suspension involves a careful compromise among the
various conflicting design requirements, such as ride, handling and directional control.
Results presented in Chapter 3 further illustrate the complexities associated with
conflicting design requirements posed by the ride quality, suspension deflections and tire
forces. In view of the inherent performance limitations of passive suspensions, a number of
active suspension concepts have been proposed to strike a better compromise among
different design requirements. Although various active suspension designs have been
developed for cars, light trucks and railway vehicles [1-8], their general implementation
has been severely limited due to high cost, poor reliability and high complexity. The
demand for improved working conditions, cargo safety, low dynamic pavement loads,
handling and stability performance of heavy vehicles, however, has been growing steadily.
This, coupled with availability of more economical and reliable hardware, has resulted in
renewed interest in active suspensions as feasible alternative to passive suspensions. While,
drivers of passenger cars can benefit greatly from active suspensions, the potential and

effectiveness of active suspensions can best be harnessed to enhance the performance of



heavy vehicles. Heavy trucks and articulated vehicles exhubit complex ride behavior and
significant dynamic tire forces when compared to passenger cars. A review of measured
ride vibration data at the driver's seat revealed that the ride vibration levels of heavy trucks
are 9 to 16 times higher than those of the passenger cars [9]. Moreover, most heavy
vehicle drivers are exposed to ride vibrations for 10 to 20 hours a day. The ride vibrations
of heavy freight vehicles have a significant influence on the driver fatigue and safety. In
view of driver health and safety risks associated with prolonged exposure to high levels of
ride vibrations, and significant dynamic tire forces resulting in accelerated pavement
deterioration, the effectiveness of advanced suspensions need to be further investigated for

use in heavy vehicles.

In this chapter, an ideal active suspension scheme based on fuil-state feedback is
investigated to evaluate its performance potentials for freight vehicles. While the design
aspects are briefly addressed, the performance characteristics of the ideal active suspension
are compared to those of the "optimum" passive suspension to determine their potential

performance benefits.

4.2 MATHEMATICAL FORMULATION

An articulated freight vehicle is analytically modeled as illustrated in Figure 4.1 and
described in Chapter 2. The vehicle model comprises the tractor and semitrailer sprung
masses each with bounce and pitch DOF. The tractor is represented by a planar rigid
body, m_,, supported by three axle suspensions. The semitrailer is modeled by a planar
rigid body m_,, and is assumed to have two independent axles. The drive and semitrailer
axles are represented by independent axle suspensions. The Jumped unsprung mass of each
wheel and axle assembly is represented by m,, with only vertical DOF. The elastic property

of each tire is characterizea by a linear stiffness element, K, assuming point contact with
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the road and negligible wheel hop motion. The suspension stiffness and damping elements
as well as the tire stiffness coefficients are assumed to be linear. Each axle suspension is
represented by a linear spring and a viscous damper in parallel as seen in Figure 4.1, these
passive elements are supplemented by active force generators. The control forces u, to u;
are generated using a control scheme and the feedback from road excitations and vehicle
response variables to reduce a given cost function or performance index. An active
suspension thus hereafter refers to a paraltel combination of passive elements and an active
force generator. Such a parallel arrangement reduces the power requirements of an active
force generator, and permits the study of influence of variations in the passive element
rates on the suspension performance and the actuators power requirement. Furthermore, a

parallel cumbination of active-passive elements yields a fail-safe suspenston design.
Assuming linear behavior for all elements and small angular displacements, a set of
second order coupled differential equations characterizing the ride dynamics of the

baseline actively suspended vehicle are derived as follows;

Vertical displacement of the tractor:

m,F, +
41
C,(F, + A, =15 ) +Co( 2F, = Bif, —Fs = BoF, ~F, )+ C(F, =By —F, — A, ) + (4.1a)
K/(r,+Ar, —r )+K,(2r, =By, —r, =B,r, —r, )+ K (1, = Byr, =r; = Ayr, ) +
U, +u, +uy; =0
Pitch displacement of the tractor:
Iy,r"; +C A (F, +AF, =¥ ) +C,[B,(F, —BJF, =F, ) +
BJ(’:I "Bzfz “":7)] —Cij(f, _B5':2 _':3 _Az’:.:)"’
K A(r,+Ar, =1, )+ K,[B,(r,-Br,-r, } +
By(r, =By, —1, )] ~K;By(r; = Bsr, =1y —Ayr, )+ A, ~ Byu, - Byu, =0 {4.1b)
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Vertical displacement of the semitrailer:

b, +
C,(F, = B)f, —F, +1; —Bji, =F, ) +C(F; + A, -1, +BF, ) +
Ki(r; =B, ~rs +1, —By,—r,)+K(r; + A, -1 +Br, )+

u, +u, =0 (4.1c)

Pitch displacement of the semitrailer:

15, =C [ By(f, =By, ~F, )+ B(F, —BJf, —F )]+

C Ay (F, + A, —F, + By, )- K [ By (15 = By, —rg)+

B(r, =By, —r,) ] +K A (r; + Aty =1, +Br,)—

B, -Bju, =0 (4.1d)

Vertical displacement of axle 1:

m, i +C,(F, —F, = Af, )+ K, (1 -1, - Ay) +K,r,—u, =K, g, (4.1e)

Vertical displacement of axle 2:

m i, +Co(Fy ~F, + By ) #Ko(rg —r, # B, ) + Koty — =K .4, (4.1H)

Vertical displacement of axle 3:

m, i +Co(F. —F, + B, )+ K, (r, =1, +B,r, )+ K1, —u; =K, g, (4.1g)
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Vertical displacement of axle 4:

m by, +Cy(Fy =, +BiF, )+ Ky(ry =1, + Byr, )+ K 1y —u, =K., (4.1h)

Vertical displacement of axle 5:

m i, +C,(F, —F, +BJF, )+ Ky(r, —r, + B, ) + K jr, —u; =K, ,q; (4.11)

The coupled differential equations of motion for the vehicle are represented in the

following matrix form:

Mi+Cr+Kr+Fu=Kzq (4.2)

where;
M € B9~ is the mass matrix,
C € R 9%, is the damping matrix,
K, € R 9+, is the stiffness matrix,
F € R 9, is the matrix of control forces,
K, € R 9+, is the tire stiffness matrix,
r € R 91 is the vector of generalized coordinates,
u € B3~ isthe control forces vector,

and g € &5, is the road disturbance vector (defined in Chapter 2).
The presence of the damping matrix C and the stiffness matrix K, in the ride

dynamics equation (EQ (4.2)), arises from the fact that the suspension comprises an active

actuator in parallel with passive stiffness and damping,

102



suoisuedsns aAlOR )M Japowl Jajiesiuuas-1ojoel) auljasegq | eanbig

[

f ponea f

e T
£ 5, z -_u
_L| b blf 2, ﬁ 8,
h._ﬂ znw n.; Zmu JH 1y
) h h
) h e it
R
mo_lﬂman_ —.—@
%
“
#) ®w
& HOLDVHL

H37Ivel

103



Defining the new state vector ¥y, as:

-

The dynamics of the actively suspended tractor-semitrailer can be desciibed by the

first order matrix equation:

}}_'.- (’) =Ayyy +Byq +F?vu (43)
where;
_ fIC _ —-IK -1 _ —!F
A = M MK, , B, = MK, and F, = M (4.4)
‘ I 0 0 : 0

where A), € R 188 B}, € R 133 and Fy € K 18-5 are matrices of vehicle and road

constants. I € & ?-7, is an identity matrix and ¥y, € R8s the state vector,

The design of an active suspension for the tractor-semitrailer, in principle, poses an
optimization problem involving various performance measures related to ride quality,
cargo safety, pavement loads etc. LOG (Linear Quadratic Gaussian) optimal control
technique can be conveniently implemented for the design and analysis of the proposed
active suspension system. LOG optimal control theory, however, requires the disturbance
acting on the system to be white noise [11]. Since this condition is not explicitly satisfied
here, a plant augmentation can be carried out as illustrated in Figure 4.2. The stationary

Gaussia' random excitation vector g is obtained by passing a white noise process with
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covariance E{&1)& r)] =2ava’ e - 1) through a first order filter, as shown in Chapter 2:
q'=Aqq +Bq§ (4.5)

EQ (4.4) can be rearranged along with the road excitation EQ (4.5) in the following

augmented state-space form:
x=Ax+B < +Bu (4.6)

where:

Vel aci™ Bl g0\ ana B, < T 4.7
x_q'_OAq' "—Bq an 2=, 4.7)

where x is the 23 x/ augmented state vector given by:

’

x=[f By By e 4 4y 4 4 )

and - '~ designates the transpose. A € [£&%+? is the system dynamics matrix, and B, €
2341 is the excitation disturbance vector, and B, € & #7<, is the control force matrix.
The plant augmentation results in a system that is disturbed by a white noise £, and hence

is well suited for the LOG optimal control technique.
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4.3 THE PERFORMANCE INDEX

The performance index, in general, is selected to reflect specific design objectives.
As in the case of a passive suspension, these design objectives include: ride quality, cargo
safety, rattle space requirements and dynamic tire forces. While the ride quality related to
work station design is frequently assessed using subjective rankings, many objective
methods have been developed to assess the ride quality related to noise and vibration
environment. Since the suspension design primarily determines the whole-body vibration
environment of the driver's compartment, the ride quality related to vehicle vibration is
addressed in this study. A relative measure of vehicle ride quality can be conveniently
derived from the vertical (z,) and pitch (z,) acceleration responses. The cargo safety is
primarily related to the vibration levels transmitted tu the cargo, and the performance
index related to cargo safety can thus be expressed in terms of vertical (z,} and pitch (z,)
acceleration responses of the semitrailer. The relative deflections across the axle
suspensions (z,, z,, 25, Z5 Z,) determine the rattle space requirements for the suspension
system. Similarly, the relative deflections across the tire elements (z,, z,,, 2,5 23, Z;,)
directly relate to the dynamic forces transmitted to the pavements. The performance index
also encompasses the control forces (#, to u), in addition to the above penalized variables
to minimize the power requirements of the suspension systems. The performance index,

therefore, includes the square of the following response variables ;

z, = Tractor bounce acceleration {#)),
z,= Tractor pitch acceleration (#,),

z,= Semitrailer bounce acceleration (#)),
= Semutrailer pitch acceleration (7)),
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z;t0 2z, = Suspension deflections,
z,,to z,,= Tire deflections,

u;t0 u; = Actuator forces.

