Real Time Computer Controlled
Adaptive Active Suspension: An
Analytical and Experimental
Investigation

Saitya Srinivas Vallurupalli

A Thesis
in
The Departinent
of
Mechanical Engineering

Presented in Partial Fulfillment of the Requirements
for
the Degree of Doctor of Philosophy
at
Concordia University
Montreal, Quebec, Canada

February 1996

(©Satya Srinivas Vallurupalli, 1996




Bl e

Acquisitions and

Bibliothegue nationale
du Canad¢

Direction des acquisittons et

Bibliographic Services Branch  des services bibliographiques

3145 Wellinglon Street
Ottawa Orane
¥1A (N4 ¥1A ON4

The author bhas granted an
irrevocable non-exclusive licence
allowing the National Library of
Canada to reproduce, loan,
distrioute or sell copies of
his/her thesis by any means and
in any form or format, making
this thesis available to interested
persons.

The author retains ownership of
the copyright in his/her thesis.
Neither the thesis nor substantial
extracts from it may be printed or
otherwise reproduced without
his/her permission.

395 rue Wellington
Ottawa (Ontano)

Your e Vore rélérence

Qur hiee  None rétérence

L'auteur a accordé une licence
irrévocable et non exclusive
permettant a la Bibliotheque
nationale du Canada de
reproduire, préter, distribuer ou
vendre des copies de sa thése
de quelque maniére et sous
quelque forme que ce soit pour
mettre des exemplaires de cette
these a la disposition des
personnes intéressées.

L'autevir conserve la propriété du
droit d’auteur qui protége sa
these. Nila these ni des extraits
substantiels de celle-ci ne
doivent étre imprimés ou
autrement reproduits sans son
autorisation.

ISBN 0-612-18452-8

Canada



Abstract

Real Time Computer Controlled Adaptive Active Suspension:
An Analvtical and Experimental Investigation

Satva Srinivas Vallurupalli

Suspensions play a crucial role in optimizing a vehicle for stability and ride
comfort. Suspension design has always been a critical factor. and is becoming even
more important due to increasing customer demands for safety and comfort. The
wider use of automobiles in the transportation sector increases demand for a com-
fortable ride. however this demand runs counter to vehicle highway safety. This
reduction of vehicle highway safety itself runs counter to the raising of or complete
removal of speed limits. Hence it is all the more important to examine the vehicle sus-
pension as an optimization problem involving handling and comfort. The application
of active chassis control systems such as Antilock Brake Systems (ABS). Automatic
Stability Control plus Traction (ASC+T), Electronic damping contrc] and Directional
Stability Control (DSC) has raised the performance targets for traction. braking and
lateral stability control. Research in the past has indicated that positive benefits
can be attained by using active suspension either independently or by integrating it
with the above mentioned systems. The conventional control schemes involving fixed
gains used for the active suspension could not effectively be modulated to achieve
improved performance over a wide range of vehicle operating conditions. Adaptive
control of active suspensions can be applied to achieve an optimal performance even
under rapid changes in the input (different road profiles and velocities) and opera-
tional vehicle parameter variations during longitudinal manoeuvres thereby reducing
nose dive and squat. This dissertation presents an analytical and experimental in-
vestigation of the new concept of adaptive active suspension to achieve the above

specified target regarding optimal performance.
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Adaptive control for the single degree of f-edom (SDOFY nonhinear time vary
ing (NTV) vehicle failsafe active suspension model has been formulated m o contin
uous ¢nd discrete time domain. Simulation results indicate that an optimal per
formance and static equilibrium maintenance has been achieved irtespective of large
dynamic parameter variations at different road profiles by adapting to the shy hook el
erence model. A comparative study of the model reference adaptive control (MRAC)
approach and the stochastic optimal control approach has also been made. Adaptive
control approach for the general mnlti-degree of freedom (MDOEFY N'TV suspension
model has been presented by extending the MRAC approach using feedforward, teed
back and auxiliary controller parameters. Adaptive control of an active suspension
for a half-car model MDOF svstem has been formulated based on discrete model 1o
erence adaptive control (DMRAC) with recursive least square estimation and covan
ance modification. Deterministic auto-regressive moving average (DARMA) models
for a linearized half-car and for a dual skyhook reference model have been devel
oped. A modified version of the least square estimation in which the parameters are
updated as a matrix which thereby reduces the order of the projection operator ma
trix and consequently the computational efforts is presented. Computer simulation
results indicate that the concept achieves the optimal reference model performance
and maintains static equilibrium position, thereby eliminating nose dive and squat.
during braking and acceleration manoeuvres respectively. Experimental validation
of the concept has been performed by modelling a full scale (1:1) SDOF failsafe ac
tive suspension model of a Porsche 928 car and fabricating the setup. A generalized
discrete adaptive active suspension simulator software has been developed. The test,
results indicate good adaptation and validate the feasibility of the concept. Various

automotive applications for potential use of the concept are discussed.
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Chapter 1

Introduction

1.1 General

Suspension design is very critical in vehicle design as it has to cater simultaneously to
all of the following requirements, namely support the vehicle weight, provide guidance
along the road/track, keep continuous contact between wheel and road/track to pro-
vide traction at all times, isolate carbody and passengers or freight from disturbances
like road/track irregularities and external forces (like windgust, load variations) etc..
It plays a crucial role in vehicle design in providing both the stability and ride comfort
at the same time. An ideal suspension system should simulate the soft suspension
characteristics of luxury cars for high frequency wheel motion and the stiff response

of sports cars for low-frequency body motion induced by braking and steering inputs.

1.2 Perspective

Contemporary suspension systems containing passive control elements such as dampers
and springs have been developed to such an extent that the suspension performance

would not improve unless some radical changes are made to the basic principle of sus-



pension operation. Passive suspension systems have been extensively analyzed and
used to the maximum extent of their capabilities. An active suspension would either
replace or act in parallel to the passive components with actuators which continu-
ously supply and modulate the flow of energy by generating forces on the basis of a
control law to achieve the required performance. An active suspension would enable
the vehicle to have a lower sprung mass frequencies which would result in a better ride
comfort and would also reduce suspension travel at lower frequencies, but maintains
high frequency isolation characteristics of a passive suspension. The implication here
is that the sprung mass frequencies can be made lower without sacrificing the static
stiffness required to resist body and manoeuvring forces. The control law can con-
tain information of any kind obtained from any where in the vehicle. The controller
evaluates the control force signal on the basis of the required performance and signals
from various transducers. Hence these can adapt to various levels of external forces
and track irregularities to simultaneously appear hard to guidance forces and soft to
road/track irregularities. The bandwidth attainable by such an active suspension is

limited by the frequency response of the actuator and the control components.

Active suspensions of different forms have been pursued as an alternative for
a long time and an excellent review has been published on ground transportation by
Goodall and Kortiim [1], on road vehicle suspensions by Sharp and Crolla [2] and on

railway vehicle active suspensions by Hedrick [3].

Chassis design has come a long way from the conventional mechanical point
of view to the present electronic control systems integration. Various control systems
that are being studied for vehicle performance modifications are Antilock Brake Sys-
tem (ABS), Automatic Stability Control (ASC), Automatic Stability Control plus
Traction (ASC+T), electronic damping control, etc.. Active suspension and lateral
stability monitoring (DSC) are two other systems that are still under development.
Reference |4] describes how the sensory information necessary for various control sys-

tems described above could be duplicated within those systems. The results presented
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in this reference also indicate that addition of active suspension would increase the ef-
fectiveness of any of the above basic systems. At the same time addition of the above
described control systems to the basic active suspension may not give any added ad-
vantage. The results imply that an active suspension can be a feasible solution for
replacement of many of the other independent control systems. For example, a com-
bination of active suspension and ABS gives shorter braking distances and increased

yaw stability through modulation of wheel loads.

1.3 Review of Active Controls in Vehicle Systems

The term active controls is used to imply the application of advanced control tech-
niques based on micro-computer technology to the design of an overall stable sys-
tem, there by liberating the designers from the restrictions on the inherent stabil-
ity /unstability of the controlled system. Active controls in ground transportation are
becoming successful in theoretical studies, simulation, and implementation in spite
of late introduction in the field compared to other modes of transport like air and on
water. The potential for active control is promising due to knowledge from the ex-
haustive study of passive systems, reliable and eflicient software, improved computer
techniques and less expensive hardware. Application of advanced controls based on
micro-computer technology to motor vehicles has become a major interest to auto-
motive control engineers. The following sections describe a general review of active

controls with particular emphasis on active suspension.

1.3.1 Vehicular Active Controls (other than suspension)

It is natural that state of the art micro-computers and sensors should he applied to
motor vehicle control to improve the dynamics, when they become available for prac-

tical application. The micro-computers were initially applied to control accessories



such as air conditioners, auto devices, displays, and later applied to control engines,
transmissions, brakes and finally to control steering and suspension. This section

briefly describes some examples incorporating active controls.

Active steering systems can be used to provide stability with a simple actuator
to give a positive steering effect. A vehicle should have the characteristics of slight
understeer to maintain directional stability at high speed. It is normally undesirable
to have rear wheel steering which may reduce the rigidity of rear suspension in the
lateral direction which is very important for directional stability of motor vehicles.
However, power steering has come into wide use in cars and this increases the tor-
sional rigidity of the steering system by reducing the reaction torque transmitted to
the steering wheel from the front wheels, generating cornering forces. This power
steering or these power actuators make the rear wheels steerable without reducing
the lateral rigidity of the suspension. The active control steering could also be used
for compensation of various external forces caused by lateral wind gust or lateral
slope of the road which would disturb the stable travel of vehicles along their course.
Iguchi [5] describes how a vehicle traveling on a straight road that slopes to the right
hand side would compensate for the lateral component of the gravitational force. To
maintain a straight course, the four wheels must have cornering forces to balance the
lateral external force by generating the appropriate side slip angles at each wheel. A
conventional car would rotate in the yaw plane to compensate while compromising
comfortable driving. But an active control four-wheel steering system would steer the

rear wheels to eliminate the yaw motion.

Public service buses and sight-seeing buses which run at low to medium speed
in urban localities require that the steering effort at low speed be reduced and steering
stability at high speed be improved. Thus to cope with this, a vehicle speed sensing
power steering system has been developed which is becoming more common in pas-
senger cars, buses and trucks [6]. This incorporates an active control that needs less

steering effort at low speed and greater effort at higher speeds.



Active safety system has been another area where active controls are being
applied at a wider range. Automotive safety can be secured only when humans.
vehicles and their environment arc well balanced [5]. To cope with the increase in
the gross vehicle weight, operating speeds and traffic its very important that active
controls be implemented in the braking system. Antilock braking system (ABS) are
to be standardized and become the legal requirement. Also auxiliary brakes like

compression engine brakes and exhaust brakes [7] are becoming more widely used.

Active controls are being implemented for accident prevention equipment such
as drowsiness warning device [§8], in which a micro-computer judges the degree of
sudden fatigue spasmodic motions, steering wheel operation patterns such as high
frequency steering wheel operation that are specific to drivers who are not completely
awake. By comparing this data with stored-in data the system would detect abnormal
driving to fairly high accuracy. Radar collision warning devices which would detect
an object in front of the vehicle by a radar sensor and sound an alarm when the
distance reduces to a predetermined value are being designed using active control
systems [9]. The radar systems could also be used to sense the drivers blind spot and

flash a warning.

1.3.2 Semi-active Suspension

The semi-active suspension device is a variable damper which is considered to provide
a force equal to that which a fully active system with a good control law would give,
except that when the semi-active system need to act as an energy supplier it switches
off. In these systems the bandwidth is limited by the control strategy. Semi-active
system behavior has been studied by Crosby and Karnopp [10], Karnopp et al. [11]
and Margolis [12]. Rakheja and Sankar [13] compared the concept of an on-off damper
for semi-active system employing the relative displacement and relative velocity feed-
back signals with the one designed by Karnopp which uses the sign of absolute velocity.

Sharp and Hassan [14] considered a dissipative semi-active suspension system with



two types of control laws based on the linear optimal control. Fig.1.1 shows the semi-
active systemn with a spring in parallel to the dissipative damper. Sharp and Hassan
[15] studied the relative performance capabilities of passive. active and semi-active
systems in terms of fully and partial feed-back active systems. The results indicate

that the semi-active systems are not much worse in performance than the fully active
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Fig.1.1: Semi active suspension system.

systems. Given the capacity to vary the control law parameters in the manner of an
active system, they are capable of very good behavior over a realistic range of oper-
ating conditions. Semi-active system needs most of the measurement requirements
of an active system but allow the replacement of hydraulic pump, accumulator, high
performance filters, hoses, actuator and servo-valve by a rapidly adjustable damper.
Simplified versions of the dissipative semi-active suspension concept are commercially

available on cars as described in Refs.[16] and [17]. Here the dampers are switched
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between soft and hard settings depending on the control signals from sensors moni-
toring vehicle speed. steer wheel angle, velocity, stop lamp switch, throttle position

and acceleration.

Even though the results of semi-active and active systems show cousiderable
advantages over the passive system. the performance would not be much enthusiastic
for off-road vehicles which are enclosed with more working space relative to the road
roughness. A semi-active system was developed for a single-wheel using a hydraulic
strut by Automotive Products Limited (AP) and was implemented for a complete
vehicle as described in Ref.[18] by Crolla et. al. The application of AP suspension

for ten degree of freedom (DOF) farm transport vehicle is also discussed in Ref.|18].

The success of practical implementation of fully active and semi-active sus-
pensions is further enhanced by autonomous low-loss hydraulic struts which make
the system operate at or near zero rate as developed by Clerk [19]. Dominy |20] dis-
cusses a semi-active suspension that is capable of withstanding very high downward
forces generated by “ground effect” aerodynamics while remaining soft to rapid road
inputs for a Formula 1 racing car. An active damper could be defined as a subclass
of semi-active suspension in which only damping forces are generated on the basis of
some control law with the compliance element kept passive and passivity restriction
on the damper force relaxed. A semi-active dissipating damper is found to closely
track an active-damper for statistical random input by Elmadany and Abduljabbar

[21).

1.3.3 Active Suspension

The six degrees of freedom (namely vertical, lateral and longitudinal translational
motions and the rotations of yaw, roll and pitch) of a rigid body like a motor car
would interact with each other. The vertical force due to weight and longitudinal

manoeuvres, tire tangential force due to traction or braking and lateral force due to



cornering which are produced at the tire and road interface lead to motions in various

degrees of freedom. The total vehicle weight is distributed as vertical forces, and in
turn the frictional and cornering forces are mainly dependent on the vertical force at
the tire patch. The distribution of vertical forces is disturbed by rolling. pitching and
other motions. Hence, an active suspension which comes between the vehicle body
and point of application of forces (tire contact patch) could be actively controlled to
monitor the forces and achieve the required stability and control of vehicles. Review of
active suspension in ground vehiclesis divided into general review of active suspension,
review of control strategies in active suspension which is followed by adaptive control
of active suspension. The schematics of a two DOF fully active suspension system,

failsafe active suspension system and slow-active suspension system are shown in Figs.

1.2, 1.3 and 1.4 respectively.
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Unguided Vehicles

‘There are two principal techniques for design of suspension namely, the anal-
ysis procedure and the synthesis procedure. The analysis procedure is based on first
specifying the practical configuration of equipment and then analyzing the dynamic
characteristics using mathematical techniques. This limits the procedure to a par-
ticular system defined and is confined to few degrees of freedom. But the synthesis
method is designed through the modern control theory based on optimal control the-
ory and moda: control theory. In the modal synthesis design method an open-loop
suspension is initially defined in terms of forces acting and the open-loop is controlled
in such a way that eigen values of the open-loop are replaced by assigned eigen values.
Synthesis and experimental setup is described by Sutton in [22] and [23]. The pole
placement approach which studies the effects of closed loop poles in the “s” plane
to the performance of the system are illustrated by Hall and Gill in [24], where the

results of various active systems are compared.

Theoretical investigation of active seat suspension for a wheeled tractor with a
simple active suspension system constituting a servo-hydraulic cylinder, a servo-valve
and cnergy source is discussed in [25]. A seven DOF model is analyzed by Chalasani
[26] to evaluate ride isolation, road-holding and suspension travel for both random
and deterministic roadway disturbances. The results are then compared with a sim-
ple quarter-car analysis. This study showed an improvement of 15% in ride quality
when compared with a soft passive suspension while maintaining comparable levels
of suspension travel and tire deflections. A fully active suspension system has been
developed by Lotus Cars Ltd. and implemented on Formula racing cars. More re-
cently, a high performance road car (Esprit) which uses an electro-hydraulic control
technology is described in [27]. A brilliant combination of electronic sensing and
hydraulic actuation which led to actual implementation of the active suspension on

Formula 1 car is also described in [28] and [29]. An interesting work on electronics
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was done at Williams Grand Prix Engineering [30] to help sulve active suspension
implementation problems. The success of active susnension achieved so far on racing
cars could widen the application to four different categories. First. for vehicles where
the laden/unladen weight ratio is too high for conventional suspensions to be satisfac

tory for both these conditions. secondly for off-road vehicles including the high speed
military vehicles where it is necessary to keep all the wheels on the ground for tac

tion and to provide a stable platform. The third category is comprised of cart himovers
and tractors in which the absence of suspension leads to resonance of their soft hghtly
damped tires. An active suspension centrol system would prevent any undesired at

titude changes due to high external loads. And finally the ambulance, where the
maintenance of level platform and good isolation despite of necessary fast cornering,

and traffic negotiations is very important.

Control bandwidth of actuators in active suspension extends substantially be-
vond the wheel hop frequency determined by the unsprung mass and tire stitfness. The
slow active suspension systems defined in 2] could be described as shown in Fig.1.1
These systems differ from active systems in their control bandwidth being restricted
to the normal range of body resonant frequencies in various degrees of {reedom but
not extending beyond the wheel hop frequencies. In these cases the avtuators can be
designated to perform in two different ways beyond body resonant frequency when
the slow active suspension is inactive. They can act as a flexible spring when inactive
in the control sense as in the case of pneumatic actuators in which case they can
support the body weight or act in parallel with a spring. Secondly as a rigid body as
in the case of electric motor/irreversible lead screw actuators or spool valve controlled
hydraulic actuators which have to be mounted in series with a spring. This nigid type
of actuator acts as a displacement producer and hence the error in the control loop
is based on the displacement parameter. It was shown by Sharp and Hassan in [31]
that a slow-active system with 3 Hz bandwidth actuator and variable damping will
give excellent ride quality over wide range of road roughness conditions. A further

detailed study has to be made in all aspects in order to apply the slow-active system
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as a substitute for a fully active system.

Guided Vehicles

High speed ground transportation using guided vehicles is looked upon as part
of a solution for todays transportation problems. Wheel-rail systems and to a lesser
extent magnetic levitation are being used world wide to achieve higher speeds. Refs.{1]
and [3] incorporate an extensive review on the rail vehicle active suspension. Active
suspension concepts for guided vehicles have come a long way since being initiated
by Osben and Pertman ({32] for US-DOT and followed by Sarma and Kozin (33},
Hullender et al. [34], Jeffcoat and Wormley [35] and Sinha et al. [36]. The complete
analytical d- sign which includes the actuators and sensors required is presented by
Celinkar and Hedrick [37]. They were experimentally implemented for secondary
lateral suspension of AMTRAK passenger cars by Cho and Hedrick [38]. Pollard and
Simons examined various methods of assessing passenger comfort and made proposals
for acceptable vibration levels in railway vehicles [39]. Advantages and disadvantages
of various active suspension actuators have been clearly tabulated by Hedrick in
[3]. Performance of <ome experimentally verified actuators for rail vehicles are also
discussed. Actuators for active suspension should have a large bandwidth (unless one
wants to compromise by using slow-active systems), but at the same time should be

rugged and reliable.