The performance variables z, to z,, can be related to the components of the

augmented state vector and the actuator forces as follows:

== [Cl(xi +Ax, =x; )+C, (2%, - Byx, —x, — B)x, -x, ) +

{(4.8a)
Ci(x, —Bsxy —x; =A%, )+ K, (x5 + A%, =%, )+
Ky(2x, —Bx; =X = Byx; =%, )+ Ks(x), = Bsx), —x,, — A x5 ) +
u, +u, +ur3]/m'sJ
z, =—[CA)(x, +Ax, =x; )+C, [ B)(x, =B, =%, ) + (4.85)
By(x; = Byx; —x; ) ] —C;By(x; = Box, —x, —Ayx, ) + '
KA (x,+ 4%, ~x, )+ K, [ B (%082, —x;5) +
By(x;,=Box; =x,,) ] —KBy(x,, —Byx, =%, — A%, ) +
Au, =B, - By, )]/ 1.,
3= [Cs (x; =Byx, —xy +x; =Bx, —x ) +Cs( x5 + A%, =%, +Byx, ) + (4.8¢)
.00
Kilx,, —Byx;; =x, %, =Bx,; — %, ) +Ks(x,, + A% —x, +Box, )+
u, +us]/ m,
z,= -[—Cj[Bj(xj -B.x, —x;)+B,(x; —Bx,—-x,) ] + (4.8d)
CAy(x, +Ax, —x, +Bsx, ) - K, [ By(x,, —Byx,, —x;. )+
By(x;, =Bx;; =x3 )] +K Ay (x,, + Ayx;s — x5+ Byxy, ) —
Bu,-Bu)/ 1,
2, =X, +A,X,, — X, (4.8¢e)
Zg =% —Bx, - X5 (4.8f)
z, =x,—Bx,, —x, (4.8g)
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z, =X, = Byx,; —x; (4.8h)

Zy =X, =B, ~ x4 (4.81)
Z,0 =X, — X (4.8))
2, =X, =X, (4.8k)
A (4.81)
2, =X, — Xy (4.8m)
2, =X — Xy, (4.8n)

Assuming rigid articulation, the tractor bounce response (x,,) can be related to the
tractor pitch (x,,), the semitrailer bounce (x;,) and the semitrailer pitch (x,,) using the

following constraint ean2tiun :

Xy = Byx), +%); + A.X)5 (4.9)

The tractor bounce acceleration thus need not be incorporated in the performance
index. Accordingly, penalizing the tractor pitch, and the semitrailer bounce and pitch

accelerations (z,, z; and z,), implicitly results in penalizing the tractor bounce acceleration

(z).

EQ (4.8), describing the pertormance variables z,'s relationship with the state vector

x and control force u, can be expressed in the following form :

1=Cx+Du (4.10)
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where C; € R 14+33is the state-to-performance variables transformation matrix and D,

€ R1+5_is the control forces-to performance variables transformation matrix.

The performance index can be written as the weighted mean square sum of the

performance variables and the control forces :

4 5
J =lim E{LT [Z#Jziz +ijuf) dt} 4.1n
i=l j=i

Tow

where u's and pj's are weighting factors associated with the nenalized response variables

and the penalized actuator forces respectively.

EQ (4.11) can be rearranged in the following format:

, o 0l py o 0 iy,
J=limB{ [Tz oz i b e e w)E e Py (412)

Toax
0 o H)z, ¢ - ops]us

Upon combining EQ (4.10) and EQ (4.12), the performance index can expressed as:

J =lim E{Jj (Cx+Du) Q(C‘,x +D,u)+u ‘R ua’t} (4.13)

T

where:

Q =d1ag [#F’JUZ"“”M] ’ yl‘ >0 (4]4)
R =diag [p,.p,..p5); p.>0

110



Expanding and grouping the terms of EQ (4.13) results in:

T Pl -~ - -~ -
J =lim E{ ja [x 'C/QCx +u(R+D50OD,, ju+x'C/ QD u+u’ IEQC:x] d } (4.15)

Defining:

R=R+D, 0D,
Q=C/QC, (4.16)
N =C’1QD12

EQ (4.15) can be rearranged in the following standard quadratic cost criterion:

J=m5{ﬂ[xf uf][NQ’ ];][ﬂdz} (4.17)

4.3.1 Solution of the Standard LQG Problem

Design of an optimal controller for the multivariable active suspension system
primarily involves the determination of the optimal control force vector # and its relation
to the state vector x in the presence of a white noise input & The control force vector u is
optimum in the sense that it minimizes a quadratic cost function. This problem is well
suited for the LQG technique, which is a well developed method for state-space design of
multivariable systems. The advantage of the LQG dezign technique is that it reduces the
problem of design to the choice of suitable weighting coefficients in the quadratic
performance index J. The coefficients can be specified, to some extent, from the

information available concerning the magnitude of the system states. Although the system
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states are not known beforehand, an approximation is performed to formulate the
coefficients in the first iteration. Alternatively, the weighting coefficients can be

conveniently selected through the covariance analysis performed in Chapter 3.

The LQG problem is thus formulated to determine the optimal control force vector
u for the muitivariable system governed by EQ (4.6), while minimizing the quadratic
performance index J described by EQ (4.17). This is a Linear Quadratic Gaussian
optimization control problem leading to an optimal control which is a linear algebraic

function of the state vector [10,11] :

u=~Kx (4.18)

where the constant control gain matrix K is given by:

K=R'(N'+BP) (4.19)

and P is a symmetric, positive-definite solution of the matrix Riccati equation:

P(A-B,R'N')+(A-B,R'N")'P +P(~B,R"B/)P —(-Q +NR'N") =0 (4.20)

The fundamental idea behind the theory leading to the solution of K (EQ (4.19)) is
based on constraining the control force vector u to be of the form of EQ (4.18). Upon
substituting EQ (4.18) in the system dynamic equation, EQ (4.6), the closed loop system

can be described by:

% =(A—B,K)x +B,¢ (4.21)
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Similarly, replacing # by —Kx in the performance index (EQ (4.15)), results J being

a function of x only :

J = lim E“:x’[C,’ OC, +K{R +D}, OD,)K ~C*,0D,K ~K D}, QC;’] xdi} (4.22)

T e

The performance index J is minimized with respect to K, resuiting in the Riccati

equation, 5Q (4.20), which is then solved for P[10,11].

The steady-state, mean square response of the actively suspended vehicle can,
therefore, be described by the covariance matrix X of the state vector x(). The covariance
matrix X depends on the closed loop system dynamic matrix A-B,K, the excitation

disturbance vector B,, and the covariance of the disturbance & and is a solution of the
following Lyapunov equation [11]:

(A-B,K)X +X(A-B,K)'+2avo’B B/ =0 (4.23)

The performance index can be computed using the covariance matrix X. Replacing u

by —Kx in EQ (4.15), the following expression for the performance index .J is obtained:

J= ;@;E{Ex'(g +K'RK ~-NK -K ‘N ')x dt} (4.25)
which can be expressed in terms of the covariance matrix X as :
J =Tr(X(Q+K'RK-NK-K'N ) (4.26)
where 7r denotes the trace. Upon substituting for K from EQ (4.19), EQ (4.26) can be
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simplified as:
J=Tr(X(Q-NR'N’+PB,R"B.P)) (4.27)
The Riccati equation, EQ(4.20), however, yields the following:
Q-NR'N’'=-P(A-B,R'"N’)-(A-B,R”'N’)'P +PB,R"B/P (4.28)
Combining EQ (4.27) and EQ (4.28), and, upon substituting for R'(N ’+ B/P) = K, the
performance index can be expressed as:
J =Tr(P(~(A-B,K)X -X(A-B,K)")) (4.29)
Recalling from EQ (4.23):
—-P((A-B,K)X +X(A-B,K)) =2avc’ PB,B/ (4.30)
The performance index can thus be given by the simplified expression:

J =Tr(2avo”PB,B,’) (4.31)

In order to study the effects of variations in the suspension parameters on each
performance measure (tractor and semitrailer bounce and pitch accelerations, suspension
deflections and tire deflections), each of the components of the performance index is

determined separately. Upon replacing u by —Kx in EQ (4.10), the i performance
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variable can be derived from :

23
z.l :Z[C[(".f)_(DJQK)(f,j)]x(]) i=],"-,f4 (432)

j=t

The contribution of the each performance variable to the performance index can be

computed from:

23

2
I =pE(z]) :u,-E{[Z [C.(i.j)—(D.K )(f,f)]x(f)] } (4.33)

i=

Alternatively, the components of the performance index may be expressed as:

23 23
Jy=p; 3 € imy = DK )iim)]Cytin) —( D, K jin)|E[x(mx(n)] - (4.34)

m=ln=}

In the above equation, the expected value Efx(m)x(n)] is the element X(m,n) of the
covariance matrix X obtained from EQ (4.23). The contribution of J, to the performance

index is, thus, described in t=rms of the elements of the covariance matrix:

23 23
J =inZ[C,(J',m)—(DJ_,K)(J’,m)][C,(J',n)—(D]‘?K)(i,n)]X(m,n).' i=1,..,14 (4.35)

m=In=|

The contribution of the actuator controi forces to the performance index can be

similarly expressed as :

23 23

Ji=p; 20,0 |K(im)[K(jn))X(mn);  j=1...5 (4.36)

m=I n=]
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4.3.2 Solution of the Riccati Equation: Special Consideration

The optimal control gain matrix K as described in EQ (4.19), is a function of the
weighting matrices R and N, the control forces matrix B,, and the matrix P. Computation
of the control gain matrix K thus necessitates the solution of the Riccati equation for the
matrix P. The solution of the Riccati equation, EQ (4.20), for the matrix P, however,
requires the system to be completely controllable. Since the state vector x also comprises
the road excitations, which can not be changed by the control force vector u, the system
of equations describing the dynamics of the tractor-semitrailer is not completely
controllable. The controllability requirement can be verified mathematically by setting the

controllability matrix C,, as [10]:

Hi

Cm =[BJ

AB,

2 22
A’B,...A”B, 437)

The system given by EQ (4.6) is said to be completely controllable if and only if the
matrix C,, has a rank of 23 (i.e. full rank). It can be verified that the rank deficit here is 5
corresponding to the 5 uncontrollable states (road excitations). To overcome this, the

matrices (2 and P are each subdivided into four sub-matrices as follows [11,12]:

0. 0. P, P,
(18x18)  (18x5) (18x18)  (18x5)
Q = . and P = (438)

(5xi8)  (5x5) (5x18)  {5x5)

Similarly the matrix /V is partitioned as:
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N
(18x5)

N = (4.39)

fSx5}

Upon substituting for 4, B, an¢ B, from EQ (4.7), and the above partitioned

matrices in EQ (4.20), the Riccati equation can be expressed a».
e, P[4, B [F,

= ~ " VIRT[N; 0]+
P Jn’v P \[ 0 Aq:| [ 0 [ . ]
(fTA. B,] F, P, P

S B T SV A ) R I

0 A 0 P, P_
p. P [F P, P,

xx xn ¥ R—I [F; 0] xx L
P, P, 0 d P, P

’ \
(—[Q’j" "“']+[N’]R"[N; o]J:-o
\ 1Ce Q] LO (4.40)

EQ (4.40) is rearranged to yield:

’[Ay ~F,R"'N/ ByD{[A ~F,RN/ BJ,D [Pn P, ]
A 0 A, 0 A, |jlP. P,
[ T -l -1 ’

« Po| [FR'F) 0|JPe Po] [ |Q. -N,RN; (4.41)
P P, o ol||P. P,

EQ (4.41) can be expressed by the following two equations for the P and P,

1
i)

w
;9,0 Y,V

components:
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P.(A -FR'N;)+(A, -FR'N/)P_ +P_(-F,R'F/)P_~(-Q_+N.R'N;)=0 (4.42)

P A, +[(A,-F,R'F;)"-P_F,R"B/|P, +P,B, +Q,, =0 (4.42)

The above equations are solved consecutively for P_ and P, , and the control gain

matrix can be derived using EQ (4.19) in conjunction with EQ (4.7), EQ (4.38) and
EQ (4.39):

P

P, P
—_p-! ’ ’ xx xw
K =R [[Nx 0] +[F, 0][% D (4.44)
Upon multiplying and rearranging, the following expression for control gain matrix is
obtained:

K=R'[(N;+F/P.) | F/P,] (4.45)

4.3.3 Selection of the Weighting Factors

The LOG technique reduces the problem of designing the optimum active
suspension for the tractor-semitrailer to the selection of appropriate weighting coefficients
in the quadratic performance index J. Once the weighting coefficients are selected, the
control gain matrix K is obtained and the performance characteristics of the actively
suspended vehicle can be assessed. Referring to EQ (4.19), it can be seen that the control
gain matrix K, and therefore the active suspension performance, is strongly dependent on

the selected weighting factors.
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The selection of weighting factors, however, is quite complex due to excessive
variations in the magnitudes of different performance variables. For instance, the mean
square values of the tire deflections (z, to z,, ) are normally small when compared to
those of the suspension deflections, and bounce and pitch accelerations of the vehicle. The
performance variables representing the tire deflections thus need to be heavily weighted in
order to reflect their contribution to the overall performance index J. Since all the design
objectives formulated in terms of the penalized variables z,'s are of comparable importance
in the design of the tractor-semitrailer active suspension, the weighting factors have to be
carefully selected. The weighting factors may be initially selected from the performance
indices of the passive suspension ( the unweighted mean square values of the performance

variables) presented in Chapter 3, specifically Figures 3.3 to 3.6.

Recalling that each of the variants of the performance index J is given by :

I, =pE(z]) (4.46)

An equal importance of all the components of the performance index in the design of

the active suspension implies that :

J-! """Jzz R z‘I:N (447)

= —— i=1..14 (4.48)

To determine the appropriate weighting coefficients thus necessitates a prior
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knowledge of the mean square response. The mean square values E(z,” ) can, however, be
approximated from the response characteristics of the passive suspension system presented
in Figures 3.3 to 3.6. Although these are the weighting coefficients correspond to the
prean square values of the performance vanables for a passively suspended vehicle, they
can be used as an approximation of the relative contribution of each of the performance

index components.

Figures 3.3 to 3.6 reveal that the mean square values E(z ) vary considerably with
variations in the stiffness and damping parameters of the passive suspensions. The mean
square values corresponding to mid-points of the stiffness and damping axes
( stiffness = 275 kN/m and damping = 35 kN.s/m ) are extracted from Figures 3.3 to 3.6 to
estimate the corresponding weighting coefficients. An initial set of weighting coefficients
obtained using EQ (4.48) s listed in Table 4.1. The control gain matrix K is then evaluated
from EQ (4.19) and (4.20). EQ (4.35) 1s solved to determine each variant of the
performance index, which are presented in Table 4.1. The results show that the variants of
the performance index J_, are not equal due to the presence of the actuator control forces.

The variations between the different variants, however, are not as significant.

The weighting coefficients, u, can be varied to emphasize certain specific
performance aspects of the actively suspended vehicle. The analysis also requires careful
selection of the weighting factors for the control forces ( p, ). p, must be selected to ensure
that sufficient power is available for the control. In this study, the weighting factors p, are
initially selected arbitrarily, and are gradually reduced until no further changes in the
performance index are observed. This minimum value signifies that adequate control effort
is available and additional power is not needed. A preliminary study revealed that the
choice of p,=10- ensures that enough power is available for control and reducing p, any

further would have no impact on the performance characteristics of the vehicle. In the case
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when not enough control effort is available the performance of the suspension will simply

be governed by the passive elements in the suspension.

Table 4.1 Weighting coefficients and
corresponding active suspension
performance indices

i m J.

! 2.8752e+0 0.6362
2 1.4144e+1 0.6054
3 5.3734e+0 0.8590
4 8.3333e+2 0.4241
5 8.7958e+5 09311
6 4.6004e+5 0.5719
7 2.8156e+5 1.0567
8 2.3527et5 0.5971
9 2.0381e+5 0.5846
10 4,1293e+5 05089
11 7.2632e+5 0.4148
12 5.3905e+5 1.6865
13 6.7549e+5 0.7495
14 6.4716e+5 0.99209
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4.4 FREQUENCY DOMAIN ANALYSIS

The frequency domain response of the actively suspended vehicle subjected to a
random road excitation is evaluated. Since the road excitations are assumed to be
stationary and Gaussian, the vector of system response variables, z, is also stationary and
Gaussian [13-15]. Combining EQ (4.6) and EQ (4.10), and substituting for # =—KXx, in

yields the frequency response function matrix H(jw), € 74+ :

H ={(C; ~D,,K)(sI -A+B,K)" Br} (4.49)

The power spectral density of the response variables can be derived from [16]:

S(w)=HSH’ (4.50)

where, * denotes the complex conjugate transpose, S,{w) € 77~/ is the matrix of PSD of

the response variables, and S, is the spectral density of the white noise input excitation
given by:
2ave’
S, = (4.51)

T

The diagonal elements of S,(w) provide the spectral densities of the output states z/'s.
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4.5 PERFORMANCE CHARACTERISTICS OF THE
ACTIVE SUSPENSION

An active suspension refers to a parallel combination of passive elements (springs
and dampers) and a feedback controlled force generator. Although an active suspension is
often designed without the passive elements, the presence of passive components yields a
fail-safe active suspension design with reduced power requirement. Power requirement of
an active suspension is the primary criteria for its implementation in heavy vehicles due to
associated high axle loads. The fail-safe suspension concept reduces the load carrying
capacity and thus the power requirement of an active force generator. Furthermore, the
fail-safe suspension design enhances the reliability of the active suspension. The presence
of the passive elements in the active suspension tends to affect the power requirements of
the active suspension in a significant manner. The role of passive elements within a fail-
safe arrangement thus needs to be assessed through a study of the influence of passive
suspension parameters on the response characteristics. EQ (4.35) is solved using the
weighting coefficients given in Table 4.1 to determine the influence of the suspension
parameters on each component of the performance index. The damping and stiffness
elements that are present in parallel with the force actuators are varied and the new control
gain matrix K is evaluated accordingly. The resulis are examined to derive the passive
elements that will best enhance the function of the active suspension. The influence of the
passive parameters on each component of the performance index is presented and

discussed in the following section.
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4.5.1 Influence of Suspension Parameters on Vehicle Ride Quality

Figures 4.3a to 4.3d present the influence of varying the damping and stiffncss
properties of the passive elements on four performance variables: tractor bounce,
semitrailer bounce, suspension deflection and tire deflection, respectively. Since the
control force gain matrix K is determined to minimize the performance index, variations in
the passive damping and stiffness do not affect the performance indices, as shown in the
figures. While only four of the penalized variables are shown here for conciseness,
identical behavior is also observed for all the other 10 performance variables. The results
clearly illustrate that passive elements do not affect the suspension performance, provided

the actuator gains are selected to account for the presence of the passive elements.