Most studies on active suspension system deal with heave-only, one or two
DOF models. These simple models form the basics and are easy to analyze and are
very useful in understanding the concept. On designing a full suspension system the
heave only model could be used for each of the vehicle modes namely heave, pitch,
roll and warp, but these could not explain the coupling between various modes like
in the cases of heave and pitch and handling characteristics in case of roll and wrap.
This model also would not be able to reflect the effect of the control strategy on the

normal load distribution which is one of the important performance characteristics
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of the suspension. Malek and Hedrick [10] considered a full vehicle mode! with seven
DOF to reflect the coupling between various DOF, and analyzed the effect of suspen-
sion design on wheel load distribution. It was shown that full intercounection allows
arbitrary and independent specification of all the suspension parameters and also the
degree of coupling between various modes. The decoupling of heave and pitch modes
reduced the body pitch transmissibility due to heave input and absolute body damp-
ing was found to reduce fore-aft wheel load transfer. By decoupling and controlling
the actuator at each end of the vehicle independently, we can idealize the bounce and

pitch DOF according to the required performance.

Active Suspension for Various Applications

A wheeled robotic mechanism is considered to be best suited for high speed
locomotion among various robotic vehicle mechanisms. But this high energy eflicient
method is restricted to even road surfaces. As described in Ref.[41] an active sus-
pension is designed to accommodate the road unevenness. An experimental setup
with a vehicle and road simulator is used to achieve a high performance vehicle body
stability by suspension control during a run on the uneven road surface. Comparison
of performance of wheeled robot for PID and optimal discrete control is described in
Ref.[42]. An active suspension for a vehicular model travelling on flexible beams with

an irregular surface has also been analyzed in Ref.[43].

An electromagnetic suspension to support ard influence the vibration of a
rotor simultaneously without any contact has been described in [44]. Here, a closed
loop control of a reduced order model is analyzed and experimentally verified. Active
suspension of a bearing for rotor dynamics is also discussed in Refs.[45], [46] and [47].
A linear optimum multi-dimensional system for control of active magnetic suspension
of a rigid rotor along with test results for an experimental high speed motorized

spindle are presented in [48]. An active magnetic suspension for an electric motor is

described in [49).
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1.3.4 Review of Control Strategies for Active Suspension

A vehicle system w,.h an active suspension is predominantly a fairly complex dynamic
system with control loops added to monitor and modify its basic characteristics. It
has been established over the years by considerable research throughout the world
that positive cost-benefits could be achieved by advances in the active suspension.
Design of a robust and reliable control scheme poises an equally important problem
as that of mechanical design. A complete system with full complexities of vehicle
dynamics and suspension control would be a very large model which is difficult to
analyze and validate with experimental results. Hence it was correctly proposed by
Goodall et al. [50] to pursue parallel courses taking a full dynamic analysis of the
vehicle with a simplified control system and a full control system analysis active on
a simplified suspension. The general closed loop vehicle dynamics system can be
represented as shown in Fig.1.5 with design process as shown in Fig.1.6 [50]. The
closed loop system can be complex as in the case of magnetically levitated vehicle
where an active suspension is considered to be the most preferred solution as a sec-
ondary suspension to compensate for the absence of primary damping in the system.
The control system should also be able to position the vehicle within tight limits.
The complexity can be demonstrated by the way a two part complementary control
system is designed to follow the track and minimize secondary suspension deflection
at low frequencies and to isolate the body from high frequency random roughness.
Review on Maglev systems in Refs. [1], [50], {51] along with the study by North on
Birmingham airport-Maglev in [52] should give an extensive idea on these systems.
In perspective of the complexity of using advanced control concepts for a full vehicle
dynamic model as discussed in these references, various simplified strategies as de-
scribed in Fig.1.5 have been used in this dissertation. This dissertation starts with a
simple but detailed suspension model single degree of freedom nonlinear time varying
(SDOF-NTV) without any details of the actuator but involves a complicated adap-
tive control strategy. Complicated detailed models with a larger number of DOFs

have been studied with detailed control strategies in the later chapters. The over all
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system could be represented as shown in Fig.1.6, where the absolute conditions are

taken care of as the skyhook reference model.

Control laws for active systems would replace the passive suspension compo-
nents constants in terms of the coefficients of feedback control law. These coefficients
are controller parameters and need not be physically realizable compared to the spring
stiffness and damping coefficients in the passive system. Hence they are less con-
strained within the operation bandwidth of actuators. The active suspension control
systems can be designed on the basis of classical frequency response techniques and
linear optimal control theory. A relevant question about active suspensions being

optimal or classical was poised and discussed by Williams in [53].

Linear optimal control theory emerged as a systematic approach and has been
used as both tracking and stochastic disturbance problem. In this, a performance
index containing the weighted sum of mean square values of sysvem output like accel-
eration, rattle space and control force is minimized to obtain the required feedback
gain matrix. The feedback control is implemented by various state sensors including
a road height sensor [54]. A compromise between optimality attainable and hardware
realization for measurements of all states is discussed by Thompson in [55], where
a suboptimal linear active suspension is proposed. Here position feedback relative
to the axle rather than with respect to the road is considered. State estimation of
the unmeasurable state variables has also been analyzed in [56] and [57]. A further
improvement to the perfermance index was made with the addition of derivative
constraints which make the suspension infinitely stiff towards static loading or body
forces and soft with respect to the road inputs. Thompson and Davis derived dynamic
controllers which use integrators ahead of the control input which in turn eliminates
steady state error due to system step or ramp input. The additional integrators
introduce an extra state variable and increase the order of the system, hence it com-

plicates the analysis of multi-degree of freedom system. The system with integrators
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was transformed to limited state feedback system using the Ferguson and Rekasius
method to achieve zero steady state response to both static body forces and ramp
road inputs in Refs.[58] and [59]. The optimal solution is also widely derived using
linear stochastic optimal control theory with system input as white noise or filtered
white noise. Wilson et al. [60] examines the relation between the theory of lincar
stochastic regulator and Thompson’s derivation of the optimal control laws on the
basis of full or partial state feedback systems. The theory has been applied success-
fully for wide range of different types of vehicles. Suspension optimization of two
DOF bounce model has been described by Hac in [61]. Stochastic optimal control for
the active lateral suspension to a track/vehicle system incorporating Gaussian track
irregularity and noise in the state measurements along with the state estimation using
Kalman filter is discussed in [62]. Stochastic optimal control of bounce vehicle model
and eleven DOF highway truck model incorporating the bending modes of the body
are considered by Hac in [63] and Elmadany in [64] respectively.

For a straight line motion and for cornering with large radius of rotation the
rea: input is a time delayed version of that at the front. This correlation between the
front and rear axles and other time delays have been neglected to avoid some problems
with the optimization techniques. The covariance matrix consisting of controlled
system states which describe the average performance of stochastic optimal control
system depends on the intensity of the input noise. If the time delays are considered,
then the off diagonal elements of intensity matrix comes into effect and the controller
matrix could not be explicitly state . To allow the linear controller techuiques, the
time delay was included in the disturbance model as a Pade approximation of fourth
order which was discussed by Frithauf et al. in Ref.[65]. Discrete lincar quadratic
regulator theory has been applied in [66] for a half-car four DOF system where the
time delay disturbance entering the front and rear wheels is taken into account. Here
a preview control appears naturally in the optimization process and the non-preview
part behaves as if rear and front inputs are uncorrelated. The performance index

has been improved by more than 25% for vehicle speeds up to 29 2 Lut heyond
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this, the improvements are less. The time delays of multi-axle excitation inputs are
considered while designing active suspension for heavy duty trucks using optimal
control theory [67]. The validation of these approaches by practical implementation
has to be explored. Limiting the power requirement and consequently the complexity
of the active suspension has heen another important factor that has to be considered
seriously. A qualitative solution for limiting the power absorption has been made
in [68] and [69]. A systematic approach that uses a tandem active-passive system
and evaluates the passive constants by minimizing the power required by the active

system using an optimal control procedure has been dealt by Corriga et al. in [70].

Williams discusses the comparison of experimental performance of classical
and optimal controllers in [53]. Classical control was found to translate theory to
practice much better than compared to the optimal control. Physical realization of
the classical control systems gave less problems as compared to the design of a real-
istic optimal controller, since the vehicle model had to be reduced, rationalized and
designed heavily on the experience of classical systems. Commissioning the classical
control systems was straight forward due to modular nature of their design compared
to that of observers in the optimal control. Experimental comparison of the perfor-
mance of classical skyhook damper, position controller and optimal controllers was
also analyzed. It was found that simple skyhook damper gave the biggest improve-
ment in ride and was easiest to optimize because it is immune to imperfection in the
model. Position control theoretiical results proved difficult to be achieved practically.
Even though the performance of optimal controller with modal observers was not
as expected, the perforrance could be improved with more experience with optimal
control theory. Karnopp [71] discusses two contrasting versions of the optimal ac-
tive vehicle suspension designed according to two different performance criteria, and
concludes that the results are not necessarily comparable and it may not be fair to
compare an optimal suspension with a conventional one unless all aspects of suspen-
sion performance are considered simultaneously. This argument is quite appropriate

but some sort of reference criteria for comparison is required, hence design of a global
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comparison criteria is necessary.

The use of dynamic controller with integrators would be ineffective when ad-
equate damping of the wheel-bounce mode is not present. This could be well tackled
by applying damped vibration absorbers to the unsprung masses. An optimization of
vehicle suspension with a damped absorber has been dealt by Ghoneim and Metwalli
in [72] and the performance was compared with that of optimal active suspension.
Optimum damped absorber suspension is found to be superior when ride comfort
is considered but controllability is found to be better in the case of optimal active
suspension. Later Thompson et al. [73] considered active suspension along with a
vibration absorber. A preview suspension system and one without relative displace-
ment measurement were considered and the overall system with vibration absorber
was found to give 10% reduction in the Performance Index (PT). A further reduction
in bandwidth of the body reference along with steady state errors in ramp and static
load conditions can be achieved by dynamic optimal control with integrated feedback
applied to an active suspension with vibration absorber as discussed in [74]. The ef-
fect of tire damping on the performance of vibration absorber in an active suspension
has been studied by Thompson in [75]. It was obscived that damping of the bounce
mode for the active system with the vibration absorber is comparatively low and
large transient overshoct may be produced by isolated road obstructions. Iurther
research has to be done for improving the performance of the vibration absorber by

incorporating partial damping force control or using two or more absorbers.

One of the difficulties in the Linear quadratic regulator control method for
vibration isolation is the choice of representative form of the performance index and
also in deciding which variables need to be more heavily penalized than others to give
best dynamic characteristics. Human tolerance to vibration is a function of mode
of vibration, frequency and exposure time. Human sensitivity to vibration could be
incorporated into the optimal control problem by choosing a frequency shaped cost

function. The design and results of this approach for a quarter car model both with
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and without vibration absorber is discussed by Allen et al. in [76] and [77]. Discrete-
time frequency-shaping parametric linear quadratic control approach applied for a
seat suspension is presented in [78]. A control approach based on reducing the order
of the problem using the presence of fast and slow modes in the suspension system

has been performed by Salman et al. [79].

1.4 Adaptive Control of Active Suspension

1.4.1 Nonlinear Time Varying Vehicle Model

Even though active suspension has become very popular, it is very important to look
into the reliability and actuator power requirements. This led to the more appropri-
ate failsafe active suspension which incorporates the conventional passive components
and the more advanced active part. This type of concept can give good reliability
and seiety in ad-hoc conditions when the active suspension fails and also reduces
the power consumption. A failsafe system also reduces the complex circuitry, initial
and operating costs. Hence invariably compliance elements of the form of leaf or
coil springs, torsion bars and springs using rubber, liquids or gases along with the
absorbing elements like viscous dampers (shock absorbers) are always encountered
in vehicular suspension designs. Presence of these elements leads to nonlinear and
time varying behavior as their parameters vary with respect to operating conditions
and the period they were in operation. A general model which is made up of vari-
ous contiguous bodies has large number of degrees of freedom (DOF) and is NTV in
nature. The NTV characteristics of the vehicle arise from many fa .ors such as uncer-
tainties in vehicle parameters and external disturbances, nonlinear characteristics of
the components, signal noise, load variations etc.. Inadequate analytical treatment of
nonlinear characteristics of components and imprecise knowledge of inertial properties
further contribute to the NTV characteristics of the system. Also when the vehicle

undergoes various critical manoeuvres like acceleration and deceleration or describing
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curves, it creates a load shift from one side to other. This leads to the suspensions
being imposed by various time varying loading conditions. All these factors make the
general vehicle model highly nonlinear and time varying and quite different from the

model normally assumed for analysis.

The following description defines the original idea of adaptive control and its
various modes of functionality. This part of the section is introduced to bring forward
the definition and remove the vagueness created by some publications reviewed later

on.

Adaptation in general can be defined as the ability of self-adjustment or self-
modification in accordance with changing conditions of environment or structure. In
a more technical sense it can be defined as the process of changing the parameter
structure and possibly the controls of a system on the basis of information obtained
during the control period. This optimizes (from one point of view or another) the
state of a system when the operating conditions are either defined incompletely or
changed [80]. This can be explained as an adaptive system which measures a certain
Index of Performance using the inputs, the states and the output of the adjustable
system. From the comparison of the measured (PZ) values and a set of given ones, the
adaptation mechanism modifies the parameters of the adjustable system or gencrates

an auxiliary input in order to maintain the (PZ) values close to the set of given ones.

Here the adjustable system is defined to be capable of adjusting its performance
by modifying its parameters or internal structure or by modifying its input signals.

The general adaptive systems can be classified as

Passive adaptation In which the design for operation is based on wide variations
in parameters and operating conditions, like robust high gain control which is
useful when the uncertainties are unstructured and known in advance. In this

case the system achieves adaptation without system parameter changes.

21



Input signal adaptation: Systems which adjust their parameters in accordance

with input signal characteristics.

System-variable adaptation: Systems which base self-adjustment on measurement

of system variables.

System characteristic adaptation: Systems which make self-adjustment based on

measurement of transfer characteristics.

Extremum adaptation: Systems which self-adjust based on a maximum or mini-

mum of a system variable.

1.4.2 Relevance of Adaptive Control to Active Suspension

The concept of adaptation for active controls in vehicular technology was poised as
an open problem in the survey papers which were discussed in the previous sections.
With the rapid advances made in power semiccnductor devices, new concepts used
in micromechanics for advanced electric motors, pneumatic and hydraulic actuators,
hydraulic pumps, accumulators etc. could be applied to deliver highly efficient con-
trolled power. The advances made in microprocessor based digital control hardware
could be associated with a sophisticated se1vo-valve which could respond to very high
frequency signals to achieve very fine delivery of required forces. Its very implicative
that usage of these advanced and expensive hardware would become more meaningful
only if an appropriate control scheme has been designed to incorporate various active

control functions to deliver the best out of the whole system.

The conventional control schemes designed would assumc the system to be
Linear Time Invariant (LTT), where the gains are constants and cannot cope with the
changing dynamics and operating conditions. The advanced adaptive control concepts
which have been widely used in fields as robotics, flight control systems, navigational

applications, servomechanisms, machining operations etc. could be extended to the
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active controls in vehicle technology. The general vehicle suspension design is very

complicated as in this case the adaptation has to be with respect to various:

1. changes in the input, like road (asphalt, paved, dirt) or off-road and with respect

to vehicle velocity,
2. the nonlinear dynamics exhibited by various suspension components,
3. the dynamic time varying properties like load shifts during operation,
4. the static varying properties like laden/unladen load in the commercial vehicles,
5. variations in the operating conditions like vehicle speed etc.,
6. unknown vehicle parameters and their variation with operating period and

7. various static and dynamic body forces that apply on the vehicle due to envi-

ronmental and operating conditions.

These variations indicate that the adaptive control in the case of vehicular ac-
tive control overlaps most of the previously described general classifications of adap-
tive control. The following examples indicate various situations where the need of
adaptive control is generally felt and could be designed to achieve better performance

of the vehicle.

EXAMPLE 1: In the case of braking and cornering, priority should be
given to handling of the vehicle compared to ride quality. This is necessary due to
predominant longitudinal and transverse accelerations. An adaptive active suspension
system adapts the gains to compensate for braking and cornering tilt in the carbody
and minimizes the centrifugal forces acting on the passengers. Once this manocuvre

is over, this system can resurme normal operation.

EXA".PLE 2: In the case of active control of steering, the control laws

investigated use a linear optimal control {Ricatti design) and pole-assignment to give
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command signal to change the wheel angle using a hydraulic servo system. A constant
gain controller cannot be sensitive to parameter changes in friction between tire and
road, radii of curvature, vehicle loading condition and compressibility of the hydraulic
fluid. A robust control with high pains can be designed to accommodate variations
in speed, mass and friction coefficient but this may not be optimal at all changing
model parameters. Hence an adaptive controller with variable gains can be designed

to accommodate the varying dynamics and inputs.

EXAMPLE 3: In the case of active suspension, the controller gives the
command signal to the suspension actuator to obtain the required performance. As
described above a controller designed on the basis of optimal control or high gain
robust controiler would not be able to take care of the changing parameters and
nonlinearities of various components of the vehicle. Even in this case an adaptive
controller could be realized to make the system robust and give optimal performance

for wide range of operating conditions.

EXAMPLE 4: An adaptive active suspension could be designed so that it
varies the controller gains to compensate for the squat and nose dive of the vehicle

during the critical longitudinal acceleration and deceleration manoeuvres.

EXAMPLE 5: An automatic load leveling active suspension could be de-
signed to take care of the maintenance of static equilibrium level due to static load

variations.

If an equally successful adaptive control scheme as in the case of virious other
fields as robotics and flight control systems could be developed for active suspension,
then the practical implementation and hardware realization of the active suspension

concept would be more meaningful.




1.4.3 Review of General Adaptive Control Applications

The term adaptive system in control theory represents a control system that monitors
its performance and adjusts the parameters in the direction of better performance
even without accurate knowledge of the complete sy-tem dynamics. Model Reference
Adaptive Control System (MRAC) is one of the categories into which most of the
adaptive control theory falls under. Refs.[81] and [82] gives a wide review on various
applications using MRAC over the past. To make it concise we review the advauces

in MRAC over the past few years only.

The aircraft industry has been the foremost field where MRAC has been ap-
plied in 1958. Sin-e then the field has seen quite a lot of applications based ou
adaptive control in general. Recently a robust controller which uses a command-
general-tracking adaptive control technique to force a complex aircraft model (like
Bl Bomber) with unmodelled dynamics to follow a reduced order model has been
developed by Sanchez and Edgar in [83]. The results indicate that the adaptive con-
troller is robust and can force flexible aircraft to follow rigid body responses even
with a lot of complex unmodelled dynamics. Kruise and Stein {84] studied a general
adaptive control structure that takes care of controller parameter errors and measured

the signal errors for a missile problem.