Although optimal control forces are derived to minimize the performance index for
varying properties of the passive elements, the actuator forces are strongly dependent
upon the passive damping and stiffness properties. Passive suspension elements can be
selected to minimize the power requirements of the active suspension. The effect of
varying the passive suspension parameters on the actuator forces is thus determined using
EQ (4.36). Figures 4.4a to 4.4e illustrate the influence of passive suspension parameters
on the weighted magnitude of required control forces. The results clearly show the
existence of an ideal range of passive suspension stiffness and damping values to realize
the active suspension with minimum actuator forces magnitude. While any passive element
can be placed in parallel with the active actuators without effecting the performance as
shown in Figures 4.3a to 4.3d, Figures 4.4a to 4.4e clearly indicate that these elements
directly affect the actuators effort. The actuator control force requirement for tractor axle
suspension tends to decrease when the passive suspension stiffness is increased. The
reduction of the control force is attributed to reduced deflection and increased load

carrying capacity of the stiff suspension spring. The control force requirements of the
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semitrailer axle suspension increase with increase in the passive suspension stiffness. The
variations in the power requirements are, however, quite small. The actuator force
requirements are strongly affected by the dissipative properties of the passive components.
An increase in the suspension damping properties, in general, results in a large increase in
the power demand for the tractor axle suspensions. The semitrailer axle suspensions,
however, exhibit an optimal value of suspension damping for minimal power requirements,

as illustrated in Figures 4.4d and 4 4e.

Figures 4.5a to 4.5e illustrate the contour plots of the control forces as a function of
the restoring and dissipative properties of the passive elements. The damping and stiffness
values corresponding to the center-most curve will yield minimum control force
requirements. The damping and stiffness values of passive elements, derived from the
analysis of the passive suspension in Chapter 3 are used to realize the fail-safe active
suspension., The corresponding control force requirements of the active suspension are
indicated in the contour plots. Although the selected passive suspension components do
not yield minimal power requirements, the power demand is quite close to the optimal as
evident from Figures 4.4a and 4.4e. Such configuration yields a true fail-safe active

suspension design for the heavy vehicle.
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Figure 4.3¢c Weighted mean square deflection of suspension 1 for varying
stiffness and damping.
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Figure 4.3d Weighted mean square deflection of tire 5 for varying supension
stiffness and damping.
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Figure 4.4a Weighted mean square force of actuator 1 for varying
stiffness and damping.
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Figure 4.4b Weighted mean square force of actuator 2 for varying
stiffness and damping.
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Figure 4.4c Weighted mean square force of actuator 3 for varying
stiffness and damping.
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Figure 4.4d Weighted mean square force of actuator 4 for varying
stiffness and damping.
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Figure 4.4¢ Weighted mean square force of actuator § for varying
stiffness and damping.
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4.5.2 Influence of Weighting Coefficient Variations on the Suspension
Performance

The performance of an active suspension is strongly dependent on the choice of the
weighting coefficients in the performance index J. Using the covariance study of a passive
suspension undertaken in Chapter 3, an initial set of weighting coefficients was selected in
section 4.3.3. Any variation in these weighting coefficients may cause changes in the
performance characteristics of the actively suspended vehicle. The influence of variations
in the weighting coefficients on the different components of the performance index are
investigated using EQ (4.35). The variations in the weighting coefficients are realized by
introducing  multiplication factors, M/ and Mf, with baseline coefficients listed in

Table 4.1, and p,=10*".

The influence of weighting coefficients, 4, and u,, associated with tractor bounce
and pitch acceleration response, on the components of the performance index is
investigated to identify appropriate values of weighting coefficients. The coefficients g,
and y, are varied simultaneously by varying the multiplication factor, M, in the range
1E-3 to 1E+2. The weighting factors, p, ( /=1, ...,5 ). are also varied by varying the
corresponding multiplication factor, MY, in the range 1E-20 to 1.00. The effect of varying
these weighting coefficients on the performance variables is shown in Figures 4.6 to 4.9
An increase in y; and u, tends to emphasize the contribution of the tractor bounce and
pitch acceleration response in the performance index J. The tractor bounce and pitch
acceleration responses thus decrease, as shown in Figures 4.6a and 4.6b. This, however,
necessitates penalyzation of the actuator forces to ensure availability of adequate control
force. The suspension performance approaches that of the passive suspension when the

weighting factors p, are increased due to insufficient control forces developed by the
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active force actuators. The influence of weighting coefficients on the suspension
performance then becomes insignificant as reflected by the flat areas in the figures. An
increase in g, and y, also results in improved semitrailer bounce acceleration response
that may be attributed to the constraints posed by the articulation. However, increasing
and u, beyond certain limit results in high semitrailer pitch acceleration, and suspensions
and tires deflection, as shown in Figures 4.7b, 4.8 and 4.9. The expected values of these
penalized variables, in extreme cases, exceed those derived for the passive suspension. A
comprehensive parameteric study was carried out to study the influence of variations in
other weighting coefficients on the performance index. While the results are not presented
here, the following general observations were made: increasing a weighting coefficient,
coupled with availability of sufficient actuating force, reduces the corresponding penalized

variable and, generally, increases the other penalized variables.

Figures 4.6 to 4.9 clearly illustrate the strong dependency of the active suspension
performance on the weighting coefficients, and the need to realize a compromise among
the different components of the performance index. A set of weighting coefficients thus
must be identified to realize an optimal suspension. It is desirable to design an active
suspension to improve ride quality, cargo safety and reduce tires forces, while a reasonable
increase in the suspension deflection can be considered acceptable. The weighting
coefficients in the performance index are thus selected using an iterative procedure to
attain the above design compromise. The weighting coefficients given in Table 4.1 are
initially employed to determine the variants of the performance index (J,,). The resulting
variants are compared to those derived for the passive suspension. If any of the 14 variants
exceeds the corresponding value derived for the passive suspension, the associated
weighting coefficient is increased to emphasize the contribution of the particular variant in
the performance index. The performance indices are then reevaluated and the process is

repeated until an improvement in all the 14 variants of the performance index is achieved.
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The procedure resulted in a number of weighting coefficients that satisfy the desired
design compromise. A total of 5 sets of weighting coefficients are selected and are
presented in Table 4.2, The suspension schemes based on these weighting coefficients are
designated as AS/ to AS5. The corresponding reduction or increase in the expected value
of the penalized variables relative to those derived for the "optimum" passive suspension
are listed in Table 4.3. All the five active suspension schemes, in general, yield improved
performance when compared to the passive suspension. Each of these schemes, however,
accentuates certain particular aspects of the performance index. The suspension schemes
AS1, AS2 and AS3 emphasize, to different extents, ride quality, cargo safety and tire
forces. While the schemes 454 and AS5 mostly emphasize the tire deflection response. The
AS2 scheme vyields best ride quality, while best cargo safety is achieved using AS3. A
comparison of AS4 and 4S5 schemes reveals that further improvements in the ride quality,

cargo safety and tire deflection can be achieved by relaxing the suspension deflection

requirements.

Table 4.2 Weighting coefficients for each of the penalized
variables for the 5 differently weighted active suspensions

Suspension » AS1 AS2 AS3 AS4 ASS
Penalized variable i ¥ m m n u, 4,
1 429e+0 | 6.86et+0 | 5.50e+3 | 2.98e+1 | 2.69e+]
2 2.28e+l | 3.76e+1 | 3.18et4 1.19e+2 | 1.51et+2
3 6.09e+0 | 8.52e+0 | 2.66i4+3 | 7.70e+0 | 19%e+1
4 8.33e+2 | 8.33e+2 | 1.38et+5 | 8.33e+2 | 8.33et+2
5 1.99e+5 | 3.0le+5 | 3.73e+8 | 1.00et+6 | 8.79%+5
6 8.75¢e+4 | 146et5 | 121e+t8 | 2.49e+5 | 4.60e+5
7 6.37e+4 | 1.49e+5 | 9.14e+7 | 8.23et+4 | 2.81e+5
8 1.54e+4 | 7.92e+4 | 4.62¢+7 | 3.80e+4 | 2.35e+5
9 2.81et3 | 5.10et4 | 1.69e+7 | 1.84e+0 | 2.03e+5
1 4.98¢+5 | 1.07et6 | 1.00e+9 | 3.23e+6 | 3.4letd
1] 3.45e+5 | 1.30et+6 | 8.09e+8 | 5.73e+5 | 2.2Ge+6
12 9.12et+5 | 2.57et+6 | 1.93e+9 | 3.59e+6 | 5.85e+6
I3 1.2de+5 | 9.07e+5 | 2.08e+8 | 6.32e+4 | 6.75e+5
i4 1.55e+5 | 1.06et6 | 2.42e+8 | 1.18e+5 | 7.13e+5
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Figure 4.6a Mean square acceleration of the tractor bounce for varying weighting

coefficients

Figure 4.6b Mean square acceleration of the tractor pitch for varying weighting

coefficients
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Figure 4.7a Mean square acceleration of the semitrailer bounce for varying weighting
coefficients

Figure 4.7b Mean square acceleration of the semitrailer pitch for varying weighting
coefficients
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Figure 4.8a Mean square deflection of suspernision 1 for varying weighting
coefficients

Figure 4.8b Mean square deflection of suspension 2 for varying weighting
coefficients
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Figure 4.8¢ Mean square deflection of suspension 3 for varying weighting
coefficients

Figure 4.8d Mean square deflection of suspension 3 for varying weighting
coefficients

140



Figure 4.8e Mean square deflection of suspension 5 for varying weighting
coefficients

Figure 4.9a Mean square deflection of tire 1 for varying weighting
coefficients
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Figure 4.9b Mean square deflection of tire 2 for varying weighting
coefficients

Figure 4.9c Mean square deflection of tire 3 for varying weighting
coefficients

142



Figure 4.9d Mean square deflection of tire 4 for varying weighting
coefficients

Figure 4.9¢ Mean square deflection of tire 5 for varying weighting
coefficients



Table 4.3 Percent reduction(+)/increase(-) in the expected value of each of the penalized
variables for 5 differently weighted active suspensions (compared to "optimum" passive)