Control of robotic manipulators has poised a challenging problem due to s
highly nonlinear and coupled nature. In the last two decades this problem has been
well tackled by various authors using MRAC techniques. Rel.[83] reviews the most re
cent work in robotics. Software development and practical implementation of MRAC
for a PUMA 560 robot are referred in [86]. Ref.[87] deals with morecomplexindustrial
robots which are highly nonlinear and whose parameters like inertia are unknown.
A more general nonlinear adaptive control for a N-link robot with unknown load
and computation time delay has been discussed by Han et al. in [88]. The above

references indicate the error stability due to adaptive control algorithins even under
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large dynamic variations. To enhance the controller performance, discrete models of
MRAC technique based on hyperstability theory has been performed for industrial
robotic manipulators [89]. Skowronski [90] has considered a nonlinear extension of

MRAC technique to a double arm nonlinearizable robot manipulators with flexible

links.

Adaptive control has entered into the area of process control which until recent
past has been mainly dependent on fixed controllers. Unbehaven [91] reviews adaptive
systems for process control which shows that the adaptive control applications are
no more secluded only for pilot projects but are also being applied in the industrial
units. Hahn et al. discusses few applications of an unified theory based on both
multi-variable Adaptive Generalized Minimum Variance (AGMVC) and MRAC in
[92). The examples illustrate that these techniques hav. reached a high degree of
maturity and can become a powerful tool in process control applications. MRAC
successfully applied to binary distillation column, combustion control of = power unit
boiler and control of thermostatic chamber has been discussed in [93], [94] and [95]

respectively.

Advance in adaptive control technology together with reduction in the cost of
hardware electronics could be successfully used to find less expensive and robust sub-
stitutes for more expensive and complicated devices. This point can be well illustrated
[96] by the usage of MRAC technique for solenoid val s which can be substituted
for complicated and precision involved hydraulic serve .echanisms. MRAC has also
become a widely used tool in power engineering as the case of control of Thyristor
driven DC motor systems, adjustable speed DC motor drives and electrohydraulic

servo systems as explained in [97], [98] and [99).

Production engineering has been another area where adaptive control is being
actively applied to obtain better performance with the eristing hardware conditions.
Ulsoy in [100] and Daneshmend and Pak in [101] discuss the application of MRAC for

the control of feed force in metal cutting operation. Cascaded model reference adap-
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tive controller is also used as an inner loop to improve the performance of Computer
Numerically Controlled (CNC) lathes to achieve constant-horse power in cutting by
adaptively controlling the spindle speeds [102]. MRAC controller was found to be
stable over wide range of cutting conditions and at the same time perform the force
control mnre effectively than the conventional fixed gain controller for end millingop-
erations as discussed in [103]. However, the MRAC adaptive controller was found to
outcast conventional controllers in performance but was found difficult to implement
due to various factors such as measurement noise etc. as discussed in [L04]. MRAC
systems are gaining momentum in fields like welding which are predominantly maual,
as continuous visual inspection is required. Suzuki and Hardt [105] have discussed real
time control using MRAC for the control of high' - nonlinear and nonstationary weld
geometry dynamics with process-noise-contaminai »n and time dependent dynamic
parameter variations. The results presented in [105] suw that adaptive control is
capable of modifying incorrect initial plant parameters but was found not to perform

well when plant dead band was introduced intentionally.

Finally coming down to the recent advarces in MRAC both *a theory and for
practical implementation, it is expected that reduced hardware costs and improve-
ments in electronic devices should give a helping hand for rea! time control. Discrete
time MRAC which could ease the complications of practical implementation are dis-
cussed in [106] and {107]. A new approach called Data model reference adaptive
control in which a simple data model is formed from some discrete data of controlled
plant’s step response. This data model is used to evaluate the output of the adaptive
controller. This method presented by Li et al. in [108] is limited to linear system char-
acteristics. An adaptive control software package which utilizes distributed processing
(multiple computers) and based on partial state MRAC technique has been discussed
in [109]. Adaptive control has been practically implemented and the experimental
results are presented in [110] and [111]. Recently a new technique called as Learning
Adaptive Control (LAC), in which some decision rules are incorporated to choose

the required adaptive control strategies on the basis of trend in the disturbances is
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discussed in [112].

1.4.4 State of the Art in Adaptive Active Suspensions

An adaptive active suspension may be interpreted as any suspension type like semi-
active, slow-active and fully-active suspension which is capable of varying its pa-
rameters (for exan.ple, spring stiffness and damping coefficient for the hardware and
feedback constants in the controller) to suit for different input conditions, operating
conditions (forward velocity etc.) and unmodelled and time varying dynamic pa-
rameters. Section (1.4.2) discusses the relevance and importance of adaptive control
techrology applied to active suspension. The previous section already demonstrated
the capabilities of adaptive control in general and MRAC in particular. Adaptive
control of active suspension has been an area where little work has been done un-
til now. As reviewed in section 1.3.4 relating to various active control algorithms
for a suspension, the control processes including optimal control is based on the non-
varying parameters of vehicle model and operating conditions. Although this analysis
was found to operate well over a small range of speeds and road conditions [15], they
have to be adaptive in nature in the sense that they should operate well for different

vehicle speeds, road/track roughness and varying dynamics.

Adaptation of passive systems has been worked out by Sharp and Hassan
(118] where, a supervisory strategem for controlling the passive stiffness and damping
parameters is discussed. Here passenger discomfort, suspension working space and
dynamic tire loading parameters are calculated for combinations of spring stiffness
and damping coefficients for realistic random input of different quality and for differ-
ent velocities. A good adaptation of both stiffness and damping governed by proper
control program should give a less expensive and high performance suspension system
that is capable of taking care of various road/speed conditions and other manoeu-
vres. The development of high speed remote electrically/pneumatically adjustable

dampers along with reasonably fast adjustable springs governed by microprocessor
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based controller (as developed by Yokaya et al. in [16] and by Mitzuguchi et al. in
[17]) should give a boost to the variable passive suspension. The above references also
indicate development of inexpensive sensors and a microprocessor that are required
for control of suspension parameters. Micro-processor based adaptive passive suspen-
sion has also been discussed by Poyser in [114]. Redfield and Karnopp discussed the
optimal performance comparison of various variable component suspensions in [115].
Here, active damping and full state feedback were studied and important conclusions
were drawn in various suspension requirements. Ref.[115] presents three dimensional
plots of acceleration-rattlespace-contact force optimization for both passive and ac-
tive damping systems. Even though the results presented are for linear analysis they
could be extended for nonlinear suspension components. Tuning of passive, semi-
active and fully active suspension systems for different velocity/road combination
and disturbance force to the sprung mass is studied in [116]. The tuning of vehicle
suspension for the required performance has been implemented by real time com-
puter control in the form of Computer Optimized Adaptive Suspension Technology
(COAST) as presented in [117]. As described in this reference the patented COAST
process provides simultaneous real-time optimum control of all of the parameters of
suspension movements such as roll, pitch, sprung and unsprung natural frequencics,
height control and energy supplied. The damping, energy storage and controller units
that are used to achieve high performance of the COAST suspension unit are also

discussed. The reference does not indicate any results of the actual implernentation

of the COAST unit.

Karnopp and Margolis [118] analyze a class of basically passive suspension
whose parameters are varied in response to various measured signals of the vehicle.
In this, the adaptive suspension is based on simultaneous variation of damping and
spring stiffness depending on measured performance and manual over rides or over
rides based on manoeuvrability inputs such as steering, braking or throttle changes
incorporating different vehicle velocities and road inputs. Here an adaptation in the

sense of controlling the stiffness and damping properties is discussed.
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A computerized active suspension system which is complimented with an
“adaptive control” for heavy commercial and military vehicles has been developed
by Sachs [119]. Here an optimal parameter matrix based on Power Spectral Den-
sity (PSD) data of previewed terrains and different forward speeds is stored on an
on-board mini-computer. In Ref.[120] Hac discusses a similar “adaptive active suspen-
sion” with a clear statement that adaptation is oriented towards the compensation
in excitation characteristics rather than the changes in vehicle model parameters.
Here the control gain vector is calculated off-line for various velocities and types of
road/terrain inputs and are stored as a look-up table on an on-board computer to be
used up with the controller in actual implementation. The control gains are evalu-
ated by optimal control assuming the vehicle model as linear time invariant. Here the
variance of sprung mass acceleration for a two DOF “adaptive suspension” compared
with a constant gain active suspension as functions of the weighing factors for sus-
pension deflection and tire deflection of an active suspension is presented. A different
mode of “adaptive suspension” system is proposed in [121] by Yeh based on modern
discrete optimal control theory. Here two different weighting function sets are stored
for different manoeuvrabilities, for instance, if the vehicle moves on a straight path
then feedback loop adjusts the gains for high frequency isolation but if it changes
lanes or makes turn then gains are adjusted for better road holding. The signal from
steering wheel angle is used for switching to different modes by the microprocessor.
Another similar arrangement has been proposed by Armstrong Patents Company
Limited called as “Adaptive Suspension Control” [122]. It varies the stiffness accord-
ing to the static load conditions as a self leveling device and also switches damping
settings between extreme values depending on the control signals from various sensors

monitoring suspension displacement, steering wheel angle, vehicle speed etc..

The adaptive control as defined in section 1.4.1 and reviewed in section 1.4.3
should be c~pable of accommodating the variations in operating dynamics of vehicle,
inaccuracies in modelling and operating conditions. The approaches discussed earlier

assume that the vehicle parameters are completely known and controller gains are not
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updated on real time basis but are only pi .ied up from the look-up table. The second
set of adaptive active suspensions are based on the concept that a priori knowledge
of complete vehicle dynamics and parameters along with operating conditions are
not known. The control input given to the active suspension actuator dictates the
performance obtained by the suspension. The idea of forcing any suspension to give
the desired optimal performance depends on how the gains are evaluated in the control
law. Hf the actual vehicle model is NTV and its complete dynamics are not. known
then optimal performance can be obtained in two different ways. First we can assume
the model to be LTI over small operating period and use the advanced concepts like
stochastic optimal control to attain the control gain vector to implement the control
law. The model could be updated for evaluation of gains at every instant but it does
not make it adaptive since we assume that parameter variations are known a priort.
The papers reviewed earlier in this section fall under this category. Stochastic optimal
control designed for a particular linear time invariant model cannot be robust for large
dynamic variations. But the optimal controller could be designed to be robust towards
parameter variations, modelling errors and time delays by designing bounds on the
perturbations. An estimate of the bounds for the nonlinear time varying perturbations
has to be made and then they have to be used up in the quadratic performance index
[123]. Bounds had to be laid on various perturbations involving plant parameters,
forward velocity and different inputs. The robust controllers developed are generally
not applicable over a very wide range of plant parameter variations, hence they are
applicable to limited bounds on variations. But an adaptive controller does not need
any knowledge of the perturbations and by adapting gains we could attain less rattle
space and expend less amount of actuator work for the required isolation. In the
second approach we assume a LTI optimal reference model and then adaptive laws
are derived to update the gains to take care of the varying operating parameters of

the vehicle, operating conditions and unmodelled dynamics.

In the past, active vibration isolation for flexible payloads has been discussed

by Leatherwood and Dixon in [124]. An interesting problem of the protection of space
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craft payload which is subjected to low frequency vibration along with the changing
acceleration field normally from 1g-5g during launch has been discussed. An adaptive
controller that can adjust its gains to achieve the required vibration isolation, damp
the transient response and minimize the isolator static deflections has also been de-
signed for the flexible payloads. An experimental investigation has been carried out
as discussed in Ref.[124]. Cheok et al. present an optimal model-following suspension
with variable damping force governed by a microcomputer in [125]. The control input
to the actual system is imposed by varying a damping parameter using a microcom-
puter. An optimal suspension with microcomputer-controlled parameter optimizing
variable damper which could perform as an optimal suspension with inertial refer-
ence damping has been studied. An experimental setup has been implemented and
the results shown in the reference indicate convincing performance of the suspension
based on this technique. The paper does not indicate the performance of the system

for any model parameter variations.

Different approaches in the same line of MRAC has been proposed in parallel
by Sunwoo et al. and Vallurupalli et al.. In these the adaptive laws vary the gains
on line according to the changing operating parameters and operating conditions
without a priori knowledge of complete dynamics. A multi-degree of freedom adaptive
controller that would follow an optimal reference model in each degree of freedom was
proposed in Ref.[126]. Various other results for SDOF and various MDOF models

that has been developed by the author et al. has been presented in this dissertation.

Sunwoo discusses the MRAC of active suspension for a single degree of freedom
model in {127]. The adaptive laws are derived from the Lyapunov function which is
based on the error in model following and controller parameters. Here the derivative
of Lyapunov function is found to be nonpositive hence the design is just stable. Also
the derivative of Lyapunov function does not involve the errors in controller param-
eters. Hence the convergence of controller parameters is not ensured. Sunwoo [164]

sddressed the concept of adaptive active suspension based on two different control




schemes using Model Reference Adaptive Control and Self-Tuning Adaptive Control.
The problem has been solved in a different approach in parallel to the above reference
using hyperstability theory and error augmentation which leads to asymptotic stabil-
ity as discussed in Ref.[130]. The details of various results for different models and
control algorithms as presented in this dissertation and are published in the references

(128], ..., [137].

The complexity of adaptive suspension design was further increased by the
application of neural network techniques on the basis of Lyapunov stability theory
and MRAC. Cheok and Huang [138] derived supervised training and unsupervised
learning algorithms for model following of semiactive suspension. Here the actual
suspension with unknown dynamics was made to follow a neural model by learning
from past experience. The analysis was supported by simulation resuits. One other
new concept in the active suspension is the control of active suspension subjected
to random component failures. Given the complicated status of active suspension
this forms a step in the right direction. The fully active suspension can be made a
failsafe active suspension with introduction of passive components, this along with
robust adaptive control laws should be able to take care of any of component failures
to some extent. But to avoid the cumulative failures by accumulation of errors which
could be checked by fault tolerant algorithms based on certainty equivalence and
dual control approximations as described in [139]. Here an approach to the problem
of fault tolerant control in which the control of the system based on identification of
the component failures (diagnosis) and the regulation of the process outputs (control)
is discussed. Simulation results based on eleven operating modes like disconnected
sensors, increased sensor-noise, hydraulic actuator leaks etc. are discussed to show
the effectiveness of the approach. Results are achieved by solving a large algebraic

Ricatti equation based on observed date and involves a nonlinear filter.
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1.5 Scope and Layout of the Thesis

The previous extensive review can be encapsulated into three different sections. The
first capsule contains the review of active controls in vehicles in general and semiactive
and active suspension in particular. The second capsule contains various control
strategies applied in active suspensions and general adaptive control applications.
'The third capsule amalgamates the active suspension with adaptive control concepts
and reviews the adaptive active suspensions. The previous sections 1.4.1 and 1.4.2
indicated how the vehicle model and its performance can be complex in nature and
hence the relevance of application of adaptive control concepts to active suspensions.
Although some earlier studies as described in section 1.4.4 have put forward the
term “adaptive control” in relation to the active suspension, they fail to use the full
potential of the concept as defined in section 1.4.1 and its applications in various

other fields as enumerated in section 1.4.3.

The primary objectives of the research in this dissertation are thus formulated
to investigate the potential for application of complex adaptive control concepts to

active suspensions. The detailed objectives of the study are:

1. to study and develop analytical models for nonlinear and time varying vehicle

parameters during normal operations of the vehicle,

X

to develop an adaptive controller to maintain static equilibrium position during

the vehicle operation for the first time,

3. to develop a continuous time domain adaptive control for a single degree of

freedom suspension model,

4. to develop a discrete time domain adaptive controller for practical realization

of an adaptively controlled active suspension,
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5. analytical comparison of a stochastic optimal controller with adaptive control

concepts,

6. to study the application of continuous time MRAC for a general suspension

model,

=1

development of discrete adaptive controller with estimation for pitch and bounce

control of a half-car model,

o0

. to investigate the hardware realization and experimental validation of a SDOY

adaptive active suspension and

9. to develop an adaptive active suspension along with a software package involving

simulation, animation and control algorithms.

Chapter 2 discusses the assumptions regarding the nonlinearity propertics and
their linearization for various vehicle suspension components. The dynamic paramet-
ric variations and various road inputs that are generally encountered in the vehicle
operation are described in chapter 2. The respective models are also derived in chap-
ter 2. Two different modes of parametric variations and excitations are recognized
for hardware and simulation purposes. A continuous time domain adaptive controller
for SDOF failsafe active suspension is r-~sented in chapter 3. Chapter 4 discusses
development of a discrete domain adaptive controller that takes into account the time
delays involved in hardware implementation and reasonable assumptions about the
feedback signals available for practical implementation. To show the enhanced per-
formance of the active suspension using the adaptive controller over the stochastic
optimal controller, they are both compared under similar conditions in chapter 5.
Chapter 6 describes the application of a generalized MDOF continuous time adaptive
controller for two DOF bounce suspension. A discrete time domain MDOF adaptive
controller for a half-plane model that involves the pitch control of the vehicle in ac-

celeration and braking conditions is presented in chapter 7. Here a modified version
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of the least squares estimation that updates the controller parameters as a matrix

rather than a vector is newly developed.

Experimental validation of adaptive controller for full scale vehicular SDOF
active suspension is discussed in chapter 8. The setup is built from the scratch and
tested in each stage to obtain reliable results. A separate horizontal static test rig
is built to initially implement position and force control. The force actuator unit
is initially used to obtain position control through interfacing with the computer.
Then a force feedback control is implemented. The force actuator is installed with
a [ull scale passive suspension to form a failsafe suspension. This forms a real time
computer controlled system with an in house built software (written in C language
and Window programming) that is used for parameter selection and monitoring. The
software also shows the simulation results and animates the suspension performance.

Conclusions along with suggestions for future work are described in chapter 9.
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Chapter 2

Excitation, Parameter Variations
and Various Nonlinearity
Assumptions

2.1 General

Vehicles in general will be required to operate under a typical range of loading condi-
tions and to run at different speeds on road surfaces of widely differing roughness. As
described in section 1.4.1 the linear models generally assumed for analysis are quite
different from the actual vehicle with failsafe suspension which is highly nonlinear
and time varying. This chapter describes various global assumptions thai are made
and are used throughout the dissertation. The assumptions deal with the type of ex-
citation input both deterministic and stochastic considered for the evaluation of the
suspension performance. Different types of parametric variations that the model is
subjected to simulate closely to the time varying pioperties of the vehicle are discussed
in section 2.2. Various nonlinearities that are considered to model the suspension as
close as possible to the actual hardware are discussed next. Here linearization of the
nonlinearities is also discussed which would be used to derive a nonlinear analytic

model.
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2.2 Excitation Input

Any vehiclein its general operating conditions is subjected to a random input that is a
function of the profile of the roadbed it is traversing on and the speed of operation. In
this dissertation the analytical models along with the controller designed are subjected
to two different types of inputs namely deterministicinput and more general stochastic

input.

2.2.1 FEzcitation mode 1

The real time simulation results presented in this dissertation in time domain rep-
resentation are achieved by assuming that a vehicle is subjected to a deterministic
input. A sinusoidal input describes excitation at one predominant frequency. The
combination of sines is a amalgamation of inputs at various predominant frequen-
cies and different amplitudes. This gives an approximation of road profile of a given
spectra but in the deterministic model. A half sinusoidal or bump input represents
a typical off road profile or a road under construction. The models could also be
subjected to various other deterministic inputs such as round pulse, oscillatory step
and round step which represents various shock excitations as used by Rakheja and
Sankar {140]. These inputs can be used individually or in sequence to simulate various

excitation conditions in real time simulations.

2.2.2 FEzcitation mode 11

Since validation of the simulation results is to be performed in real time, random
inputs corresponding to various road profiles (such as asphalt, paved road and dirt
road) are to be generated in the time domain. The random input is generated online
by modifying the method presented by Hac in Ref. [120]. A good approximation of

road/terrain profile PSD function derived from experimental studies is presented in
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Eq. 2.1 as described by Hac in Ref. [120].

. v (w4 122 22
s = (%) [-—————2 s ] + (%) [ el L
LOVAR R S AR S 7/ w? 2t = fed) 4 bt pgte!

where, w denotes the angular frequency. v the vehicle velocity and the coetlicients

11, flas H3s fa, its depend upon the type of road or terrain the vehicle is moving on.
Experimental road measurements have been made by various a: hors in the past as

indicated in Refs.[142] and [143].

The required input is generated by filtering a white noise input using a linear
filter whose transfer function is of the form H(w). The required PSD (S(w)) in kq.2.1
is considered as the output of the filter H(w) which is subjected to a white noise input
of PSD (Sp). From the stochastic analysis of a linear system, this can be represented
as

S(w) = |H(w)|*So (2.2)

The linear filter in the time domain is represented as a third order differential equation
of the form

Dot + 011 + Dot + Paw = V4f + Vs + Vol (2.3)
where, dg,---,06 represent the coefficients and £,é,f denote the white notse ran
dom input displacement, velocity and acceleration values respectively. Eq.2.2 can be

written in the form as

942wt + (052 — 219604) W+ 62
—— (2.1)

rS W)= X
( ) ’002&)6 + (1912 - 2‘()200) u)" + (1’22 bt 21’31}1) w2 -+ 1/"-,2

Equating the coefficients of various powers of w on both the sides we obtain

190"—‘ 1

Uy = &+ Ve + 26

Jo = g0+ ea1vE2+ 260

o gf-;:; (2.5)
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where,

eo? = vius? (ua? + 2u2%)

£1 =
2= 20% (p2? — p5?) ,
£3° [apips® (2pa® + pa®) + pspa®pz (p2® + ps®)] 2;

€= [2papr (p2® — pa®) + pspa (1® + p2® + ™)) 5
es = (papy + psp2)v

The coeflicients derived in Eq.2.5 are found to vary from those derived by Hac in
Ref.[120]. The linear third order equation of the form in Eq.2.3 is represented as
a state space form and solved in the time domain by substituting the coefficients

derived above and by a random input which is generated on line.

Fig.2.1 shows the frequency spectra for asphalt road and dirt road input
al a vehicle velocity of 20 2. The coefficients used in Eq.2.5 to generate the as-
phalt road and dirt road signals in the time domain are taken as (Asphalt : u, =
0.2m™*, py = 0.05m™, pu3 = 0.6m™!, puy = 7.65e7°m?, us = 1.35e¢7%m?) and (Dirt :
o= 0.8m~ 'y = 0.5m™ Y py = Lim™ Ly, = 74 e *m?, us = 2.5 e~*n?) [120].
The continuous line in Fig. 2.1 indicates the PSD fu: _tion described in Eq.2.1. The
dotted line is obtained by converting time domain data by solving the filter equation
Fq.2.3 using the Coolev-Tukey procedure. The road spectra obtained was found to
be independent of the magnitude of white noise random input in Eq.2.4. Fig. 2.1
shows that the frequency spectra of the random input which the suspension model is
subjected to closely coincides with that of actual road ir.put obtained experimentally

and from which the PSD curve in Eq.2.1 is derived.

2.3 Dynamic Parameter Variations

The basic id»a of implementing an adaptive controller as discussed in section 1.4.2 and
cited in various examples is that an adaptive active suspension achieves the required

dynamic performance for large an unknown variations of system parameters. The
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adaptive controller should be able to take care of these parameter variations without
any a priori knowledge. Two types of dynamic parameter variations are incorporated

to test the controller throughout the dissertation.

2.3.1 Parameter variations mode I

Model parameters could vary with respect to time as the vehicle is operated. Let
us consider the case of acceleration/deceleration of the vehicle in which case the rear

and front suspensions would be subjected to dvnamic load changes.

Figure 2.2 shows a passively suspended in plane half-car model which incor-
porates pitch and bounce degrees of freedom. Let the total sprung mass M, of the
vehicle vary about the nominal design value of M,". Due to the noncentric location
of the c.g. the load distribution on the front and rear suspension are unequal and
represented as M; and M, respectively. From the force and moment equilibrium we

could express the load distribution as

d2Ms‘g
Allg - L
Mg = f‘%ﬂ (2.6)

Using the nominal values of '"e front and rear stiffnesses K;* and K;* and assuming

static equilibrium conditions, we obtain the initial static deflections Ay, and Ay, as

_ A’fs‘dzg
Bty = LK;"
Ms-dlg
= e 9
Ay Ik (2.7)

These equations would give the acceptable initial static deflections at the leading
and trailing axles. The leading and trailing suspension stiffnesses are chosen so that
the initial static deflection is assumed to be same at both the wheels. But when
the mass and stiffness parameters vary from the nominal values (M, K", K,") to

(M.(8). Ki(t), Ki(t)) the initial static deflection would be different.
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As shown in Figure 2.3, an additional load variation due to acceleration and
deceleration would vary the total load acting on the front and rear suspensions. For
example when the vehicle accelerates, the force balance in the longi‘udinal direction

gives
(My"+ My, + My,)e=Fi + F (2.8)

By taking moments about the front and rear tire road interfaces and neglecting other

resistances, the total normal reaction forces at the tire patches are given as

. d . h
szu|g+Ms q-L——Ms (ZZ
- dl - h
Wg=Mu,g+M, g—L—+M, a—L- (29)

where, h represents the height of the c.g. and “a” is the acceleration of the vehicle.
The load shift force would change its direction when the vehicle decelerates which
is achieved by substituting “ — a@” for “a”. The static load which causes the static
deflection in the suspension would exert equal vertical load on the tire causing a static
tire deflection. Assuming the same nominal stiffness Ky." for both front and rear

tires we could extend the equilibrium equations as

M, gd .
—_l/_"z. = Kl 68t|
M—sLﬂ‘- = K 6y, (2.10)

The total suspension deflection is the sum of the initial static deflections and
deflections due to dynamic load shifts (8s, + Dy, ) and (85, + Ase,) on the leading
and trailing wheels respectively. The totz! iiie deflections on the leading and trailing
wheels is given as -};‘%-c- and 7\% respectively. Since the initial static deflections are
generally considered in the initial tuning of the suspension, the deflections due to
dynamic load transfers are to be compensated adaptively. Simulation results are
illustrated for acceleration and deceleration manoeuvres encountered most frequently

by the vehicle. Figure 2.4 shows typical accelerating and braking conditions the

vehicle is subjected for real time control simulation purposes. This figure shows the
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manoeuvre involving acceleration at the rate of 4.0 5 for 8 secs. from a stationary
condition to 115 kmph. This figure also shows the influence of sudden deceleration of
7.0 % for 2 secs. representing a typical braking condition by reducing the velocity from
115 kmph to 65 kmph. Fig.2.5 and 2.6 shows the load shifts to the leading and trailing
wheels for a typical half-car model with the following nominal parameter values M,* =
500Kg, Ki* = K, = 17000 &, C" = " = 2500 22, Iy = 500 * (1.5)% kgm?,
Kire = 100000 g—, dy = d; = 1.5 m. These figures indicate a load shift to the order

of 60% over the normal operating conditions.

The suspension stiffness and damping properties could be assumed to be vary-
ing during the time of operation either due to operational failure or gradual wear out.
For example as shown in Figs. 2.7 and 2.8, a gradual change of air spring stiffness
with temperature and blow-off of the shock absorber valves is assumed. These vari-
ations in stiffness and damping parameters are used for the purpose of testing the
adaptive capabilities of the controller designed. The analysis could be extended to

other vehicle manoeuvres like roll of the vehicle during turning, etc..

2.3.2 Parameter vartations mode I

The second type of parameter variations to which the controller is subjected is based
on the assumption that the actual values of the system parameters are not known
a priori. The suspension parameters such as loading condition, damping coefficients
and suspension stiffness might vary about the nominal design values before the start
of operation. These variations are assumed to be static parameter variations as they
would differ from the nominal design values and remain constant during the simulation
period. These variations are incorporated along with the stochastic road input to
test the performance of the system during simulation and experimental studies. It is
assumed that the load acting on the suspension has increased by 40% and the stiffness

consiant and damping coefficient have decreasec by 10% of the nominal values.
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2.4 Suspension Components

A class of vehicle subsystems, specifically suspension systems invariably include non
linearities in the form of complaince elements as leaf or coil springs, torsion bars and
springs using rubber, liquids or gases along with the encrgy dissipating elements like
viscous dampers etc.. Since linear systems are easier and more economical to ana
lyze than nonlinear ones, most of the studies conducted so far have examined models
that are linear. In this dissertation, the study is extended to include the nonlin
earities which are mostly encountered in the vehicle suspension systems so that the

application of advanced concepts such as adaptive control would be more meaningful.

Figure 2.9 shows a half-car model that involves a failsafe active suspension
with various nonlinear and time varying properties such as (‘oulomb friction, Stifl-
ness, Velocity squared viscous damping and Elastic limit stops. Analysis on vehicle
suspension system involving such nonlinearities has been discussed by Rakheja et al.
in Ref.[141]. The various nonlinear properties of components and the analytic models

which we will be using later on are described in this section.

2.4.1 Damping Properties

At the low velocity operating conditions the damping property of a shock absorher
(fluid forced through an orifice) could be characterized as velocity squared damping.

The damping force expression could be written as {141}
Fy=C(t) (&2 — 1) sqgn (&g — &)
= C(t) (22 — &) |22 — & (2.11)
where, C'(t) is the constant of proportionality due to the orifice flow that could vary
with time of operation. Since this gives a nonlinear but continuous or analytic damp-

ing characteristics, it could be linearized at various operating points using the Taylor

series.
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2.4.2 Elastic Limit Stops

Even though the elastic limit stops/jounce bumpers look ummportant, they play a
crucial role in the performance of a suspension system. The limit stop forces could
be represented by the equation of the form [1-11]

F, = Kes(t)S® [(.l'p_ -I) = %sgn (ry- .rl)y

o 0 ifley— <2 210
where, S§* = if |2 . £33 (
1 otherwise

where D is the allowable suspension travel and K.(t) the stiffness due to the limit
stops that could vary with the time of operation. due to factors such as temperatue.
This forcing function involves two types of nonlinear discontinuous functions as 85°
and sgn(zz — z1). The nonlinear discontinuous terms are modificd to nonlinear and
analytic functions to apply the Taylor series and linearize the dynamic model as

follows. The discontinuous function S* is written in a simplified function formy as

D
flz) = { 04 lrl<3 (2.13)

1 otherwise

where, r 15 (r7 —1y1)

The Theorem [144] on Fourier integrals as quoted helow has been used.

If 2 non periodic function f{z) is piecewise continuous in every finite interval
and has right and left hand derivatives at every point and if the integral [ |f ()| du

exists, then the function can be represented as a Fourier integral of the form
o0
f(z) :/ [A(w)cos (wr) + B(w)sin (wr)|dw (2.11)
0

where, the coefficients are given as

Alw) = 71;/:: flu)cos (wu) du
B(w) = ;]r-/-': f(u)sen (wu) du



Since the function in Eq.2.13 does not satisfy the necessary condition for the
Fourier integral, it could be written as g(z) = 1 — f(z) where, [5 |g(z)|dz exists.

Using the Fourier integral for the function g(z)

1 of z< —122 5
glr) = { 0 otherwise (2.15)

as
g(z) = /oo [A(w)cos (wx) + B(w)sin (wz)] dw (2.16)
0
where, the coeflicients are given as
Aw) = = [ g(u)eos (wu) du
1 oo
= — Vst
B(w) - /_co g(w)sin (wu) du

On simplification of the above coefficients, we obtain
2stn (w%)

TW

B(w) =0 (2.07)

Hence on substituting the Fourier coefficients from the above equation into Eq.2.14

and Eqg.2.16, we obtain the analytic function of the form

D
D] oo SIin{w= ) cos |w - T
S‘:l“:/ i (08) sl Ol
7T JOo

(2.18)

w
Generally it is not necessary for the limit of w in the above equation to trend towards
00, but could be restricted towards a numerically large value (X) for all practical
purposes. lence, the nonlinear and discontinuous function in the elastic stops (S*)
is converted to a nonlinear and continuous (analytic) function cf the form

S =1-2
T

(2.19)

) /R swn (w%) cos [w (z2 — 1))
dw
0 w
The second nonlinear discontinuous term sgn (¢, — z) is inade continuous by adapt-
ing the same procedure. The nonlinear term given as

-1 of (22-2;)<0

s 5 — = 2
sgn (z; = 1) { 1  otherwise (2:20)
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is expressed in the simpler form as
Flz) = -1 of r<0
- 1 otherwise (2.2
where. = (r; —Iy)
The above function does not satisfy the necessary condition for the Fourier integral
220 1f(z)] dx. Since the relative displacement (r; — ry) in the Eq.2.21 does not exceed
the value D (the maximum suspension deflection), the function f(r) is testre ed to

have the form as )
-1 f-D<r<Q
glzr) = 1 0<ao <D
0 r>Dorr<=D
where, = = (ry—ry)

D is a number very much larger than D. Evaluating the Fourier coeflicients by

substituting the limits in the Fourier equations we have

?-./OO [l ) M] simfw(ra — )] da (2.23)
T JO

w !

9(z) =

Limiting the upper limit of integration to a large numerically feasible number we
obtain the analytic function written as
92 M1 cos (wD) '
glz) = -/ —— —— "t sinfw(ry )] dw (221)
-Jo |w w
Figures 2.10 and 2.11 show the approximated continuous function compared with the
actual discontinuous functions for 5* and sgn(x; — ry) which are derived by following

the above procedure.

2.4.3 Coulomb Friction

In the Coulomb damping, the force resisting motion is assumed to be proportional to
the normal force between the sliding surfaces and is independent of velocdity except
for the sign. The nonlinear Coulomb damping force is given as

F.= F(t)sgn (2, — ,)
=1 if(ze—1) <0 (2.
1 olherwise

[
[
<t

where, sgn(i, — ) = {
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F(t) is the magnitude of the friction force that could vary with the time of opera-
tion. Using the Fourier integrals as before, the nonlinear discontinuous sgn (&2 — &)

function could be made continuous to obtain the final analytic function of the form

F = 1"(t)% s [1 cos (wD)

0

sinjw (2 - 1)) dw (2.26)
w w

where, D is a number much lazger than D.

2.4.4 Stiffness Properties

Since suspension springs have a reasonable linear range under most operating con-
ditions, it is assumed that the stiffness is constant with respect to deflection but as
described earlier, it varies with the time of operation. The stiffness force is assumed
to be of the form

Fo = K(t) (22— 21) (2.27)

Since this model is linear in the operating range it is analytic at all operating points.

2.5 Summary

This chapter enumerated various assumptions that aie made and frequently referred
to throughout the dissertation. The first sectic . described various modes of excitation
that the analytical models are subjected for validation of the approach. Here, an
approach adapted to extract the real tinie road excitation is presented. Section 2.3
presented the realistic real time and static para neter variations which were assumed
to test the performance of the controller. Section 2.4 described various nonlinear
and discontinuous suspension component properties that were assumed to make the
model as close as possible to the actual hardware. A Fourier integral approach that
was used to achieve approximation of discontinuous functions to an analytic form was

also presented.
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Chapter 3

Single Degree of Freedom
Continuous Time Adaptive Active

Suspension

3.1 General

The following chapters discuss the development of analytical models of an adaptive
active suspension which achieve the objectives stated in section 1.4.2. To study the
feasibility and viability of an adaptively controlled active suspension subjected to
various highly demanding assumptions as indicated in chapter 2, a single degree of
freedom nonlinear time varying (SDOF-NTV) model is considered. The study of
a SDOF-NTV is the prime pivot of the dissertation as it provides the fundamental
concepts and is best suited for experimental validation in the laboratory environment.
It is also felt that it is highly logical to develop this new concept for a SDOF model

before tackling the more complex mult: gree of freedom models.

This chapter involves the development of a continuous time adaptive controller
based on model reference adaptive control (MRAC). Since the control theory is well

developed analytically in the continuous time, an initial attempt is made to design
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the adaptive control of SDOF-NTV model in the continuous time domain.

A model following problem is defined, as the parameters of the system are ad-
justed to achieve a required performance that is defined by a reference model. Here
the adjustable parameters of the controller are varied either directly or through pa
rameter adjustment rules such that the closed loop transfer functio. will be close to
a prescribed reference model. The error in model following depends on the system,
mode: «nd the contrcl command signal. For perfect model lollowing the error be
tween the system performance and the reference model would trend towards zero fo
all command signals and variations in the system parameters. MRAC systems are
generally designed based on the following approaches [115]: the Gradient approach,
the Lyapunov approach and the Passivity approach. The gradient approach is based
on the assumption that the parameter changes are slower than the other variables in
the system. Here the system is treated as quasi-stationary and sensitivity derivatives
are evaluated for the adaptation mechanism. This approach does not necessarily lead

to a stable closed loop system.

3.2 Dynamic System Model

A single input single output(SISQ) vehicle-suspension model which could be either a
*+ont or rear suspension of the vehicle model as assumed in section 2.3.1 and as shown
in Figure 2.3 is considered. Figure 3.1 shows a SISO failsafe time varying vehicle
suspension model. Here the dynamic parameter variations as discussed in section 2.3
are assumed and the adaptation to counteract the static deflections are also addressed
for the first time. The suspension model considered, includes a conventional passive
shock absorber appended with an actuator to make it a failsafe active suspension.
This simpler model would also faciliate the discussions on comparison of the adaptive

active suspension with stochastic optimal control.