Performance variable AS1 AS2 AS3 AS4 ASS
% % % % %

Tractor bounce acceleration 2.36e+] | 2.17e+1| 2.71e+1| 1.30e+1 | 8 48e+0
Tractor pitch acceleration 2.65e+1 | 2.53e+1| 2.71e+1 | 1.4le+] | 9.24e+0
Semitrailer bounce acceleration 2.86e+1 | 3.63e+1| 3.77e+1 | 2.52e+] | 2.03et]
Semitrailer pitch acceleration 4.82e+] | 7.80e+1| 6.29e+1| 5.66etl | 1.76et]
Suspension 1 Deflection -6.92e+0 | 2.06e+0 | 1.04e-1 | -2.64e+0 | 9.31et0
Suspension 2 Deflection 8.35¢+0 | 5.27e-1| 1.39e+0 | -7.54e+0 | 134et]
Suspension 3 Deflection 1.18e+1 | 3.65e+0 | 3.60e+0 | -6.49e-1 | 1.54e+1
Suspension 4 Deflection 2.40e+]1 | 7.55et+0| 1.58e+0| 1.64et+] | 1.58e+]
Suspension 5 Deflection 4.26e+1 | 2.83e+1 | 3.35e+1| 2.78e+1 | 2.47e+]
Tire 1 force 2.76e-1 | 3.92e-2 | 8.39e-3 | 5.02e+0 | 7.45¢+0
Tire 2 force 7.38e+0 | 2.73e+0| 2.95¢+0| 1.51e+1 | 1.14e+]
Tire 3 force 4.80e+0 | 1.14e+0| 6.40e-1 | 1.09e+1 | 1.09e+]
Tire 4 force 2.14e+1 | 1.08e+1| 5.36e+0 | 2.50e+] | 2.36e+]
Tire 5 force 1.29¢+1 | 1.03e+1 | 3.78e+0 | 2.62e+1 | 2.36e+]
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4.5.3 Frequency Response Characteristics of the Actively Suspended Vehicle

The results presented in the previous sections describe an overall measure of the
different variants of the performance index obtained through the solution of EQ (4.35). A
study of the resonant behavior and the ride quality necessitates the analysis of frequency
spectra of the response characteristics of the different active suspension schemes. EQ
(4.50) is thus solved to obtain the frequency response characteristics of the 5 active
suspensions schemes (457 to AS5) subjected to excitations arising from a rough road. The
response characteristics are compared to the frequency response characteristics of the

"optimum" passive suspension developed in Chapter 3.

Figures 4.10 to 4.13 present the PSD of the penalized variables for the five active
and the "optimum" passive suspensions. All the five active suspension schemes offer
improved ride quality and better cargo safety almost in the entire frequency range, as
shown in Figures 4.10 and 4.11. Substantial benefits can be observed with all of the 5
active suspension schemes especially at low frequencies, which is a critical frequency
region in ride quality evaluations. At higher frequencies, near the axles resonant
frequencies around 10 Hz, the performance characteristics of the active suspensions are
similar to those of the "optimum" passive suspension. The active suspensions, irrespective
of the weighting coefficients, do not provide a significant improvement in the vertical and
pitch responses of the tractor and semitrailer sprung masses near the wheel hop
frequencies. This behavior of the active suspension is also supported by the studies
reported in [17,18)], which were based on a 2 DOF vehicle model. It has been shown that a
single point, corresponding to the wheel hop frequency, exists on the sprung mass body
acceleration response. This point is known as the invariant point and can not be changed

regardless of the suspension scheme used [17,18].
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The magnitude of relative deflection response across all the five axle suspensions
also reduces considerably when proposed active suspensions are employed, as shown in
Figure 4.12. The active suspensions, however, yield high suspension deflection at low
frequencies, especially below 0.9 Hz, as illustrated in Figures 4.12a to 4.12c. The
actuators are constantly trying to correct for any changes in the tractor, semitrailer and
wheel motions using feedback signals related to all the states of the vehicle. The actuator
forces are thus continunusly adjusted to correct for the changes in the motion.
Mathematically, the transfer functions for the active suspension deflections do not
necessarily reach zero at low frequencies as in the case of a passive suspension. This
limitation of active suspensions is also reported in the literature [17,19-22]. Figures 4.13a
to 4.13e illustrate the frequency response spectra of the tire forces due to active and
passive suspensions. Active suspension systems yield significant reduction in dynamic tire
forces at low frequencies. The reduction of the dynamic tire forces, however, is not
evident near wheel hop frequencies (near 10 Hz). The suspension scheme AS5 yields the

most significant reduction in the dynamic tire forces in the entire frequency range. This
b
active suspension scheme is thus desirable when the design objectives invoive a specific

emphasis on the pavement fatigue caused by dynamic tire loads transmitted to the road.
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454 Influence of Vehicle Speed on Active Suspension Performance

The control gain matrices K in the analysis of the five active suspension
configurations, AS/ to AS5, were obtained for constant forward speed of 90 km/h. The
performance characteristics of the active suspension systems is known to be dependent
upon vehicle speed and the road roughness conditions. The performance characteristics are
thus evaluated for variations in the vehicle speed to study the effectiveness of the active
suspensions. Figures 4.14 to 4.17 show the effect of varying vehicle speed on the different
penalized variables. The control gain for the active suspensions 45/ to 455, selected for a
vehicle speed of 90 km/h, are used to evaluate the response characteristics in the 10-120
km/h speed range. Figures 4.14 and 4.15 clearly illustrate that the active suspensions
provide significant improvement in the ride quality and cargo safety, irrespective of the
vehicle speed and the active suspension scheme. The suspension scheme 453, however,
yields the most significant improvement in the ride quality and cargo safety performance of
the vehicle. The relative deflection responses of the active suspensions are comparable to
those of the passive suspension and thus no extra rattle space requirements is necessary for
the active systems. However, if rattle space is a major factor, 453 and 454 have to be
avoided since they result in large suspension deflection as shown in Figures 4.16b, 4.16¢
and 4.16d. The active suspension AS! yields considerable reduction in the rattle space
requirements of the drive and semitrailer axles at highway speeds. Figures 4.17a to 4.17e
illustrate the tire deflzction response characteristics of the active and passive suspension
systems. Except for AS3, all the active systems show lower tire deflections throughout the
speed range (Figure 4.17). The performance of the active suspensions, in general, is
enhanced as the vehicle speed increases, as illustrated in Figures 4.14 to 4.17. Since freight
vehicles operate mostly at high speeds, the performance potentials of the active systems

becomes more significant.
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4.5.5 Influence of Road Roughness on Suspensions Performance

The performance of an active suspension on three types of roads is compared to that
of the passive suspension operated on the same road. Table 4.4 shows the perceat
improvement in the mean square values of the penalized variables for the AS5 active
suspension. The active suspension remains superior to the passive suspension for the three

different roads. However, the improvement percentage is slightly reduced for rougher

roads.

Table 4.4 Percent reduction(+)/increase(-) in the mean square value of each of the
penalized variables for 3 types of roads ( AS3 compared to passive)

Performance variable Asphalt Road | Concrete Road|  Rough Road
% % %
Tractor bounce acceleration 8.48e+0 8.0le+0 6.06e+0
Tractor pitch acceleration 9.24e+C 8.54e+0 6.65e+0
Semitrailer bounce acceleration 2.03e+] 1.8%e+] 1.5le+]
Semitrailer pitch acceleration 1.76e+1 1.76e+1 1.30e+]
Suspension 1 Deflection 9.31e+0 8.66e+0 3.57e+0
Suspension 2 Deflection 1.34e+1 1.76e+1 2.12e+1
Suspension 3 Deflection 1.54e+1 1.59¢e+1 1.32e+1]
Suspension 4 Deflection 1.58e+1 1.53e+1 1.0le+}
Suspension 5 Deflection 2.47e+1 2.44e+] 1.97e+1
Tire 1 force 7.45¢+0 7.11et0 5.56e+0
Tire 2 force 1.14e+] 1.12e+1 1.10e+1
Tire 3 force 1.09e+1 1.04e+1 8.09e+0
Tire 4 force 2.36e+] 2.2%9e+] 2.08et+1
Tire 5 force 2.36e+1 2.26e+1 1.84e+1
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4.6 SUMMARY

A method based on LOG technique was used to ﬁesign the active suspensions for
the tractor-semitrailer vehicle. The second order coupled differential equations of motion
of the actively suspended vehicle reduced to first order state-space form are augmented
with the road excitation to satisfy the white noise input requirement of the LOG design.
The performance objectives of the suspensions comprising the tractor and semitrailer
bounce and pitch accelerations and the suspension and tire deflections are expressed in the
matrix form as a function of the augmented state vector and the actuator forces. The
performance index is then formulated, and each of its components is determined
separately. While the passive elements do not affect the overall performance of the active
suspension, the properties of the passive components are chosen to ensure minimum
actuator force requirements. Five different sets of weighting coefficients are derived to
achieve the design compromise for the active suspension, and the corresponding
reduction/increase in the expected values of the penalized variables are investigated. The
results clearly illustrate that the active suspensions yield improved performance related to
all the design objectives. The suspension performance related to ride quality, cargo safety

and tire forces can be further improved by relaxing the rattle space requirements.
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CHAPTER §

ANALYSIS AND DESIGN OF AN ACTIVE
SUSPENSION USING H, SYNTHESIS

5.1 INTRODUCTION

The z-tive suspension design conceived in the previous chapter, using LQOG optimal
control method, requires perfect and complete measurement of the states. The suspension
design for the tractor-semitrailer requires measurements of absolute velocities and
displacements of all the sprung and unsprung masses of the vehicle. The control algorithm
further necessitates a continuous measurement of the road elevations at all the tire-road
contact points. Although absolute velocities and displacements can theoreticaily be
obtained by integrating directly measurable acceleration signals, the signal integration
poses vartous formidable tasks associated with filter design and phase variations. Similarly,
the measurement of road elevation necessitates body mounted road height sensors,
Although sonar sensors may be used, the reliability of these devices is yet to be assessed
especially in the relatively severe road environment. The implementation of such active
suspension is thus limited by its high costs and complexities associated with measurement
of all the states of the vehicle. Furthermore, the measurement of certain directly

measurable states is frequently corrupted with noise. In view of hardware and signal



processing requirements, high cost and poor reliability of a full-state feedback active
suspension design, a thorough analysis of a more realistic active suspension scheme, based
on H, synthesis, is undertaken to evaluate its suitability for the freight vehicles. The
assumption of full and perfect measurement of the states is relaxed in the design of the H,
active suspension. The proposed active suspension system is analytically formulated
incorporating the sensor signals noise in the output equation. A Kalman filter is
incorporated to derive an optimum estimate of all the state variables. Two suspension
schemes based upon limited-state measurement are investigated and the relevant design
aspects such as actuator size, measurement noise intensity and its effect on the
performance are addressed. The performance characteristics of the proposed suspension
designs are compared to those of the full-state measurement active, and the "optimum"

passive suspension systems.