The dynamic equations involving the static deflection for a SISO failsafe time

varying vehicle-plant shown in Fig.3.1 is derived as

M(0)E +C(1) (& — i) + K(t) (2 — w) + M(t)g — K(t)8 — Faee(t) =0 (3.1)
Mg = K"5, (3.2)

where M(t), K(i) and C(t) denote the flexible load snspended and time varying
stiffness and damping parameters. For simplicity a linear range of the damping per-
formance is considered and the damping force is considered to be a linear function.
The term é,, in Eq.3.2 denotes the static deflection of the nominal mass M* when
suspended by the nominal stiffness K*. At the nominal operating conditions the
second equation is satisfied to maintain the static equilibrium. The multiplication
factor ' g’ denotes the acceleration due to gravity. F,.(?) is the force applied by the

actuator. For the analysis of a control problem, Eq.3.1 is written as
M) + C(t)t + K(t)z = Feom(2) (3.3)
where, the control force Feon(t) is giver as
Foone(t) = Foa(t) + C(t)d + K(t)w — M(t)g + K(t)bs (3.4)

A fully active suspension as shown in Fig.3.2 can be derived from Eqs.3.3 and 3.4 by
substituting C'(¢) = 0 and K'(t) = 0. Assuming the vehicle model as LTI for the
purpose of derivation of adaptive control laws, Eq.3.3 can be expressed in the form

of a SISO transfer function as

X(s) 1
Fom(s) ~ Ms2 + Cs + K

G(s) = (3.3)

The actuator force that has to be imposed on the suspension can be derived from the

controller output as follows
Fact(t) = Feone () = C*w — K*w + M™g — K6, (3.6)

where, Af*, K" and C'~ represent the nominal parameters and could be updated using

an estimator.
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A skyhook damper Linear Time Invariant (LTI) model as shown in Fig.3.3
is chosen as a reference model to describe the optimal performance required by the
suspension. It is established in the literature that a skyhook suspension whose damp
ing force is proportional to the absolute velocity would give an optimal performance
petween the isolation and the rattle space. The equation of motion of LT1 reference

model shown in Fig.3.3 can be written as
A'Im:i'm + Dparn + Ky, (-l'm — ) =0 (\‘T)

The model transfer function is given as

‘\’m (S) wn :
Gmls) = 35~ = 5750 : (3.5)
1‘ (S ) 8 + FAQTRVE T ’* whin ©
K D
2 m . m
where Wt = and = o
’ ™ Alm o 2 “lm “win

(m and w,, represents the damping and natural frequency of the specified reference

model.

X(t)
J— e M® x® J-- S Mo

Ko = e — ] = ko .
=z 2 =EF Faalt)
Fact(t ,r C ‘) l
L J [ 1
| } 1 , ]
Fig.3.1: Single degree of freedom failsafe Fig32: Single degree of freedom fully

active suspension model. active suspension model.



3.3 Direct Model Reference Adaptive Control Sys-
tem Design

'The LTI plant model in Eq.3.5 is represented as

, X(s) 1 ¥
G(s) = & = S > = 5 3
Fion(s) Ms? + Cs + K s% 4+ 2(pwps + wp
K . C
where, wy? = i and Cp = Mo,
X(s B +
= (5) - 2 = M (39)

-P::ont(s) /1 82 + QCpu)p\S + b‘l‘g
15q.3.9 represents the required vehicle model that has to be controlled to achieve the

optimal performance.

Let the LTT model transfer function in Eq.3.8 be represented as

Xn(s) B Wi 2
—_— = —— = 3.1
W(s) An 52 4 2Wpwms + wn? (3.10)

where A, A,, are *he polynomials in differential operator s.

3.3.1 Regulator Structure Design

To design a suitable regulator structure we assume initially that the vehicle model in
£q.3.9 is kncwn. As evident from Eq.3.9 the deg(A) > deg(B), hence the system is
proper and polyrromial A is monic i.e. the coefficient of highest power of s is unity.
Pole placement technique is used for the design of the regulator structure{l.43]. A

general linear controller of the form
RE oy = TW — S5X (3.11)
as shown in Fig.3.4 is cnosen. Where R, S, T are chosen as polynomials in s as
R(s) = s+ n
S(s) = sps + &1

T(b) = tos + t1 (312)
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Regulator Vehicle Model
K.&% §E§, RFeme = T |_foont B X
2

This control law denotes a feed-forward transfer function TIE and a feed-back tiansfer

function (—3%). From Eqs.3.9 and 3.11 the closed-loop transfer function can be detived

as

X(s) BT
\
]

W(s) AR + BS (313)

For perfect model following, the controller structure is designed such that
the closed-loop transfer function in Eq.3.13 should be equal to the model transfer
function in Eq.3.10. The numerator of the vehicle-plant transfer function B is a
constant (7). In general pole placement design B is split into B and 13~ which
represents factors that can be canceled with the closed-loop poles and the remaining

factors of B respectively. In this problem

B = B*B™ =1xb, where, by = (A—l}) (314)

To obtain the desired closed-loop respouse A,, should divide (AR + BS) in l.q.3.13
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This implies (AR + BS) can be written as

AR + BS = BYAuA,. (Diwophantine or Bezout equation) (3.15)

where, Ay is called the observer polynomial and Bt is unity

The observer polynomial of the following form of degree 1 is chosen.
Ag = 5 + ao (3.16)

The choiee of Aqy satisfies the following necessary conditions for a solution to the

regulator problem to exist, namely

deg(Ag) 2 2deg(A) — deg(An) — deg(B*) — 1

deg(An) — deg(Bn) 2 deg(A) — deg(B)

deg(Ao) = 1; deg(A) = 2; deg(An) = 2 deg(BY) = 0
deg(Bm) = 0; deg(B) = 0

Since the second condition, which states that poles excess f reference model is equal
to pole excess of the plant is satisfied, this avoids any differentiators in the control

law. From the pole placement design the regulator structure can be derived as given

in [145].

[. It follows from Eq.3.15 that B* should divic'e R such that

R

= Br since Bt =1, Ry = R (3.17)

R,
from Fgs.3.14, 3.15 and 3.17 we derive

AR + bS = AoAn (3.18)

2. Also for perfect model following, B~ should divide B,

1.€. Bm = «Fﬁ and T = Ao B

i i (3.19)
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Regulator parameters as coefficients of Eq.3.12 can be evaluated with complete knowl-
edge of the vehicle model as described below. Diophantine Equation as derived in

Eq.3.15 can be solved linearly to obtain coeflicients of R£(s) and S(s) as

ry = daop + 2mwm — 20w
2 9. . 2 o -
Sg = (wm + 2a0Cmuw — wpt — 2 lgx,w,,) /b
Q - v 2 > 1 2
81 = (”()Wm — Muy ) /bll

The regulator Eq.3.19 can be solved to obtain coeflicients of I'(s) as
o = S, gy = Yowm (3.20)
b\) b()
Regulator parameters derived in the above equations are in terms of vehicle model
parameters which can be evaluated only on complete knowledge of ¢, and . which
would ensure perfect model following. But in the actual case, the vehicle model
parameters in Eq.3.9 are not known. Hence regulator parameters are estimated to

realize an adaptive controller.

3.3.2 Error Model Design

The Diophantine Eq.3.18 can be written as
ARz + 0gSz = AgA,r
Substituting from Eqs.3.9 and 3.14 in the above equation we obtain
bo (Foont B + Sx) = ApA,r (3.21)

On expressing the Eq.3.10 as AgBh,w = ApA,,r., and substituting Fq.3.19, we can
derive
boTw = AgAnn,, (3.22)

subtracting Eq.3.22 from Eq.3.21 we obtain the error equation of the form

AOAm ('E -~ Tp) = bO(F‘rontR + 5S¢ - ,1.“’)

1
= e = AO’;m (Frowdt + Sz — Tw) (3.28)
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If the transfer function ,T.JLF' in the error model is strictly positive real (SPR) and

stable. then the error (¢) would go to zero asymptotically as ¢ — oc. As described

below. the transfer function —2— is Lot SPK, hence a filtered error model is attained

P
by multiplying with a compensator transfer function of form ?—,%)

The transfer function D(s) = To—bgﬁ is checked for SPR as described in Ref.

[115]. Substituting various polynomials. this function can be expanded as

/)( | b() bo
S) = " - p” =
(3 -+ (l(J) (3“ + zlmw‘mq + W‘m-) (S + (10) (52 + 15 + :'2)
where 2 = 2mwm . and 3y = wip?

The transfer function D(s) would be positive real if only if it satisfies all of the

following conditions.

. D{s) s real for all real values of s — SATISFIED

2. The denominator polynomial of D(s) s stable.
This condition depends on parameters of the model chosen. Choosing the value
of ¢y = 2, (which is always positive) and the model parameters k,, = 5000 %
M, =200 ky. for an overdamped system as

" K, rad\’
=wy = o = 20— :
e U( . ) and

rad

1 = ngw‘m = 49.19—
S

Then zero’s of denominator are —2. —0.41, —48.77. The denominator polyno-

mial has at least one zero close to the positive real axis (unstable region).

3. The real part of (I(s) 1s non-negative along the jw ars, i.e. Re(G(ju® > 0.

For the specified model parameters
Re(G(jw)) = bo(—51.19.7 + 40)

Plotting this equation with respect to « would show that this condition is not

satisfied along the jw axis.
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Since all the above conditions are not satistied. the transfer function o5 wonot SPR
O b

for the specified model parameters. This transfer function vanes depending on the

model parameters. Hence it is a conservative design to assume it s not SP'R

To make the function —2— as SPR. two polynomials () and Q=) are chosen

‘O "n
such that @ = Apd,, and P = P P,. Where P is a stable monic polyvnomial of
same degree as R such as 4g and P = 1. Then the error equation 3.23 can be
written as
boQQ (h’ S I' N
ef = —— | —=F 4+ =0 - —uw) 300
17 A, \plem opto pt) ‘
bRy -hi ¢ QP '3 . e [ 1D L .
where e 18 a constant by. which is SPR. Filtered error Eq.3.21 can he wiitten in
the form
boQ 1 R~ S I
— _— rt “"; " o —‘ . R . .)r
= Ao An ( 1lcum t P Fone I’J 1'“) (4:25)
Let =0 denote the nominal regulator parameter vector as
~0 _ r NI
o= {71‘-'*0-61-[()-11} (3 26)

Let > represent a vector of the filtered command, input and outpnt signal as

!
— (Fcont s £ —sie - ) (; _,.‘.)
? T\ P P(s) Pla) Pl9) P(o) g

On substituting the vectors in Egs. 3.26 and 3.27, Eq.3 25 can be wittten as
g | ]

bOQ 1 l T 0 .
- -—_—f . + o ) . .‘__!,\‘
Lj .‘10/‘171 ( 1)1 I cont T ) ( ; )

Since the transfer function -&%19— is SPR and stable. the error ¢ goes to ze1o asviap
‘ m

totically as ¢ — 2. Equating Eq.3.28 to zero the control law can be derived s

Feon ‘ :
cont + ‘197 '{)0 = O '—‘A/ ['Cu'llt = _I‘l(‘r;I. )
P

where, S is the adjustable regulator parameters vector. lo avord derivatives of the

regulator parameters, a control law of the form

Fne = == (Prp) (329)



can be considered with  defined as in Eq.3.27. The vehicle-plant transfer function

has a pole excess larger than 1, hence error augmentation has to be performed for
the filter derived in Eq.3.27 [145]. To enhance the tracking of the reference model.
a velocity error term is added to the filtered error (es). Then the total filtered error

term is derived on substituting E-.3.29 in Eq.3.28 to obtain

boQ ( T ~0 1 _r ) .
o= —l [T o K,
= 7 \? A (Pp)) + Aue
bOQ T -~ T T«) s . p
3~ ——-0 Py K. 3.30
ey = A0A7n<¢‘v P 2 (Pp) + 9'o) + Al (3.30)
Krror augmentation (g ) is defined as equal to
. 1
1 T~
= - = - con & 31
P19 (Pp) -y O (PIF t + ) (3.31)
Then the augmented error (¢) can be derived from Eqs.3.30 ind 3.31 as
boQ ..
5=ef+4:A n + Ké
Q. Q "
V—P6+A0Af]+[\e (3.32)

where the control velocity gain K, is defined as equal to (- K,). From Eq.3.31 we

can also derive that

- i (3.33)

Since the augmented error model is linear in parameters and the transfer function
71% is SPR, it satisfies the requirements needed for the error to go to zero asymp-
totically. Once this condition is satisfied the regulator parameters could be updated

by the following parametric adjustment law [145].

3.3.3 Parameter Adjustment Law

The regulator parameters (2) in control law (E£q.3.29) are updated by the adjustment

law of the form

@ _ do e
e o o = ')0—-—————+ ST (3.34)

where, 4 denotes the adaptation gain that can be specified to achieve the required

adaptation. On integrating the Eq.3.27, the vectors p and Py can be evaluated.
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3.3.4 Estimation of b,

The only vehicle-plant parameter that is needed for the whole control approach is by,

which is (—‘17) This value is estimated using a gradient estimator of the form

dby” v . T . -
—"’dt =9 (11.*011! + v KA) Iy 3.3
where. by" is the estimate of by and
51 - — Q ——I“ . . (‘(-)__“. -
T AgdnP T T

and £ is the prediction error of the form & = e, — b, (1"‘,,,,‘ + o h )

3.3.5 Block Diagram Representation of Adaptive Controller

The control algorithm described above is represented as a block diagram m Fig.s )
Vehicle model block represents the actual NTV vehicle model that has to be con

trolled. Sky-hook reference model block is the optimal model that dewcnibes ihe
required suspension performance. The control law derived in Fq.3.29 would give the
control signal Feoni(¢) in Eq.3.6 from which the actuz’ Jsree signal needed for the
actuator Fy(t) is evaluated. The nominal parameters described in the previo s sec

tion could be used in Eq.3.6 to obtain the actuator force. But as shown i Fip 3.0
a parameter estimation could be done and the estimated values over a louger mter

val of time could also be used for achieving better results. Simulation 1esults show
good adaptation with the approximation of M*. (™ and A* as the imtial design val

ues. The adaptive controller takes care of the error due to this approximation lor
reasonable variation of plant dynamics. When the suspeasion s fully active, then
Fict(t) = Feone(t) and no estimation is necessar o, but a fully active suspension needs
more energy and the reliability of the whole system would reduce. The block labeiled

filter, generates » and P, signals from w, F, ... « by simple trapezoidal intesration
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3.4 Simulation Results

Ve chownan Lig 3.1 the controller developed s implemented {for SDOF model. Com-
patative ~tudv of the adaptive active suspension with that of a passive <uspension i
made throughont the presentation The norainal valnes of the suspension parameters
for « SDOF model are taken as follows The sprung mass M(#) i considered to vary
abont normimal value (A7) taken a< 250 kg The nominal values of stiffness 1A and
damnpng (0°7) are taken as .')(J()()% and '_’-’)()-\njs respeciively. The reference model 1s

chosen 1o have VL, = 250 kg . K, = 5000 ;\—l and D, = £000 %n-

The objective of implementing an adaptive controller to an active suspension
15 1o adhese the required dvnamie performance as <pecified by the reference model
i Fig.3 3 even under large and unknown variations of system parameters. The con-
troller should be able to take care of these parameter variations without any a priori
knowledge, Two types of dvnamic parameter variations as discussed in chapter 2 such
as Parvameter varnations mode [ and Parameter variations mode Il are incorporated

to 1e«t the controtler.

The controller designed should show robustness to the different types of pa-
rameter variations and at the same time should be able to achieve the optimal per-
formance as required by the reference model. The model parameters described above
are needed only for simulation purposes and are not necessary for control design and

implementation of the adaptive active suspension.

3.4.1 Eurcitation mode [ and Parameter variations mode I

I'he adaptive active suspension and passive suspension are subjected to a determinis-
tic input of the form of a coinbination of sinusoidal functions with {requencies around
the natural frequency. as described in Erxcitatron mode Iin chapter 2. The active and

passive suspensions are also assumed to be imposed with ihe Parameter variations
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mode I along with the Fredtation mode T Fra. 3 o shows the sprune mass absolate
displacern.ent response of the reference modell the adaptive active <uspension model
and the passive ~suspension modelm the time domam The tetetence model response
indicates the performance of the skvhook reference model chosen The adaptive con

tioller response indicates how the velucle suspension model would achieve the optimal
performance by following the reference model This response s obtamed by <ol
Fq.3.1 with the actuator force I 08) calculated trom Fg 360 The contraller foree
Fowd s evaluated from Fq.3.29  The controller updates the sans to achueve the
stable tracking of the reference model within 10 seconds of operation Nrer 20 wed

onds of operation. the passive and failsafe active models are subjected to sprome e
variations as shown in Fig.2. fc. For sprung mass vanation as descuibed o Parameto
rariation mode 1. the passive suspension would have a static deflection corresponding,
to the spring stiffness The active suspension which has alteady adapted to the refer

ence model would maintain its imitial static level and continnes to follow the reterence
model. When ever there 15 a variation of the suspended load. the adaptive controlled
active suspension wonld deviate very little from the optimal performance and adapts
to the reference model within a few seconds as indicated at the mstant 20 and 10
seconds. Fig.3.6 also shows the robustness of adaptive active suspension to the van

ations in stiffness constant A (f) and damping coeflicient ('(1) as descubed e Figs
2.7 and 2.8. Fig.3.7 shows the acceleration response for the determmmsticinput The
adaptive active suspension response has a higher amount of aceeleration transnntted
in the initial pre-adaptation period. But once the adaptation to the reference model
takes place. the acceleration is very low when compared to the passive suspension

Fig.3.8 indicates the variation of controller parameters (- ) as indicated in b 326
The controller gains are updated from their initial values to some requized valies
to achieve proper tracking of the reference model. The displacement and veloaty
error during the model following is shown in Fig.3.9. The error reduces exponentialty
during the transient period and after adaptation during parameter vanations. The
~ctuator force F, () needed for tracking the reference model is ~hown in g 3 10

The actuator force needed when there is no sprung mass variation is less since the
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pacave clements of failsafe active <aspenaon wonld share the static load. There is
an upward force with a mean valne of 1500 N exerted to take care of the static level

changes due to the presence of the adaptive active suspension.

3.4.2  Freitation mode I and Parametric variations mode 11

| he adaptive active suspension and passive suspension are subjected to different ran-
dom road mputs tasphalt. paved and dirt roads) described as Ercitation mode 1]
m section 222 The results obtamned for dirt roads which have higher amplitudes
ater presented i this section. As described under Parameter rarations mode I the
adaptive active and passive suspension systems are subjected to various parameter
variations  Here we assume that the parameters are completely unknown a prion
as desanbed in o section 2,320 Fig.3.11 shows the real time simulation sprung mass
absolute displacement response for an adaptive active suspension and a passive sus-
pension. Due to the sprung mass estimation error of 10% and the reduction of the
suspension spring stiffness by 10% the passive suspension would result in a static
deflection and would continue to have higher amplitude at lower frequencies. But an
adaptive active suspension would adapt to the reference model and shows no static
deflection. Results obtained in terms of Power spectral density (PSD) for absolute dis-
placement and relative displacement for excitation. reference model. adaptive active
suspension and passive suspension are presented in this section. System gain factors
which represent the magnitude of the transfer functions of absolute displacement and

relative displacement with respect to excitation input are also presented.