5.2 MATHEMATICAL FORMULATION OF AN LQG-
EQUIVALENT H, CONTROL PROBLEM

In recent years, the search for new approaches to the design of stable and robust

feedback controllers have gained momentum. As a result, the H, and H, design

methodologies have become widely accepted in multivariable control [1]. One of the most

important recent mathematical advances in the theory of A, and H, is the solution of the
optimization problem using state space methods, in particular through the solution of two
Riccati equations. The H, optimal control theory is developed to design stable feedback
controllers that minimize the so called A, performance measure. This performance
measure, however, can be formulated to be equivalent to the LOG quadratic performance
index discussed in Chapter 4. The H, optimal control problem is then conveniently solved

using the state-space method. The H, optimal control theory can be formulated to require
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only limited-state measurements. Moreover the sensor noises can be easily incorporated in
the formulation. The H, design method also offers the possibility of frequency-weighted
performance measure through plant augmentation. The suspension design can thus be
realized to yield frequency-dependent performance characteristics, which is perhaps most

desirable for ride quality enhancemznt of the vehicle.

In order to be consistent and to be able to compare the performance behavior of an
H, suspension with that using full-state measurement, presented in Chapter 4, the A,
control problem is formulated to be equivalent to the classical LOG problem. The vehicle

model can, in the most general case, be described by the following system of equations:

D .1)

where;

u is the control forces vector to be determined,

x is the augmented state vector as defined in Chapter 4,

2 is the error vector (or penalized variables) to be minimized,

¥ is the observation vector (or vector of measurable/accessible variables),
and w is the exogenous signal and includes both the road disturbance and sensors noise
¢ (i =1 to n; where n is the number of observed, or available, signals ). The road
disturbance, & is a filtered white noise process with  covariance
E[&n). &) =Wt -=) = 2avp’8te - 1), as defined in Chapter 2. In the most general case,
sensors noise do not fall in any specific frequency range, accordingly they are taken as
white noise. The measurement error vector, ¢, is thus assumed to be white noise with

covariance:
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E[&i) . &) =V -n (5.2)

where V =diag [ V,, V,, ..., V, ] is the matrix of mean square amplitude of the »
signal noises. The matrices 4, B,, B,, C,, D,,, D,,, C,, D,,, and D,,, representing the
state space description of the tractor-semitrailer, are to be defined such that the resulting
H, optimization problem is equivalent to the standard LOG optimization problem derived
in Chapter 4. Since the measurement errors were considered negligible in the formulation
presented in Chapter 4, the only exogenous signal considered was the road disturbance.
The exogenous signal vector w was thus represented by the filtered white noise & as
described in EQ (4.6). In the present formulation, however, w would includes both the

road disturbance and the sensors noise, such that:
W={8.8.6r 0}
where # is the size of the observation vector p, or the number of measurable variables,
In the case of the full-state feedback control presented in Chapter 4, the observation
vector y was equal to the state vector x, such that D,, = D,, = 0. In this case, however,

only accessible or directly measurable variables will be included, and will be defined later.

Let P be the transfer function matrix of the tractor-semitrailer mapping the input

vectors w and # to the output vectors zand y :

-2

169



The transfer function matrix P can be derived from EQ (5.1) and represented in the

standard 2 %2 block transfer matrix as:

P =[Pu P,z] (5.4)
P, P,
EQ (5.1) can be solved to derive the augmented state vector x, as:
-
x=(s1-4)"[B, Bz][u}
upon substituting for x, the transfer function matrix 2 can be expressed as
b, b,] |[C Al s
p=| 2 T (s1-4)[B, B, (5.5)
21 D22 C.?
EQ (5.6) and (5.7) yield:
=P,w+P,u .
(5.6)

y=P,w+Pu

Let K be the transfer function matrix relating the observation vector y to the control

force u, such that:

u =Ky (5.7

EQ (5.3) and (5.8) yield the following expressions for the performance variable and the
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observation vectors:
z=P,w+P Ky (5.8)

y =P, W + P, Ky (5.9)
Alternatively, EQ (5.8) and (5.9) can be rewritten as:

y=(I —PzzK)_IPmﬁ’ (5.10)

z=[Pu +P,K(1 —P;,:,K)_’P;,,]ﬁ’ (5.11)

The closed loop transfer function T, relating the disturbance w to the penalized

4

variables vector z can thus be expressed as:
T.. =P, +P,K(I _PzzK)_’P:r (5.12)

The H, control strategy is based upon minimizing the 2-norm of T, ; i.e. finding a

controller X such that; 7.

, =||P.; +P.K(I -P,,K )" P, is minimum [1]. Minimizing
the 2-norm of T, implies minimizing the effects of the road disturbance and sensors noise

W on the penalized variables z. The performance measure of the A, control scheme is thus

formulated as the 2-norm of the transfer function T, function, defined by:

I =2 (e
Ty =l = 2 [T sy 613

The H, muitivariable control methodology involves determination of an optimal

control force vector u for the multivariable system governed by EQ (5.1), such that the
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performance index J,, described in EQ (5.13), is minimized. The /7, performance index
appears quite different from the quadratic LOG performance index described in EQ (4.17).
The resulting control scheme is thus expected to be different from that derived using LOG
design. A relationship between the H, and LOG design methodologies, however, can be
established to compare the performance characteristics of the two designs. This can be
accomplished by formulating the H, control problem to be equivalent to a conventional

LQG optimal control problem.

Integrating the sum of the squared elements of the frequency response as implied by
the H, optimization criteria in EQ (5.13), corresponds to the time integrating the sum of

the squared elements z, [2], such that:

J, = i ‘[:i"r(T;: (jo/T,,( jo))do = fim EU;Z'M’] (5.14)

Since the performance vector z does not depend on the plant disturbance %, D, in
EQ (5.1) would simply be a null matrix. The H, performance criteria can thus be

expressed as:

Ty, =lim E[ [(€x+Dyu) (€ +f),2u)zit] (5.15)
or.
Iy, =]{%E[J‘0T(x ’C:’+" ,ﬁffi’)(élx +f)12u)d’:| (5.16)

Upon rearranging and multiplying, the following final expression for the performance

index J,, is obtained:
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(5.17)

The corresponding performance index based on the LOG formulation, however, is

given by:

o de, J e, crdn,
[! B “][(c,fao,_,)' R+D;, 0D,

X
B e

where Q and R are described in EQ (4.14). Consequently, if the formulation of the H,

performance index, given by EQ (5.17), is to be equivalent to the LQG formulation, gi\}en

by EQ (5.18), the following must be satisfied:

(5.19)

EQ (5.19) yields:

~

=

of =|:‘/§;C’], and D, =[J§D’;| (5.20)

Since D, =[0] , the state-space equation relating the performance variable vector z

to the state vector x, and the control force vector u, can be expressed as:
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7 = {@C,.lx + [J—éDm:! u (5.21)

The performance vector z, when partitioned into two components, z, and Z,, can be

expressed as:

2, =JO(C,x + D, u) (5.22)
and:

2, =VR u (5.23)

A comparison of EQ (5.22) and EQ (4.10) reveals that the z, component of the H,
performance variable vector is simply the LOG performance variable vector given by
weighted by the matrix \/QT . Similarly, EQ (5.23) implies that the control forces must be
weighed by the matrix w/}(: . This similarity suggests that the performance variable vector g
in the H, formulation must include the penalized variables (tractor and semitrailer bounce
and pitch accelcrations, and suspension and tire deflections) and the actuator forces.
Moreover, the penalized variables as well as the actuator forces must be weighted by \/E
and \/E , respectively. The penalized variables considered in the H, synthesis are thus
identical to those described in section 4.3 of Chapter 4, which include ride quality, cargo

safety, rattle space requirements and dynamic tire forces.

A relationship between B, and D,, , and the noise correlation W and ¥, also needs

to be established to ensure that the H, and LOG formulations are identical. Noting that:

B/&e1) BWB; 0
El 1B (oD )= 8t - 5.24
{[D,,crf)][‘f(” K ”]} [ o ooy 629

174



The cross diagonal elements are zeros since there is no cross correlation between the

road disturbance and sensors noise. From EQ (5.1) it is evident that the whit2 plant noise

¢ and white measurement noise ¢ enter the 7, formulation via |: ! ] The joint correlation

21

function can thus be expressed as:
B Wit . — .
E{ ! w' ) )B WD =
{[szﬁ’( d J[ 1 ) 2’]

EQ (5.24) and EQ (5.25) permit a comparison between the H, and LQOG
formulations. EQ (5.24) and EQ (5.25) yield:

G
! h;

e }5(;_ ) (5.2%5)

r
15721

Eb! e
_5.?
R~

BB -0 (5.26)

The matrices B,. and f)g, are ,therefore, defined as:

B =[BW 0]
D:u=[0 D2I‘\ﬁ7]

(5.27)

EQ (5.20) and (5.27) establish the requirements for the /4, multivariable control
problem to be equivalent to the LOG control problem. From the equivalency analysis, the
matrices B,, C,, D,,, and D,, are described by EQ (5.20) and (5.27), and D,,= 0. The
matrices A and B, are not effected by the H/LQG equivalency requirements, and thus
are identical to the matrices A4 and B,, defined by EQ (4.7) in Chapter 4. The matrices
C, and D,,, relating the state vector x and control forces vector u to the observation

vector p, will be defined in a following sextion.
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5.2.1 Solution of the H, Control Proble:n

Designing an H, optimal controller for the tractor-semitrailer multivariable system
involves essentially is determination of the optimal control force vector # and its relation
to the observation vector y. In the previous Chapter, all the state variables were assumed
to be measurable, and thus the observation vector y was identical to the state vector x.
Minimization of the quadratic performiance index was thus attained using full-state
feedback in conjunction with appropriate feedback gains. Such a control scheme poses
many complexities associated with measurement of the entire state of the vehicle, which is
not feasible. Alternatively, the vehicle state may be estimated from the measurement of a
limited number of states, preferably directly measurable, using a Kalman filter, referred to
as the observer. The observer encompasses an exact model of the plant and plant
parameters. The observer employs directly measurable states to yield an estimate of the
entire state vector. The H, suspension design is, therefore, carried out in two Stages: (i)
design of an observer to estimate the entire state vector using the measurable limited-state
of the vehicle; and (i) implementation of the estimated state to derive the optimal full-
state feedback controller to achieve a minimum performance index. Since the /, problem
is formulated to be equivalent to an LOG problem, the H, controller XK can be realized
using the LOG methodology resulting in a full-state feedback gain K and a Kalman filter

(observer) with residual gain K.