Fig.3.12 indicates the PSD of absolute displacements ror the reference model.
the adaptive active suspension and passive models when excited by a dirt road with
PSD as shown in Fig.2.1. A passive suspension would have a static deflection as
shown in Fig.3.11 which is shown as a large amplitude at lower frequencies and would
shift the PSD curve to higher magnitude. The reference model PSD shows a well

damped displacement response both at natural and higher frequencies. The adaptive
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active suspenston would follow the reference model very closely at most of the fre-
quency range Figod 1Y shows the sy<tem gaim factor between absolute displacement
of vanions models and exaration input. kig 3.13 also shows that an adaptive active
suspension adapts to the reference model and hence maintains the static equilibrium
levell But o passive <uspension ~hows magnitude <hift due to change in the static
level nuder suspended load vanation. The adaptive active suspension response shows
vood asolation properties throughout the frequency range but deviates at very low
frequency because of imitial adaptation to the reference model. Fig.3.14 shows the
relative displacement PSI curves for the reference. adaptive active and passive sus-
pension models, The constant static deflection due to suspended load variation which
results i a constant relative displacement for passive suspension shows at low fre-
quencies, The adaptive active suspension shows deviation from the reference model
only at low frequencies because of imtial adaptation. Figures 3.11.3.12. 3.13 and 3.14
imdicate the effect of Parameter variatiens mode Il where. the imtial unknown pa-
tameters of the model exist and the adaptive controller adapts to the reference model
maintaining static equilibrium and optimal suspension characteristics. The reference
model and adaptive active suspension relative displacement response indicates a lower
magnitude at all the frequencies due to maintenance of static equilibrium and achieves

the required active suspension characternstics.

When the vehicle s operating at the nominal parametric conditions and is not
subjected to any parametric variations. then the passive suspension would exhibit no
static deflection. Results obtained under these conditions are presented in figures 3.153
and 3 16. These rigures indicate the system gain factor between the absolute and rela-
tive displacements with respect to the excitation input. When compared to a passive
suspension system. Fig.3.15 shows good isolation properties at the natural frequency
and at higher frequencies. The adaptive active suspension adapts to the reference
model throughout the range. Fig.3.16 shows the relative displacement characteristics
with respect to the excitation input in terms of the system gain factor. The reference

and the adaptive active suspension performance indicates good reduction of rattle
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space at the natural frequency Fioures 315 and 316 indicate better pertotmance by
an adaptive active suspension both 1 terms of absolute and relative displacements
for the nominal design parameters of the veludle model. The tesults presented <o fan
for the stochastic input indicates that an adaptive controlled active suspension would
give an optimal performance by reducing both absolute and relative displacements at
the same time without any static detlection even under sross operational partamerer

variations.

3.5 Discussion

Simnulation results for a basic failsafe suspeusion svstem have been presented to

tially demonstrate the concept of an adaptive active suspension svstem he results
for Ezcitation mode [ & [l and Parameter rariations mode [ &1 indicate good
adaptation to the reference model. 'he results also indicate that the objectives <et
forward in Chapter 1 subjected to some of the assumptions 1 Chapter 2 are achies

able. The simulation results obtained for deterministic input and stochastic wmpat
are based on the sampling interval of 0.01 seconds. Since the sampling frequency s
not very high. the hardware necessary for practical implementation need not he o
phisticated. This would also increase the reliability and ruggedness of the hadware
which in turn would reduce the installation and maintenance <osts. X\ lesser sam

pling interval would improve the tracking performance further due to faster computer
control. The initial controller parameters (- ) can be chosen to be of any arbitrany
values. Better transient response in the reference model following conld be aclneved
by having some knowledge about the initial values of the gains The reference morded
need not be physically realizable and its parameters are coded in the controiler  As
described in Eq.3.8. the active suspension performance required could be speaified by
varying the damping and natural frequency parameters of the reference model i the
controller. Fig.3.11 shows the results for Excitation mode Il and Pavamneter varilion

mode [I which indicate good initial adaptation even with uncertamty i the gros.
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nominal values More detailed dec gne involving nonhinearities and MDOF models

are discussed an the following chapters.

3.6 Summary

An adaptive control approach for an active susnension in the continuous time domain
for a single degree of freedom nonlinear time varving model that deals with time
viarving parameters has been discussed. The adaptive control approach has been ana-
lyzed for the maintenance of static equilibrium levels for the first time. A continuous
time mode] reference adaptive control with velocity error term added has been de-
signed to enhance the tracking of the reference model. Simulation results for the real
time control with Ercitation mode | & Parameter variation mode [ and FEzcitation
crode II'& Parameter varation modc Il are presented. A block diagram represen-
tation of the adaptive controller that was designed was also presented. Simulation
results indicate very good performance o adaptive active suspension in adapting to
the reference model thereby obtaining optimal performance and maintaining static

cquilibrium level under large dynamic load variations.



Chapter 4

Discrete Adaptive Controller for
Single Degree of Freedom
Nonlinear Time Varying Active
Suspension

4.1 General

Implementation of advanced control algorithms generally involves digital computers
and micro-electronics. The ease of implementation of micro-processor based com
puter controlled systems for on line control problems is well known. Discrete domain
analysis is very instrumental in dealing with digital controllers in general and with
complicated situations involving large time delays in particular. In this chapter the
single degree of freedom nonlinear time varying (SDGF-NTV) suspension model is an-
alyzed in the discrete domain incorporating various time delays normally enconntered
in practical implementation for the first time. Variation in the static equilibrium po-
sition of any suspension due to static or dynamic load changes like payload variations
and load variations due to acceleration or deceleration as discussed in chapter 2 is
also incorporated. Deterministic auto-regressive moving average (DARMA ) models of

the linearized suspension model end linear time invariant (LTI) and reference mode)
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are derived. A discrete model reference adaptive control (MRAC) appreach with re-
cursive least square (RLS) estimation is used to form the controller. The analytical

results obtained in this chapter are experimentally validated in chapter 8.

4.2 Dynamic Equations for Single Input Single
Output Model

4.2.1 Nonlinear Failsafe Active Suspension Model

A nonlinear SDOF suspension model as shown in Fig.4.1 is considered for analysis.
The suspension model is considered to have Coulomb friction damping, an elastic

spring supporting the mass, viscous damper with velocity squared viscous damping

wo]
& M)

IF) Ju®
K(1) = l )
> H _ﬁ;_
w( t)j-

Fig.4.1: Nonlinear single degree of freedom failsafe active suspension model.
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and elastic motion limit stops as discussed in section 2.4. Taking into consideration
various nonlinear time varyving terms and static deflection due to irertial mass varia-

tion, the equations of motion in terms of the relative displacement (: = & — w) can

be written as

M(0)Z + F(z.208) = u(t) — M@t + K)oy — M(t)g (n1
Mg = K& (1.2)

where. M(t), K(t) and u(t) denote the time varying spring mass suspended.
coil spring stiffness and actuator force exerted on the mass. The term &, in Fq.1.2
denotes the static deflection of the nominal mass M when suspended by the neminal
stiffness '*. At the static condition the second equation is satisfied at the nominal
operating conditions. The NTV term F (z.3,t) represents the cumulative force ex-
erted due to elastic limit stops. velocity squared viscous damping, Coulomb friction

damping and suspension spring force as discussed in section 2.4 [111]

F(z,2,1) = Fy(z,t) + Fy(3,8) + F(5,1) + Fu(z.0) (1.3)

)|

where, Fi(z,t) = K.(t)S" [z — -%sgn(

S‘z{o if ] < 2

1  otherwise

[

Fili,t) = Cu(0) ()
F(z2,t) = F(t)sgn(z)

Fi(z.t) = K(t)z

4.2.2 Reference Model

A skyhock damper linear iime invariant (LTI) model as shown in Fig.4.2 is chosen

as the reference model which describes the performance needed by the suspension.
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Fig.4.2: Linear time invariant reference model.

xm(t)l

It is established in the literature that a skyhook suspension whose damping force is
proportional to the absolute velocity, would give an optimal performance between the
acceleration transmitted and the suspension travel. The reference model is needed
theoretically and it is not needed to be physically realizable for practical implemen-
tation of the adaptive controller. The equation of motion of the model in terms of

relative displacement (z, = zm — w) is given as
My, 4+ Cri2p 4+ Kz = =M — Cru (4.4)

where. M,,Cn, K,, denote the mass, damping coefficient and stiffness constant of

the model.
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4.2.3 Linearization of Suspension Model

The nonlinear discontinuous model described in Eqgs.t.1. 4.2 and 1.3 are transformed
to nonlinear and analytic equations using the Fourier integrals. By using the results
derived in section 2.4 of chapter 2. the nonlinear discontinuous terms in Fq.4.3 could

be modified as
Fyi(z,1) = K,(t)s™ {: - —gsgn(:)]

sin wD cos{we
§==1-2% [_(._LJ__)] dw

w

» [gl—"—cis}ﬂsm (w;)] du (4.5)

0

o 1o

sgn(z) =
F.(2,t) = F(t)sgn(2)

[t ]

sgn(z) =

Now the analytic functions are linearized about an operating point OP (o, zq. iy, t0y).
If (At, Az, Au, Aw) are the variation of the parameters (1., u, w) about the operat.-

ing point OP, then

t = tg + At
: =z + Oz
u = uy + Au
w = wy + Qw (4.6)

At the operating point from Egs.4.1, 4.2 and 4.3 the dynamic equation of

motion can be written as

M(to)Zo + Fs(z0,t0) + Fy(20,t0) + Fe(Zo,to) + Fi(20,tn) = u(ly) —
M (to)i(to) + K (to)d — M(ly)g (4.7

The nonlinear and time varying terms in Eq.4.5 whicli are analytic at every point can

be expanded by the Taylor series about the operating point (taking into consideration

86



the first order terms only) as

Folzt) = Fizo,to) + %

9t lop
- o 5F X JF,
Fili.t) = Filzo,to) + 55| A2 + 34| At+

Folit) = Féto) + 22| Az + 8—;}( At

(4.8)
1"k(z~t) = Fk(ZOatO) + ?U—F:‘&IOP z + %I%Jop At +
M) = M) + 2| At
g S A .Y
K(t) = K(to) + %[ Ot+

For the evaluation of partial derivatives in the above terms which in turn involves

definite integrals, the following theorem based on derivative of an integral is used.

The derivative of the integral of the form f7 f(z,a) dz is given as [147]

4 [ st2.0) o] z/pqa_i[f(x,a)]dm+f(q,a)§g_f(p,a)gg (4.9)

Example:

For the evaluation of the term %I}lop Az where,

Fi(z,1) = K.o(t)S" [z - Ig—sgn(z)] (4.10)

where,
[sm y?D. cos(wz)

w

]dw

ut

sgn(z) = %fox[ ) Sm(wz)] e
But
T = Ka()E (S (= = Zogn(=))]

z dz

= Ru(t) [£[57:] = & [Ssgn(2))] (4.11)
[



On applying the theorem in Eq.1.9 to evaluate various terms in the above equation,

[ETIECERP

=2 [_L__‘_(L] o (L)

!

we obtain

Sle-
—
77

*
[
il
Sl=

= "fo [szn( ) sin (u.‘:)] dw
Since the limits are constant, the contributions due to the terms involving the limits

of integration in £q.4.9 are zeros. Similarly

é{;[sgn(:)] = d%[ N [1 cos“’bsm dw”

= %fON [(1 - cost) cos (w:)] dw (1.13)

Now equation 4.11 could be written in terms of the derivatives in Iq.4.12 and Fq.1.13

as
OF,

, D
—_ = Kes(t) |2 + 2002 — — w104 — — 3002
0z |op ) )

o~ 4

(1.11)
where,

Inﬂ oS\WZz
z,TJ1=1—'2‘f0R[s (5 Joout 0)] dw

w

8
|
ERM)
5%
| e |
—
{
0
Q
1]
£
S
[
™~
s
£
t2
(=]
.
.
£

N [(1 — cos (wD)) cos (w:o)] dw

¢
FN

It
g o

The partial derivative %"} could be derived to be of the form
oP
an h - D
It op = Kes(to)S [2’0 - 33971(30)]

= ['(e,(to)w, [zo - L,}sgn(zo)] (4.15)
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The lincarized term of the viscous damping could be written as

Vo vy . 3F, : aF, ;
Fuit) = FyZoty) + 92| Az + 2fe| At

(4.16)

= FylZo,to) + Colte) [220] Az + Cylto) |20 o Lot
where, A2 represents the deviation of the actual point from the operating point and
takes a positive or negative value. Applying the partial derivatives theorem discussed

above to the Coulomb friction term we obtain

AN — ﬂi ~ 9F, ce s
I,(a-,t) - FC(“O)tO) + Az o‘pA" + —B—tgo‘p At+

= Fu(Zo.to) + F(to) & [sgn(2)] A2 + sgn(0)F(to) At +--- (+17)

FulZo-to) + F(to)ms Az + sqn(Zo) F(to) At

where,

wy = d% (sgn(2)) = %fOR [(1 — cos (wD)) cos (wég)] dw
The spring force, load and stiffness terms could also be written as

Fi(z,t) = Fi(zo.te) + %’}OPA;; + %kopAt+"'

= Fi(zo,t0) + K(to)Az + K(to)zo/At

M(t) = M(to) + %ﬂ;' IUST

© (4.13)

= M(to) + M(to)\t

K(t) = K(to) + 2| At+--

'OP
= K(to) + K(to)At

For simplification of the linearized equations the following assumptions are made. Lin-
carization is assumed to be performed about a smalil operating region which implies At
is very small. The variation of vehicle parameters at a slow rate along with close oper-
ating points would result in very small values of M (to), K (o), Co(to), F'(to)and K.(to).
Neglecting the product of At and rate of vehicle parameters, Eqs.4.14...4.18 can be
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simplified as

Fo(=.t)

. )
Fo(zo.to) + Nes(to) ['—«71 + Jo= — {‘2-‘«?1531 - ?::.@:; A:

Il

Fa(2.t) = Fa(3.t0) + Cu(to) [230) A

Fb(zt) = FC(Z.o.to)'*"F(fo):CsA.;
(1. 19)
Fi(z.t) = Fi(zo.to) + K(to)Az

M(t) = M(to)
K(t) = N(to)
The above equations are substituted along with Eq.1.3 in Eq.L1 to obtain a linearized

form as

N . . D D
-‘I(t()) [30 + AZ] + Fs(Zo,tQ) + I\es(t()) @+ oWy — T;Wl:t“ e :)—Tng Az

+Fy(Z0.to) + Cu(to) [20] D+ F. (Z0.t0) + F'(to)ms AL + Fi (0. t0)
+[\,(to)A.’.’ = Ugp + Au - Al(to) [?Z‘ + Alb‘] + l\'(lo)é,, - 1‘1(’())_([ (ll“)

Now subtracting the nonlinear equation at the operating point ie.  Eq.L7 from

Eq.4.20 we obtain

M(t) Az +[Co(to) [20] + Fllo)m A L
wgwg] + ]\'(Io)] Az = Au— M(ty)Aw
(1.21)

Eq.4.21 forms a Linear Time Invariant (LT1) equation in the operating region. "Uhis

equation can be written as

A’]QAZ + C()A::’ -+ I\’(;AZ = AH — IW()A?}) (‘122)
where 1\/10 = -‘I(to)

Co = Cy(to) [220] + F(to)ws

Ko = K.(to) [m1 + 20w~ Bmymi ~ Bayma| + Klty)
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where, My, €'y and A'g are considered to be constant about some operating region.
The above hinearized equation is transferred into the state space form by letting
ry=0zand rp = L2 as
X = AX +BU (4.23)
Y = cX

where,

[ e lg et

, oo | .} Au
and .\—{‘[2}. l-‘{AfL"}

4.2.4 Derivation of Discrete Auto-Regressive Moving Av-
erage Model for Linearized Suspension Model

Taking laplace transform of the state space equation -1.23, we can write the state

transition matrix as

(sT—A) = [°2L_,\§1% IJ (4.24)
.q2+rloo-3+ ’\_1% Mo S

The matrix (s — A) is non-singular since the coefficients Ay and Cp are always

positive as described by the following inequalities.

D D

Ko = K(lo) + K(to) [Wl + 20w2 - S w@s ;wswzj >0 (4.23)

- <

Co = Cyl]20] + 20) + F(to)ms =0 for all real values of 2,
The state space equation in Eq.1.23 can represented in the discrete system form as

X [kh + B = QX[kh] + FU[KR]

Y [kh] = CX[kh] (4.26)
where,
Q(iz) = Ak
F(h) = [FeAsds B



where. h denotes the sampling interval. The inverse laplace transform of state tran

sition matrix method is used to derive the discrete state equations. Let us assume

By

(& ~ - ¢ - . .
0= 53t and £ = (q—(\}o) ~ %% ['he respounse of the hinearized svstem depends on
the radical under the root in >. Depending on the following relationf ( L ) - ’\‘,ﬁ.

o

then the system is overdamped. critically damped and underdamped respectively

Then Q(h) and F(k) are evaluated as

. et ~(e—<)h + __:_’C—(v“+0)71 _‘L =(e-)h _ ~(vte)h
Q(h) = [ (—l\ [ —{e—v)k _._Pf-(u+g)h]) ( ot [—(uuh 4 Smf w—ql-\h\

)Q\IO 2y
1 e—{e=vlh_1 e-tete)h _y -1 e —le=wih g ceLet th l
F(h)y= | M| (-0 (v+e) Tl T T (127)
_.___[ —(e-oYh _ e-lete)h 3 [ ~le=aYh _ (ph)’nl
2¢Mp e

The transfer function between the input vector {’[k] and output } [A] in Fq.1.26 can

be written as

'y
Yk =Clql - Qb)Y F(RUK (1.29)
where. g denotes the forward shift operator which perforins as ¢Y{k] = Y[k + 1]. On
simplification the transfer function vector can be derived as

-1 B(¢™Y) My B(¢™")
INg A(q™") T 2Ky A(q7Y)

Y[k] = { ] 1K) (1.29)

Eq.4.26 can be put in special form as a SISO transfer function with the modilication

of the input as

My
[N 4.3
AUrk) = T An[ o} + )]OA wlk] (-1.30)
Eq.1.26 can be represented as a transfer function in the left difference operator (¢ ')
LBy .
Yk] = A(q-l)AbT[k] (1.31)

where, B(q“) and A(¢™!) denote the polynomials in the backward shift coerator
(¢”') which performs ¢~'Y'[k] = Y[k — 1]. The polynomials are represented in the

form
A (q"l) =1+ q—l [__e—(e—v)fl — e—(e+v)ft + q—'l,, -20h
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but in the underdamped case if (29\?;)2 < %% the value of ; is imaginary and
can be written as g = 14 where, ¢ denotes the complex number (\/:—1) and / =
\/Z%— (,9‘5;;)2 On substituting these into the coeflicients of polynomials in Eq.4.32
we can derive that

A (’I'I) =1—g¢ "2cos (,:h) ek 4 (1"2(:“29"

q %2 [6“"”‘(:05 <Q71) - %e"""sm <;Fl> - 6_29;‘} (+.33)
Y

”

Introducing a time delay (d) between the input signal AUr{k] and the output Y[k
we can write Eq.4.31 as

A(g) YR = ¢ 4B (¢7Y) Atk (4.34)
This equation is modified to yield a transfer function in the form of a DARMA model
i terms of a new time delay d as

A(g") Y[k = ¢7*B (¢7) AUT[K] (4.35)

The poivnomials A(¢~!) and B(g™!) are of the order n = 2 and ¢ = 1 respectively

and 1n the forim

A7) =1+aqg ! +aq7?