Kalman et al [3] and Abdel Hady et al [4] proposed the following form of the

observer [{3.4]:

%, =Ax, +Bu+K,(y-Cyx, -Dyu) (5.28)
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Where x, is the optimum estimate of the state variable x and KX, is the observer gain.
The estimation error e, is, hence, defined as the difference between the state vector x and

its optimum estimate x,. The observer gain K is selected to minimize the error covariance

matrix E [er e,’] [3],. This results in the filter gain matrix given by [5-7]:

K, =(P,C;+B.D;)D,Dy)" (5.29)

Where P, is the filter error covariance matrix, derived from the solution of the

following Riccati equation:

/ipo +Po’a ’_(Pac;+Bfi)2’.')(bzfﬁ2’.')_I(P ézf""gfi)z’r) +E!B ‘=0 (5.30)

Since the observer and tractor-semitrailer models are driven by the identical input u,
and since the observer gain K, is formulated to minimize the error between the state vector
x and its estimate x_, EQ (5.28) yields a reasonably good approximation of the actual state
[3,4]. The Kalman filter approach provides an estimate of the state vector x based upon
the available measurements contained in the observation vector y. The estimated vector x,,
is then used in conjunction with a fuli-state feedback gain matrix to derive the control

forces vector u, given by:
u=-K.x, (5.31)

Where K, is the full-state feedback control gain matrix derived to minimize the

performance index, and is given by:

K =(ﬁ15 D:z)_}(E2’P+ﬁ:’2 C:) (5.32)
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where P is the solution of the following Riccati equation:

4

A’P+PA- (Péz +C‘:’D:2)(D~r’2 ﬁ:z)—} (P‘Ez +61’D12) + C:'C: =0 (5.33)

Upon substituting for 4 form EQ (5.31), the estimated state vector can be expressed

as:
° 22Kc)xo +Koy (534)

EQ (5.31) and (5.34) are combined to yield the controller matrix transfer function K
mapping the output y to the control vector #. The controller gain matrix can be expressed

by the following 2X2 block representation:

r~ = = = -
K = A-K,C,-B,K, +K D,K, K0:| (5.35)

-K Lo

“ e

aiternatively:

'to =Acx0 +ch
u =Cox. (5.36)

where;

A =A-KC,-B,K. +K,D,K,
A =K, and A =-K

Upon substituting for the expresston y from EQ (5.1), EQ (5.36) yields:
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%, =Ax,+BC,x+B.D,w +B.D,u (5.37)

Replacing u by Cx, , EQ (5.1) and (5.37) yield:

% = Ax+B,Cx,+Bw
z = Cx+D,Cx,+D,w (5.38)
X, = B‘_.C‘zx +(A‘. +Bcﬁ2.?cc)x0 +Bcﬁ21';,

The closed loop state-space description of the tractor-semitrailer can thus be

expressed as;

-

X=Ax+l (5.39)
z=Cx+Dw
where:
X = * Ww=w A= 4 ﬁzcc
xa , S Bcc.? A +BcD22Cc
’ (5.40)
_ B . e om .
B=| | C=[¢ D) D=b,=0
BcDZI
The H, performance index is thus given by:
Jy, =TI =Tr(XC'C) (5.41)

where X is the steady state closed-loop state covariance matrix, defined by:
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X =lim E[%7) %)) (5.42)

=

and is the solution of the algebraic Lyapunov equation:

AX +XA'+BB’'=0 (5.43)

Since D =D,, =[0], each component of the performance index can be evalu-ied using the

following equation:

T =2\7 i [Cam|Ciim|Xomn) i=12,..19 (5.44)

m=l n={

5.3 LIMITED-STATE MEASUREMENT CASES

Measurement of many response variables, such as absolute velocities, absolute
displacements and road elevations represent a major hurdle for applications of full-state
feedback control systems in vehicles. Although absolute velocities and displacements can
theoretically be obtained by integrating directly measurable acceleration signals, the signal
integration poses various formidable tasks associated with filter designs and phase
variations. Similarly, the measurement of road elevation necessitate body mounted road
height sensors. In view of excessive hardware and signal processing requirements, high
cost and poor reliability of active suspension systems employing full and perfect
measurements, /7, control schemes based upon measurement of limited and directly
measurable states are analyzed. In this study, two distinct cases involving measurement of

directly accessible states are proposed
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5.3.1 LSMI-Relative Displacements and Velocities Across the Suspensions

Relative displacements and velocities across the suspensions can easily be obtained
by mounting LVT's and LVDT's or string potentiometers between the tractor/semitrailer
bodies and the tire axles. Since these instruments provide a direct measure of the relative
velocities and displacements, the time delay associated with signal processing can be

minimized. The elements of the error-free observation vector y are thus given by:

Y, =x, +A,x, —x; (5.452)
Y, =%, —B)x, —x, (5.45b)
Y =%, —Bx, -x, (5.45¢)
Yi=%;—Byx, —x, (5.45d)
Vs =x; —Bx, -x, (5.45¢)
Vs =Xy +A X, —x,, (5.45f)
Yo =%, —B,x,, —x,; (5.45g)
Yo =X, —B,x,, =%, (5.45h)
Yo =X, —B;x,, —x,, (5.451)
Vg =X, =Bx;; —x, (5.45))

where y, to y; are the relative velocities, and y, to y,, are the relative displacements
across the suspensions. Using string potentiometers with built-in signal conditioning
provide a measure of both the displacements and velocities. A total of 5 sensors are
therefore required to obtain the observation vector for the five-axle, tractor-semitrailer

model suspension considered in this study.
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53.2 LSM2-Tractor and Semitrailer Bounce and Pitch Accelerations

Accelerometers mounted on the tractor and semitrailer can provide the required

signals for this active suspension scheme. The elements of the error-free observation

vector y are, therefore, given by:

Y, == [C,(x, +A;x, =x; ) +C,(2x, —Bx, — %, -B,x, ~-x, )+
CG(x, = Bsx, —x, —A;x, ) +K (x4 +Ax,, =X, )+
Ky(2x,, —Bx; =%, —-Byx;, ~x,,)+K(x), —Bsx;, —x); —Ayx;)+

u, +u, +u,]/ m, (5.46a)

vy == [C A (x, + Ax, —x; ) +C,[ B.(x, —B)x, ~x, ) +
B,(x,-B,x,-x,)] -CB(x, -B.x, —x; —A,x, )+
KA (x,+A4x, -x,) +K,[B,(x,, - B,x;, —x,5) +
Bx,, —Byx) —x15)] —KBy(x, —Bsx,, —x,; — A:%,;) +
Au, =B, -Byu, )]/ 1, =0 (5.46b)

Yi== [Ca(xs —-Byx,—x;+X, —Bx, =%, ) +C(x; + Ax, —x, +B;x, ) +
Ki(x,, -Bx,; —x,; +x,, -Bx), —X15) + K (%, + Ayxp —x, +Bix), ) +

", +us}/ m, (5.46¢)
Y =—["C3[Ba(x3 ~Byx, —x, )+ B,(x; - Bx,~x,)] +

GA,(x; +Ax, ~X, +Bx,)-Ky [ By(x,; = Byx,; =%, ) +

B(x, =Bx;5 =%, )] +K;A,(x,; + A;%5 =% +Bsx,, ) -

Bju, —B,,us]/lyz =0 (5.46d)

where y, and y, are the bounce and pitch accelerations of the tractor sprung mass,

and y, and y, are the bounce and pitch accelerations of the semitrailer sprung mass.

The elements of the matrices C, and D,. can be derived from the above equations
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to yield an expression for the observation vector y. The coefficient matrices in EQ (5.1)
are then formulated to describe the dynamics of the tractor-semitrailer. Using the
controller described in EQ (5.35), the state-space equations of the closed loop vehicle
system are evaluated from EQ (5.39). The different components of the performance index

are then evaluated from EQ (5.44).

5.4 FREQUENCY DOMAIN ANALYSIS

The frequency performance characteristics of the actively suspended veh'cle are
evaluated for random road excitations. Since the road excitations are assumed to be
stationary and Gaussian, the vector of system response variables, z, is also stationary and
Gaussian [8-10]. The closed loop state-space description of the tractor-semitrailer, EQ

(5.39), yields the frequency response function:

H ={C'(sl —,71)_I B +ﬁ} (5.47)

where H(jw), € (4 is the complex frequency response function (i is 11 for LSM/ and

S for LSM?2). The power spectral density of the response vector is, therefore, given by the

following relation {11]:

S(w)=HH (5.48)

where, *denotes the complex conjugate transpose. The diagonal elements of S,(w) provide

the spectral densities of the output states z,.
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3.5 PERFGRMANCE CHARACTERISTICS OF THE H)
ACTIVE SUSPENSION

The performance characteristics of the LSMJ and LSM2 suspensions based on the
H, control scheme are evaluated and compared to those of the "optimum" passive and fuil-
state feedback active suspensions. The response characteristics are discussed in view of
the different components of the performance index, specifically, the ride quality, cargo
safety, suspension deflections and tire deflections. The results are further analyzed to
determine the effectiveness of the LSM/ and LSM2 suspensions with considerably relaxed
hardware requirements. The influence of sensor noise and actuator size on the suspension
performance is further investigated. The response characteristics of the LSM/ and LSM2
suspensions are presented in terms of percent improvement (+) or percent deterioration (-)

in performance, compared to that of the "optimum" passive suspension.

5.5.1 Influence of Sensors Noise and Actuators Size on Vehicle Ride Quality

The performance characteristics of an active suspension are strongly influenced by
the sensor noise and the actuator effort. The significance of sensors noise and actuator
effort is investigated through analysis of an active suspension based upon full-state
measurement, by letting C, =1, and D,, =D,, =0 in EQ (5.1). Since the H, problem is
formulated to be equivalent to the LOG problem derived in Chapter 4, the weighting
coefficient corresponding to the active suspension scheme ASJ5, identified in Chapter 4, are

used.

Different components of the performance index of the active suspension are

presented as function of the sensor noise intensity ¥, (V,=V,=--=V)) and the actuator
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weighting coefficients p, (p,=p,==p;) in Figures 5.1 to 5.4. The performance
characteristics are presented in terms of percent improvement (+) or percent deterioration

(-) in relation with the performance of the "optimum"” passive suspension.

The components of the performance index are evaluated from EQ (5.46) for varying
magnitude of sensors noise V, and actuator weighting coefficients p.. For low sensor noise
(V,<10®) and low penalty on power supply (o, <10%), the suspension performance is
similar to that of the 4S5 presented in Chapter 4. This is attributed to the fact that the H,
problem is formulated to be equivalent to the LOG problem. The suspension performance
in terms of percent improvement remains nearly constant irrespective of variations in the
sensor noise, ¥, <108, and actuator effort p, < 106, The suspension performance,
however, deteriorates rapidly with an increase in sensor noise, and approaches that of the
passive suspension for ¥, > 102, irrespective of the actuator effort. The suspension
performance also deteriorates with reduction in the actuator effort, as illustrated in the
figures, and approaches that of the passive suspension trrespective of the sensor noise
levels. The results presented in Figures 5.1 to 5.4 thus clearly illustrate that excessive
measurement noise and/or inadequate actuator power results in very little or no
improvement in the performance indices. The influence of sensors noise and actuator
effort on the performance characteristics of the limited-state measurement active
suspensions, LSM/ and LSM2 is investigated. The results (not presented) revealed trends

similar to those obtained for the active suspension based on full-state measurement.
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) in the mean square of the semitrailer

bounce acceleration for varying noise intensity and actuators weighting coefficient

Figure 5.2a Percent improvement(+)/deterioration(-

(compared to passive).

Figure 5.2b Pefcent improvement(+)/deterioration(-) in the mean square of the semitrailer

pitch acceleration for varying noise intensity and actuators weighting coefficient

(compared to passive).
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Figure 5.3a Percent improvement(+)/deterioration(-) in the mean square of suspension 1

deflection for varying noise intensity and actuators weighting coefficient
{compared to passive),

Figure 5.3b Percent improvement(+)/deterioration(-) in the mean square of suspension 2

deflection for varying noise intensity and actuators weighting coefficient

(compared to passive).
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Figure 5.3¢ Percent improvement(+)/deterioration(-) in the mean square of suspension 3

deflection for varying noise intensity and actuators weighting coefficient

(compared to passive).

ecn square of suspension 4

deflection for varying noise intensity and actuators weighting coefficient
189
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Figure 5.3¢ Percent improvement(+)/deterioration(-) in the mean square of suspension 5
deflection for varying noise intensity and actuators weighting coefficient

(compared to passive).

Figure 5.4a Percent improvement(+)/deterioration(-) in the mean square of tire 1

intensity and actuators weighting coefficient

(compared to passive).

deflection for varying noise
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Figure 5.4b Percent improvement(+)/deterioration(-) in the mean square of tire 2

deflection for varying noise intensity and actuators weighting coefficient

(compared to passive).

Figure 5.4c Percent improvement(+)/deterioration(-) in the mean square of tire 3

deflection for varying noise intensity and actuators weighting coefficient

(compared to passive).
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re 5.4d Percent improvement(+)/deterioration(-) in the mean square .of tire 4
deflection for varying noise intensity and actuators weighting coefficient

Figu

(compared to passive).

Figure 5.4e Percent improvement(+)/deterioration(-) in the mean square of tire 5

deflection for varying noise intensity and actuators weighting coefficient

(compared to passive).
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The performance characteristics of the active suspensions limited-state measurement

(LSM1 and LSM?2) are compared to those of the full-state feedback active suspension for

varying sensors noise. The actuator force weighting coefficient is selected as 2, =101 to

ensure availability of adequate actuator effort. from the results presented in Figures 5.5 to

5.8, the following observations are made;

1a

2e

3

4.

The three suspension systems offer similar % improvement in the performance for low
level of sensors noise. This indicates that the state estimation can be accomplished
with greater accuracy when signal noise levels are low. It is thus possible to achieve
performance similar to that of the full-state feedback suspension, while using limited-
state measurement. It should be noted that the LSM/ is based upon feedback from
measurement of relative velocities and relative displacements across the suspension
systems, while LSM2 is based upon measurements of the tractor and semitrailer

bounce and pitch accelerations.

The discrepancy among the performance characteristics of the three suspension
schemes increases with increase in noise intensity. For signal noise intensity V> 1072,
none of the three suspension schemes offer a noticeable improvement in performance

when compared to a passive suspension.

Using tractor and semitrailer bounce and pitch accelerations as the only available
measurements (LSM2), it is possible to obtain a performance comparable to that

based on full-state measurements.

The suspension scheme based on relative measurements (LSM/), while offering

acceptable performance at low sensor noise, is very sensitive to increased corruption
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in the measurable quantities. The performance of this scheme is, generally, not as
favorable as that based on either full-state measurements or accelerations-only

measurements (LSM2).

A moderate increase in the signal noise levels tends to improve the performance
components related to tractor bounce and semitrailer pitch (4S5 and LSM2), and
relative deflection across the steering axle suspension (455). This improvement is,
however, achieved at the cost of rapid degradation of all the other components of

performance index.

The LSM! suspension scheme yields considerable reduction in the deflection across
the tractor drive axles, while the deflections across the remaining axle suspensions
increase. Although a white sensor noise of identizal intensity is introduced within each
channel of measurement (relative displacements and velocities), the influence of signal
noise is dependent upon the signal-to-noise ratio of each channel. The signal noise
thus tends to deteriorate the front axle suspension deflection more significantly due to

its lower magnitude of dynamic deflection.
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Figure 5.5a Percent improvement{+)/deterioration{-) in mean square of tractor
bounce acceleration for varying sensors noise ( compared to passive)
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Semitrailer Bounce Acceleration (%)

Semitrailer Pitch Acceleration (%)
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Figure 5.7b Percent Improvement(+)/deterioration(-) in mean square of

suspension 2 deflection for varying sensors nolse
( compared to passive)
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Suspension 3 Defiection (%)

Suspension 4 Deflection (%)
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Figure 5.7d Percent Improvement(+)/deterioration(-) in mean square of
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( compared to passive)
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Suspension 5 Deflection (%)

Tire 1 Deflection (%)
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Figure 5.8a Percent improvement(+)/deterioration(-) In mean square of tire 1
deflection for varying sensors noise ( compared (o passive)
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Tire 2 Deflection (%)

Tire 3 Deflection (%)
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The influence of actuator effort on the performance characteristics of the three
suspension systems is further investigated, while the sensors noise intensity are held at
V=105, Figures 5.9 to 5.12 illustrate the relative performance characteristics of the full-
state, LSM/ and LSM2 active suspension systems as a function of the actuator weighting
coefficients, p,. The results clearly reveal that the performance characteristics approach
those of the passive suspension when the actuator effort is reduced, irrespective of the
suspension scheme. Since each active suspension system is configured as a fail-safe
combination of the passive and active components, a reduction in the actuator effort will
simply cause the suspension to operate in a passive mode. The performance
characteristics, however, approaches those of the "optimum" passive suspension, since the
passive components correspond to the optimum design described in Chapter 3. The fail-
safe configuration of the active suspension, thus, enhances the reliability of the suspension
systems. For adequate actuator effort ( p, < 1006 ), the following table summarizes the
percent improvement/deterioration in performance of the three suspension schemes,

compared to those of the "optimum" passive suspension.

Table 5.1 Percent reduction(+)/increase(-} in the mean square value of each of the performance
variables for the 3 suspension schemes (¥;=106) (compared to passive)

Performance variable Fuli-State LSM1 LSM2
% % %

Tractor bounce acceleration 1.121e+01 7,094e+00 9.146e+00
Tractor pitch acceleration 8.89%e+00 5.713e+00 9.531et+00
Semitrailer bounce acceleration 1.924eH0] 1.631e+01 1.979¢+01
Semitrailer pitch acceleration 2.85%+01 5.940e+00 1.923e+01
Suspension 1 Deflection 1.142¢+01 4.793e+00 8.170e+00
Suspension 2 Deflection 1.314e+01 2.698e+01 1.480e+01
Suspension 3 Deflection 1.229¢+01 2.063e+01 1.554e+01
Suspension 4 Deflection 1.465e+01 1.017e+01 1.613e+01
Suspension 5 Deflection 2.286e+01 1.589¢+01 2.491e+01
Tire | force 3.118e+00 3.810e+00 5.974¢+00
Tire 2 force 1.186e+01 8.321e-02 9.718e+00
Tire 3 force 9.051e+00 5.299¢+00 9.546e+00
Tire 4 force 1.605e+01 1.554e+01 2.105e+01
Tire 5 force 2.044e+01 1.661e+H)] 2.205¢+01
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Suspension 1 Deflection (96)

Suspension 2 Deflection (%)
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