B(q™") =bo+byg (4:36)

4.2.5 Derivation of Discrete Auto-Regressive Moving Av-
erage Model for Reference Model.

The reference model described in Eq.4.4 can be represented in the state space form

as
X = AnXo + B lUn
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Y, = Con N (L37T)

1 o4

-1 o

(o] = Aw) = - [ ke l (138)
s+ -_LL”m R + '—I‘”’ln - "—u\,m >

The model parameters are chosen such that the matux (<7 A, 15 non simgulas
The state space equation (1.37) 1s transferred to the discrete domain state space formn

as

Xo[kh 4+ A] = Qu X [kh] + Fol mlkh]
Yiu[kh] = Cou X [KF] (1.39)
where.
Qm(h) = (Amh

-

Fnlh) = [ ermsds B,

Generally the reference model is chosen to be critical or overdamped, henceat satisfies

’4. 2%

.. 2 - .
the condition (—(—:-'n—) > Bn_ Similar to the plant model let us assume that o,

2Mm — My, PAY S
2 - . . . .
and 2m =1/{53-) — Em The matrices in the discrete domain state space equation
rm 2Mom Vim f !
are derived from Eq.4.39 as
. (Qm'f'v’me—(om—u:m)rl + ‘;m"onn(_,-(r;m+0m);l 4 [‘ —Aom wm)h _ {—(l'n. Fom)h
Qm(h) - 2¢m ¥m <ém P )
.__h_'n [e—(em“¢m)h - e"(@m'*‘»ﬁn)fl] (gm+'m( ~(()rn “’Cm’l '*’ yv_n_l:m" {om "m)’t)
2¢mMm 2o Zom
~Cr e=tom—wm)h_ + ¢ ~lom+2m)h _ -1 L-if:"; Smh -1 4o _"’"_‘_'_""‘ o
f (71) — 2¢'m.\,m (;Y'I_Qm) (£m+0m) - ('ﬁvn"l!m) ({m"l'yn]
m =
—=Cm_ lc'(e"‘—"a"‘)h — ¢ _("'"+”'");‘] =1 [, ~Am omh , temt ;.-.)I.)
g,fmj‘*fm 2”""‘ ’ ‘

(1.40)
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On simp'ifying similar to the plant. the discrete auto-regressive moving average
(DARMA) model of the reference model is derived in terms of the backward shift

operator as

A (07) Yulkl = ¢ 0B (¢7") walk] (4.41)

where,

An (q—l) =1+ [_e—(em—'am)rl — e-(em-!-vm)ﬁ] q—l + e—2em7zq—2

B ( -1) _ l+ -1 (Wm“@m)e-(om—vm)i";‘.0m+¢m)f_(9'"+vm)i‘—2‘v7me_2°mh
mi )= 1 (em+wm)e™tom=¢ Ohi(om —pm)e-lomtemih_2y,

The input to the modet (w,[k]) is defined to be the sum of velocity and acceleration

of the road profile multiplied by constants ¥ and ¥, as

W [k] = trw[k] + ot [K] (4.42)
where, i = _,%:' (1 + wL:) e~lem-omh (1 - %) e-lem+om)k _ -2]

d denotes the time delay between the input signal (wn,[k]) and the output (Y, [k]) of
the model as represented in Eq.4.41. Since the model is LTI the values of ¥; and i,
are dependent only on the sampling interval. For the fixed sampler, these quantities
remain conctant and the input w,,[k] to the model can be evaluated from Eq.4.42.

The equation of the reference model can be written in the DARMA model form as

A (¢7") Yalk] = 43 Br (¢7) w4 (1443)
where,
b= —fin

The polynomials A,, (¢~!), and B,, (¢”') are of the order n = 2 and ¢ = I respectively

and are in the form

An (’.‘7_1) =1+ amlq_1 + am;q_2
(4.44)
Bm (q—]) =1+ bmq-1

95



4.3 Discrete Adaptive Control Problem Formu-
lation

The linearized vehicle plant and reference models as described in sections -1.2.1 and
4.2.5 in Eqgs.4.4 and 4.22 have been represented in the DARMA model in terms of

left difference operator as follows

Vehicle plant model:

A(gY K] = ¢ *B(q i AU(k] (1.15)

where,

“d” denotes the time delay in the system.

A(g™") is a polynomial of order (n) 2 in the form (1 + a;q~" + ayq7%).
B(q™!) is a polynomial of order (¢) 1 in the form (bg + b1q™").

Reference Model:

A7) [k] = ¢~ 40 Br(q™ wm[K] (4.16)

where,
“d * denotes the time delay in the reference model.
An(g7") is a polynomial of order (n) 2 in the form (1 + am, ¢ ' + am,q™%).

B(q™!) is a polynomial of order (¢) 1 in the form (1 + b,q™").

Am(g™1) sh :ld be chosen to be a stable polynomial such that all the zeros of
Anm(g71) lie within the unit circle. The adaptive control problem can be formulated
as to design a controller which adapts the actual SDOF-NTV model to the reference
model with various input and parametric variations. The controller design is based on
the linearized model described by Eq.4.45 and the reference model given in [q.4.46.

The variations in the parameters are neither necessary to be known a priori nor to
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be sensed on line. The control input sequence is evaluated on line with the controlled

gains being updated to achieve the desired reference performance.

4.3.1 Discrete Model Reference Adaptive Control

Assume that the delay induced in the plant and the model in Eqs.4.45 and 4.46 is thc
same (= d). Let us assume two polynomials F(¢~!) and G(g™'). Multiplying £q.4.45
by F(¢~')g? and by adding G(¢~!)Y[k] on both sides, we obtain

(F(g)AG™) +q7G(g™)) YIk+d] = Gg™)Y K]+ Fg™)B(g™ ) AU (K] (4.47)

The output of the system in Eq.4.45 can be expressed as the output of a d-step ahead

predictor of the form as described in [146).

An (¢7)Y (k+d) = a(g7)Y [k + 8 (97") AUz[K] (4.48)

where,

a(g~) =ao+ a1g” M + - apoyg™ Y

Bg™") = Po+ Brg™" + - Bresa-1yg~ ¢

The polynomials can be simplified for n =2 and £ =1 and for time delay d =1 as
a (q'l) =ap+aq!
8(q7") = Bo+ Brq”!
Comparing Eq.4.47 and 4.48, we can form the following equations
Fo)A{e") +a7G(07") = 4n (¢7)
o(s™) =6 (™)
B(¢)=F(¢)B(q) (4.49)

If the dynamics of the model are completely known, then from Eq.4.49, we can solve
for the polynomials a(q~!) and B(¢~!). Comparing Eqs.4.46 and 4.48 with the con-
dition of perfect model following, i.e Y[k + d] = Y, [k + d] we have

a(q7") Y1+ B (q7") AUrlK] = 9B (¢7') walk] (4.50)
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The incremental control input AU}[k] denotes the control input needed for good
tracking of the model. The control input AUz[k] can be evaluated from Eq.-L.50,
only with the complete knowledge of the polynomials a{g™!) and 3(¢~') which in
turn needs the information about the dynamics of the system. But in the adaptive
controller design, the knowledge of plant dynamics is neither necessary nor available

a priori.

An one step ahead controller in the linear form appended with an estimator
is used to obtain the adaptive version of the controller in Fq.1.50. The predictor in

Eq.4.48 is transformed into a linear form by dividing with 3, to obtain

1 » I o L
5o (g )Y[k+d]=B;a(q )Hk]+3(:ﬂ(q ) AUz [k]

éAm (¢7)Yik+d = (¢") Y[k + (5 (¢7") +1) AUZ[K) (1.51)
where,
a(q') = 5t %j‘]_l = dg + a0 q7!

B(g") = Big™

The control input AUr[k] from Eq.4.51 can be written in the form as
AUr[k] = -;—Am (¢71) Yk + d] = doY [k] = i Y[k = 1] = i AUk = 1] (4.52)
0
which can be represented in the vector form as
AUk = g[k)T o (4.53)
where,
" = [do, cir, B, &]
G = [Y[k], -Y[k — 1}, ~AUr{k - 1], Y[k + d)|
Yik+d = An(¢7) Y[k +d]

Let’s assume that an exact controller parameter vector (&) can be found. This would

achieve Y[k + d] = Y[k + d] then

An(g Y[k +d] = An(g™!)Yalk+d]
= Y Bn(q™")wn[k] (4.54)
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‘Then the control law in Eq.4.53 can be written as
AU K] = glk)"5 (4.55)

where,

olk]" = [~Y[k],-Y[k = 1}, = AUr[k — 1], Yg[k]]

Yelk] = ¥ Bm (¢7") wmlk]
The one step-ahead adaptive controller in the linear control form can be extended
to model reference adaptive control by on-line estimation of controller parameter
vector (&) which satisfies Eq.4.54. The controller parameters can be estimated by
the recursive least square (RLS) estimation technique which has fast convergence
compared to other methods. But for the time varying problem the estimation has

to be performed on-line which could be achieved by a covariance modification as

proposed by Vogel and Edgar in [148].

The estimates of the controller parameters by the RLS can be updated by

Plk — 23k - 1
1+ @ik — TPk — 2)glk — 1]

(AU k= 1] = glk — 1178k — 1]
(4.56)

Elk) =8k - 1]+

where,

= _ . Plk—2fk—1]o[k-1]T P[k-2]
Plk — 1] = Plk - 2| - == iaaiey

Plk—1]=Plk-1+Qk-1 0<Qk—-1] < oo
A modification is needed to be made when the M.z [P[k — 1]] exceeds beyond a
limit. This can be made by monitoring the trace of P[k — 1] and by initializing
Plk -1} = Plk— 1} if tr [(P[k = 1]] > preset upper bound. The convergence of this
algorithm is discussed in Ref.[146].

A schematic diagram of the controller is shown in the Fig.4.3. Nonlinear
vehicle plant represents the actual suspension model involving nonlinearities, time
dependent factors and time delays as described earlier. Figure 4.3 also shows the

computer controlled system involving the sampler (S) and zero order hold (ZOH).

99



‘13[jonuod aandepe urewrop 2)219sIp jo weidelp snewayds 431

_IIIIiIIIIIIIIIIIII_

| g [Aa]x cosoﬁc: s |
NG > ! nsyg
_ / ,| Zeruweled >
; Ja[[oqjuo) |
| |
_ |
J0119
_ Funjoray, |
Y \ O 0 .O 0
o] ez, k=@ o — @
1 @)n []n [oxjuo) ]
_ o [tleee © ()eor
_ o oy | g
uoneoXy
'y [i]av _ _
IIIIIIII -
| _1 1 _
_ _ (; )"y 2 ) _
| - — v..v g - e —
[(a]"x, L (;b) g nﬁ.a - _
-1 parece
_ " _ [A]e _

. - — — wajsfs — PI[[oIju0) — rANduUio) — — — .I—

100



4.4 Simulation Results

The digital controller developed is implemented for SDOF NTV model as shown in
Fig.4.1 and the dynamic equations are described in Eq.4.1. Comparative study of
the adaptive active suspension with that of a passive suspension is made throughout
the presentation in this chapter. To better appreciate the capabilities of adaptive
active suspension, both for maintenance of static equilibrium in time domain and for
minimization of absolute displacement and rattle space at the natural frequency, a
proportionately reduced model is considered. A higher sprung mass is taken to reduce
the natural frequency for better demonstration of results. The nominal values of the
suspension parameters typical of a quarter car model are considered as follows: the
sprung mass M(t) is considered to vary about nominal value (M*) taken as 250 kg.;
the stiffness of spring K (t) is taken as 5000 %; the various other nominal values are
taken as C, = 250%, K. = 40%\'—, F = 1000N and maximum suspension deflection

allowed (D) is 25 cms..

The DMRAC controller designed is implemented on a computer and is sub-
jected to realistic conditions as Parametric variations mode [ with Ezcitation mode [
and Parametric variations mode Il with Ezcitation mode II. The controller designed
should be robust to this type of parameter variations and at the same time should
be able to achieve the optimal performance as required by the reference model as
illustrated by the continuous time controller designed in chapter 3. The controller
should also adapt to the changing conditions like maintenance of static equilibrium

levels under parametric variations described in mode I and II.

4.4.1 Frcitation mode I and Parametric variations mode I

As described in E'rcitation mode I, the input to the suspension model is chosen as a

combination of various sinusoidal inputs of different frequencies in the range of the
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natural frequency of the system. The dynamics are made to vary as described in
Parametric variations mode I, where the load changes are transformed over to a
single axle to evaluate the performance in the time domain. IMig.t. compares the dis-
placement response of the reference model. the adaptive active suspension model and
the passive suspension model. This figure also shows the input excitation displace-
ment to which the reference model. adaptive active suspension and passive suspension
models are subjected. The reference model response indicates the performance of the
skyhook model as described by the difference equation 1.46. The adaptive active dis-
placement response shows how the adaptive controller estimates the gains on line so
that active suspension would follow the reference model response. Fig.4.1 also shows
that the model following is achieved within 1.5 seconds of operation due to initial high
covariance matrix (P[k — 2]) in the recursive estimation equaticn 4.56. As indicated
in Fig.2.4, after 20 seconds, the actual nonlinear suspension models for both adaptive
and passive systems are subjected to sprung mass load variation. For sprung mass
increase of 150 Kg, the passive suspension would have a static deflection subjected
to the maximum deflection (D), spring and elastic stops stiffnesses. The passive sus-
pension would respond with usual high amplitudes along with a static deflection of
approximately 15 cms. and would rebound to initial level as mass drops back to the
nominal value. Fig.4.4 shows how the adaptive active suspension maintains the static
level and tries to follow the reference model even under a sudden change of 75% in
the model parameters caused by various dynamic manoeuvres of the vehicle. Fig.1.
shows the robustness of adaptive active suspension to the spring stiffness A (1) and

damping coefficient C,(t) variation as shown in Figs.2.7 and 2.8.

The covariance modification introduced in RLS estimator in Eq.4.56 would
keep the covariance matrix to a high value so that the adaptation is faster whenever

there are changes in the vehicle operational conditions Ref.[148].

Fig.4.5 shows the acceleration response. The reference model and adaptive

active suspension has smaller values compared to that of the passive suspension. The
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adaptive active suspension produces high frequency signals of low magnitude during
reference model following. Fig.4.6 indicates the variation of estimated controller pa-
rameters (&) in Eq.4.56. The estimated controller parameters converge very fast from
initial values and vary depending on the parametric changes caused during various
vehicle operational conditions. The error in the model following (},,(¢#) — Y (¢)) which
would also drive the estimator in Eq.4.26, varies as shown in Fig.4.7. The error comes
to zero in less than 1.5 seconds initially, but when large parametric changes occur
after 20 seconds the error would oscillate about zero with exponentially decreasing
magnitude. Fig.4.8 shows the control force needed by the actuator to achieve the
required reference model performance. The actuator forces necessary when there is
no sprung mass variation are less, the reason being that the passive clements of the
failsafe active suspension would share the static load. Fig.4.8 shows an upward force
with a mean value of 1500 N exerted to take care of the static level changes that

would have occurred if not for the active suspension.

4.4.2 Ezxcitation mode II and Parametric variations mode 11

The adaptive active suspension that is being controlled by a DMRAC controller is
subjected to different random road inputs (asphalt, paved and dirt roads) as described
in Ezcitation mode Il in chapter 2. The results obtained for dirt road excitation which
has higher magnitudes are presented in this section. Fig.4.9 shows the absolute dis-
placement response obtained for the reference model, the adaptive active suspension
and passive suspension systems in time domain. The adaptive active suspension
would adapt to the reference model very closely within the first 12 seconds of opera-
tion. From this figure, the response for a passive suspension can be compared with
the response for an adaptive active suspension. The time domain system responses
for Ezcitation mode II of various models have been represented as magnitude squared
transfer functions for absolute and relative displacements with respect to excitation

input. Fig. 4.10 shows the system gain factor of absolute displacement of various
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models with respect to the excitation mput. The adaptive active suspension closely
follows the reference model at most of the frequency range. but it deviates slightly at
the higher frequencies. The system gain factor for the absolute acceleration tesponse
of the sprung mass to the excitation acceleration which gives the magnitude of the
transfer function is shown in Fig.d..l. The deviation of adaptive active suspension
from the reference model at higher frequencies is higher in acceleration compaied
to that in the displacement response. Both absolute displacement and absolute ac

celeration responses of adaptive active suspension indicate good isolation properties
at natural frequency and higher frequencies. Fig.1.12 shows the system gain factor
of the suspension travel to the excitation input for reference model, adaptive active
suspension and passive suspension models. The relative displacement of the pas-
sive suspension model is lower than the reference model at lower frequencies but s
greater at the natural frequency and at higher frequencies. Comparison of Figs.1.10,
4.11 and 4.12 indicate that the chosen reference model ard he:uice the adaptive active
suspension model would give an optimal performance by reducing both absolute and
relative displacements(suspension travel) at the same time. An adaptive active sus
pension would give this optimal performance irrespective of any dynamic parameten

variations caused due to various vehicle manoeuvres which are not known a priori.

4.5 Discussion

In this chapter digital adaptive controller results based on discrete time analysis for
SDOF active suspension have been presented. The simulation results obtained for
Excitation mode [ and Ezcitation mode Il are based on the sampling interval (i) of
0.01 and 0.005 seconds respectively. Since the sampling frequency is not very high, the
hardware which is required for practical implementation need not be sophisticated.
The results also incorporate the time delay which is normally encountered during the
hardware implementation. A time delay of 0.0 secs. (5 < }) in terms of sampling

interval has been specified and used for these simulation results. The results were
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found to be very satisfactory for a wide range of time delay wvalues. The co nputa-
tional time in the controller parameter evaluation is found to be very low mainly due
to the structure of estimator and adaptation equations. But caution is recommended
for larger models involving more DOF’s and complex format of NTV dynamic equa-
tions. The later chapters indicate the complexity of the controller structure for more

generous applications.

The adaptive controller was found to give the optimal performance in the
case of time varying parameters, unmodelled nonlinear dynamics and for different

velocities and road profiles as indicated by the results in this chapter.

4.6 Sumrnary

Single degree of freedom failsafe active suspension model is considered. This model
incorporates various nonlinearities as in a real suspension model. Discrete model
representations of the linearized suspension model and the reference model are de-
rived. An adaptive controller based on discrete model reference adaptive control has
been used to obtain the required reference model following. Recursive least squares
estimation along with covariance modification is used for evaluation of the controller
gains. The controller is subjected to Ezcitation mode I and Ezcitation mode I for the
excitation input along with some unknown changes as indicated in Parametric var:-
ations mode I and Parametric variations mode II. Simulation results indicate good
optimal performance of the adaptive active susprnsion even under a large percentage
of vehicle parameter variations. Changes in the static equilibrium level due to squat
and nose diving during vehicle longitudinal manoeuvres and time delay in the hard-
ware implementation circuit were also taken care of by the approach discussed in this

chapter.
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Chapter 5

Real Time Adaptive Control
Compared With Stochastic
Optimal Control of Active
Suspension

5.1 General

A real time adaptive control scheme for a Single Degree Of Freedom (SDOF) vehicle
model with active suspension has been discussed as a continuous time model in chap-
ter 3 and as a discrete model in chapter 4. Some of the references as referred to in
section 1.4.2 of chapter 1, have discussed the concept of adaptive control in which the
gains are calculated off-line for different Linear Time Invariant (LTI) models. The
gains which are tabulated in a look-up table could be used for on line system perfor-
mance. These gains could be evaluated by various control optimization schemes as

discussed in [63] and [128].

Optimization of passive and active suspension systems using spectral tech-
niques has been a popular technique. The stochastic optimal control for evaluation

of optimal gains optimized with respect to parameters such as ride comfort, road
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holding, working space and control force is a popular design. This method requires
predetermination of the structure and assumes the model to be a LTI over the period
of evaluation. The significance of the adaptive control designed in the previous chap-
ter could be well appreciated when it is compared with the contemporary state of
the art design schemes. In this chapter the stochastic optimal controller is compared
with the adaptive controlled active suspension results for a SDOF vehicle suspension

model.

5.2 Single Degree of Freedom Dynamic System
Model

A stochastic dynamic model which assumes that the model parameters remain con-
stant but the excitation is stochastic in nature representing asphalt, paved or dirt
road inputs is derived for SDOF systems. A complete stochastic dynamic model
using the stochastic input model and a SISO dynamic model independently, is dis-
cussed in sections 5.2.1 and 5.2.2 respectively. Then in section 5.2.3, the combined
dynamic model that involves the stochastic input is analyzed for the development of

the stochastic optimal controller.

5.2.1 Stochastic Input Model Describing Road Unevenness

As described in sections 2.2.2 of chapter 2, under Ezcitalion mode I it is assumed
that the PSD of the road/terrain roughness is reconstructed from the accelerometer
measurements at the axle and modelled as a rational function described in Iiq.2.1. As
described in Eq.2.3, the excitation input is extracted as the output of a third order

linear filter with while noise as input as given below.

B0t + 01 + Pyt + Daw = D4 + V€ + ek (5.1)
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As described in Eq.2.5, the coefficients of the filter equation are derived in terms of
the characteristic constants representing the type of road/terrain, velocity and PSD
of the white noise. Now the linear filter equation shown in Eq.3.1 is represented in
a state space form which is appended to the dynamic model as described in Eq.5.2.
Assuming the states defined in the following form

wy, =w

wy = —x1§ . (
wy = wy — X2§ = Wy — X1§ — 2

Ut
8]
e

the filter equation 5.1 could be represented as a state space equation of the form

W = MW + Dyt (5.3)

where,
wy
W = Wa }
w3

'The matrices My and Dy should be deduced from the filter equation represented in

Eq.5.1. On substituting Eq.5.2 in the left hand side of Eq.5.1 we obtain

w = w4+ xié
w2 = w3+ X2 ' (5.4)
w3 =Wy — x1§ — X2

Substituting the first equation of Eq.5.2 in Eq.5.1 we obtain

(&) ]
ot
SN

I)O.fl')l + 19112')1 + 19211.)1 + 19311)1 = 1946 + 1956 + 2966 (

By substituting Eq.5.5, the third equation of Eq.5.4 could be simplified as

wy = 194€"+ 1956.:*' Ue€ — Jhuy - oy — Jawy — le“_— Xzé
= (94— )€+ (95 — xa) € + 966 ~ 01 (ws + xa€ + X2) = 9 (w2 + x26) — Dy
= (Vs — 1) €+ (95 — x2 — dix1) € + (J6 — Dixa — Pax1) € — 1wy — Fawy — Faw,

To represent £q.5.6 as the third row of the matrix equation 5.3, we have to satisfy

the equalities of the form

A1 =Y,
X2 =9s-dixy (5.7)
Y3 =V ~hixa — P21
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Substituting Eq.5.4 and Eq.5.7 in Eq.5.3, we obtain the clements of the matrices .M,

and Dy, as
0 1 0 \1
My = 0 0 1 : Dy=1< \o (5.8)
-3 —v, - \3

Knowing the characteristic constants of different types of road/terrain inputs, the
state vector W could be solved from Eq.5.3 and could be used in £q.5.2 to obtain

different required derivatives of the terrain input.

5.2.2 Single Degree of Freedom Continuous Time Dynamic
Model

The SDOF failsafe active suspension model as described in chapter 3 is considered
for the development of the stochastic optimal controller for comparison. Since the
stochastic optimal controller requires a priori knowledge of the model parameters
and the model to be Linear Time Invariant (LTI), the parameters in the model are
considered to be independent of operation time. Fig.3.1 shows the vehicle suspension

model whose continuous time dynamic equation could be written as
Mi+K(z—w)+C" (¢ —w)— Fou =0 (5.9)
The corresponding state space equation could be written in the form

Xp = .’Mpo + PpFact+Dpr
g = CX, (H.10)

P, = { 0 };pp=[,9. C”.];c,,:{l 0}

M* M* M
where, r denotes the absolute displacement of sprung mass and w is the excitation

input.
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Controllability:

Consider the transition matrix M, and contribution due to the input (P,).

then the point wise state controllability matrix could be written as

b= [Pos MyPp, M, Py, M," ' Py|  where n =2

(5.11)
, 0 =
@ = [ 1 %‘

1 } and det |¢| = 7z
M M

This matrix is of full rank as the determinant is never equal to zero. Hence the system

is completely controllable.

Observability:

The point wise observability matrix from Eq.5.10 could be written in the form

Po = [C,,T,MPTC,,T, (M,,T)ZC,,T, e (./\/l,,T) " CPT] where n =2
1 0 0 =R
¢0 N [ fz:‘ ]

So for any values of C*, K™, or M* we have a sub-matrix whose det # 0 and hence the

(5.12)

matrix ¢o is of full rank. Therefore, the model in Eq.5.10 is completely observable.

5.2.3 Combined Dynamic Model

The state space dynamic model in Eq.5.10 could be combined with the stochastic
input state space model as described in Eq.5.3 to obtain a complete combined dynamic

model in state space as follows

X = MX +PF, + D¢ (5.13)




where,

0 0
+ 0
P M 0
S L N SRR PR
W, 0 9 Dy N
0 L\J

0 ] 0 0 o0 ]
V] D —{\1: '"Tcr;' (\1 %“ 0
M:[‘O" M”}: 0 0 0 1 0
T 0 0 0 0 l
0

—193 '—1,2 -—-(91_

5.3 Stochastic Optimal Control

In this section, a SISO vehicle model with active suspension is optimized with respect,
to ride comfort, working space and active control force. The solution is obtained by

application of modern stochastic optimal linear control theory.

5.3.1 Performance Index

The primary goal of optimization is to minimize the mean square of the vertical
acceleration & [(2:)2] of the mass, secondly to minimize the mean square value of
the relative displacement £ [(x - w)2] between the sprung and unsprung masses and
finally to minimize the mean square value of the suspension force required £ [I",,,.,"].
The total Performance Index PZ is taken as the sum of these components multiplied

by the weighting constants p; and p,.
PL=E[(3) + p(z — w) + p2(Fuct)’] (5.14)

Substituting the value of the acceleration  from Eq.5.9 in Eq.5.14, we obtain

Fye K* c . N\ , }
PI=¢ {( M,t - M (I - w) - M (:L‘ - w)> + m (‘T - 1”)2 + p2['ur!2] ()]r))

116



The quadratic term in Eq.5.15 can be expressed in the form of matrix notation as

PT=¢ [{X Fou}T [H] { F):d H (5.16)

where H is the Hessain matrix of the quadratic function. Taking the second partial

derivatives with respect to the vector {.X F,} we obtain

- 2K? *Cc* —2K*? —2K*C* —2K*
T T 2m "‘"‘TNA{,,. S =2 e 0 M
2K°C* 2C*? —2K°C* —2C*? 0 —2C*
Nl AT M A7 T
11 =2k 9 -2K*C*  2K* 9 2kCt 2K°
H == MT T 4P1 Tl T 1 ap M2 M*? (5.17)
9 —2K°C* —2¢*? 2K°C* 2¢? 2C*
M*? AM©? M2 M2 M*2
0 0 0 0 0 0
—2K* _2C* 2K* 20" 0 -2, +2
L MeT M2 M? M2 M2 P2
From which we can express £q.5.16 as
r| £ T Y
u
where,
2K *? 2K°C* —2K*2 ~2K*C* ]
S+ 2m —ﬁ:g-' S =2 S 0
2K°C* 202 —2K*C* =2C*2 0
1 Vel T M A2
L = = =2K*% —2K*C* 2K* +92 2K*°C* 0
9| TMTT T APt TyeT s AT P T
< —2K*C* —20*? 2K*C* 2
M*? M*? M*? M7
| 0 0 0 0 0 |
T | {—‘21(' -2C* 2K* 2C* O}T G 1 ( 2 49 )
= 35 . 3 =S\ 553 T 4P2
2 M.Z M.2 ’ ‘M.2’ 1\4‘2’ ! 2 1\4.2 P

The scalar value G is positive definite, hence it satisfies the requirement of optimal

control theory.

5.3.2 Optimal Control

The optimal control problem can be stated to find the coir rol force F,,(t) for the
dynamic system represented by Eq.5.9 by minimizing the performance index given
by Eq.5.14. The control force F,.(t) can be determined by the stochastic optimal

control as

Fact(t) = _—CX(t) (519)
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where the control gain matrix is given as
C=6"(T" + P'R) (5.20)

where R is a symmetric positive-definite solution of the Matrix Ricatti equation of

the form

~R(M=-PG'TT) — (M - Pg“TT)TR +RPG'PIR — (L -TG'T") =0
(5.21)

In general, for stochastic control problems, the excitation in the system equation is
white noise. But in this case, the equation vhich describes the random excitation
is added, hence it deviates from the white noise assumption. Various algorithins
used for solving the Matrix Ricatti equation require the complete controllability,
i.e. variances of all the state vectors can be reduced by introducing the appropriate
control input. But in the case of the stochastic system discussed here the last state
vector component is the disturbance input which cannot be controlled. This lack
of complete controllability of Eq.5.13 can be taken care of by means of additional
necessary conditions of controllability for a stationary system. This problem can be
avoided by decomposing the matrices <: described in [120]. The terms in the q.5.21
can be broken as

- (L11)ax2 (£12)9x3 ] — [(R11)2x2 (R12)axa } . :{ (Th),, } -
£ [(621)3“ (L22)353 R (Ra1)anz  (Raz)sus 7 (72) (5.22)

Substituting the matrices in Eq.5.22 and Eq.5.13 into Eq.5.21, and on simplification

through matrix operations, we obtain the following equations

~Rux [M, = PG T = (M, = PG ] Ruy + RuPG PRy,
~[cu- RG] =0 (5.23)

“RuMa— (M~ PG = RuP,GP| iz -
Ru [D, = PG|~ Lo+ TG R =0 (5.24)

~ MRy = Rn [(M, = PG 1) — PG P R -
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T
[Dp = PG BT R = Lo+ TG RT =0 (5.25)
~RaaMi = My Rz — RuDp = D, Raz — Loz + RuPpG ™' Py" Raa +
(P67 TT] Riz + RuPoG' T + TG T =0 (5.26)

Then the control gain matrix from Eq.5.20 can be derived on substituting matrices

from E¢.5.13 and Eq.5.22 as

¢ =G (7" + P Ru), (B + P Ris)] (5.27)

(1x5)

Eq¢s.5.23 to 5.26 ¢ uld be solved for the evaluation of matrix R. Eq.5.23 is the Matrix

Ricatti equation, while Eqs.5.24 and 5.25 are the linear equations and the final one

Eq.5.26 is a Lyapunov equation.

Solution of Matrix Ricatti Equation

The matrix Ricatti equation in Eq.5.23 can be written as

RuSer +SeiTRu — RuPpGTP, Ryy + Sp2 = 0 (5.28)
where, SEI = ./Mp - Ppg_lTl
Sg2 = L1 — Tlg_lTlT

This is of the general form as
SA+ ATS — SBR™IBTS + Q@ =0 (5.29)

The equivalent Hamiltonian matrix of Eq.5.29 is of the form

-12T
Iy =[A—BR‘B]

0 T (5.30)

For a unique positive definite solution S in Eq.5.29, the pair (A4,B) is controllable

and (A,C) is observable. Where C is solved from the following relation

Q =ccT (5.31)

119



Equating the equivalent terms in equations £q.5.28 and Eq.5.29 we obtain the matrix
Aas M, ~ P,G'2; and B as P,. On simplifving the terms we obtain the matrices

as

0 1 . 1 o
A= [ KM% —C*M'py ] . B '—:{ 1 } (H.32)

1+M*2p, 14 M, M

But Q which isSgz = L£11 — TG 777 could be resolved into the form CCP, where,

C is an upper triangle form. On simplification Q could be derived to be of the form

l\c2p2 + ) IN ‘(_"02
Q= | WTa T (5.33)
K*C*p Cip e
1437, 1+M*“p;

Substituting in Egs.5.31, 5.33 and assuming C to be of the form [ ((; : ] we could

solve for various elements to obtain

1 £K'm
C= [ 6 iccimpl ] (.‘).:H)

c* 4

where, ¢* = \/1\"2,02 + p (1 +p2M‘2) and é = /1 + paM**

The pairs (A, B) and (A,C) in Eqs.5.32 and 5.34 could be checked if they are con-

trollable and observable respectively.

The Controllability matrix is found to be of the form

¢ =B, AB,A*B,--- A" 'B| where, n = 2

1
¢c=[ } [-1\"1\]‘;}2'”' C*p2 ]] (r’:;"))

M- 1+M* 2,  14M°25,

The det[¢] = ‘1_’:‘;}.‘;:: - l«f\;?%?; - Ml" which indicates that the det[¢.] # 0 and the

matrix ¢. is of full rank.

The pair (A,C) is checked for the observability by forming the Ohservability

matrix of the form

B = {CT,ATCT, (aryer,... (AT)""(:T} where, 7 =2 (5.46)
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On considering the first submatrix CT we could see that det[C]T # 0 unless p; and/or
p2 are equal to zero. Since p, and/or p, are not equal to zero, it violates the basic
assumptions made in the performance index. Hence the matrix ¢, is of full rank and
the pair (A, C) is completely observable. This indicates that a solution to the matrix

Ricatti equation is possible.

The Ricatti equation is solved using McFarlane and Potter [159] methed in
which eigen values and eigen vectors are used to obtain the matrix Ry;. The solution

is evaluated by a computer program and forms as a part of the simulation program.

The second equation 5.24 could be solved for the matrix R;,; as a solution
of linear equations. This equation involves the solution of the Ricatti equation as
described above, and hence contains the elements of the matrix R;;. Eq.5.24 can be
simplified by substituting various matrices and assuming that the solution of Ricatti

equation and the matrix 2 has the form

R, Rn
R = ¢ b
11 Rl]c Rud ] (5 37)
Ris = Riz, Rizy, Raz, .
Rizg, Raz, Riz

On simplification Eq.5.24 could be arranged to be solved as a system of linear equa-

tions of the form

Usxe {RIZ}M = {(V}en (5.38)
where,
[0 0 ~0s 1 - 0 0 ‘
: 0 v, 0 L~
° 1 ~ 0 0 L~ g
U= _gae ~(C*M*p2+R11,)
_‘1"‘_"’7922 0 0 ( 1+M‘2292“d ( y ) ~U3
—1\'..".22 —(C*M*p2+R1y
0 1+.t” P2 0 1 ]+A‘l.2p2 4 —!9'_)
—K*M* C*M*pa+R1,
L 0 0 mﬂ—f 0 1 -V — L‘W‘Z ]

~ T
Ri={ Rz Riz, Rize Riz, Riz. Raz, }
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K*?p, K*AM o R, )
pl + l+x".ng - l+.‘l.:‘12‘h
K*C*p2 C* Mo Ry,
T+ M2 7 T1A1eT,,
V- 0
= ,\‘.C'DQ _ K \’.D?M }
1+x\l':p; 1+0f+F 2
C*?9y C*M®p2 Ry,
14670, T T 14MT,,
0 7/

The solution of Eq.5.25 in the form 7, is the transpose of Ri2 which was
already solved above. The solution of Equation 5.26 which would vield Ry, is not
needed in the control gain matrix as indicated in Eq.5.27. The control gain matrix

can be simplified in terms of 7%, and R, as

C={ =K +M'Ru, SCT+MRyy, RP4MRia, C+ MR, M.R”‘"c} (H.39)
1+p M2 1+po M 1+ M2 14 p2 M*? 140z M T

5.4 Simulation Results

A comparative study has been performed for the stochastic optimal controller (SOC")
developed in the previous sections and also for an adaptive controller developed in
chapter 3. Simulation results for the nominal values of the vehicle model parameters
(Mass(M*) = 250Kg, Stiffness (K*) = 5x103%, damping constant of proportion-
ality (C*) = 2501—:7’) are presented. The stochastic excitation input of the form as
Ezcitation mode Il (as described in chapter 2) is considered. The study involves rela-
tive performance of both controllers under constant vehicle parameters and robustness

of the controllers for Parametric variations mode Il

5.4.1 Constant Vehicle Parameters

In this section, the performance difference of the adaptive controller developed in
chapter 3 and the stochastic optimal controller (SOC) developed earlier are discussed

by presenting the simulation results for vehicle models with known vehicle parameters.
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Fig.5.1 indicates the adaptive controlled suspension system'’s absolute displacement
which is derived in Eq.3.28 and is compared with the reference and passive suspension
models. Fig.5.2 describes the absolute sprung mass displacement response for the
same model with a SOC actuator force as derived in Eq.5.19. Fig.5.1 shows that
the adaptive controller follows the reference model and indicates that the response
is better at the higher frequencies whereas the SOC is better at lower frequencies.
SOC controller gives an cptimized performance for these nominal vehicle parameters.
Figs.5.3 and 5.4 show the frequency domain power spectral density (PSD) of the
sprung mass absolute displacement responses of the adaptive controlled and SOC
models. The system gain factors of absolute sprung mass displacement with respect
to the excitation input for the adaptive control and the SOC are represented in Figs.
5.5 and 5.6 respectively. The adaptive control shows a better performance than SOC
at both the natural frequency (0.71 Hz) and at higher frequencies which could also be
seen from the Figs.5.1 and 5.2. As shown in Fig.2.1, the second peak at 2 Hz. is due
to the excitation input. Figures 5.7 and 5.8 show the comparison uf PSD’s of relative
displacement or the rattle space and work done by the actuators for the adaptive
controller and the SCC. The Figs. 5.2 and 5.4 indicate that the SOC has a better
absolu e displacement response at low frequency but higher relative displacement and

work done by the actuators.

5.4.2 Vehicle Parameter Variations

To study the rcoustness of the controllers the vehicle models are subjected to para-
metric variations such as operational load on the SDOF suspension and stiffness
variations with respect to time. The results indicate that the adaptive controller per-
forms as the reference model described in previous chapters and as shown in Figs.5.1,
5.3 and 5.5. The results indicate the adaptive nature of the controller where, the
gains are adapted and the adaptation is at the expense of controiler force needed.

But a SOC which was performing well for the LTI model is not robust enough to
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Fig.5.2: Sprung mass absolute displacement response for stochastic optimal control.
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take care of the time dependent parameter variations. Figs.5.9, 5.10 and 5.11 show
the time domain response for the giins being not updated and updating every 10
and 5 seconds respectively. Fig.5.9 shows the instability that would occur for the
SOC by the use of the same controller gains even for parametric variations. Figures
5.10 and 5.11 show how the performance from Fig.5.9 could be enhanced by updating
the online stochastic optimal control gains. However, this is not robust enough for
various parametric variations. When the gains are updated using an online SOC" with
the assumption that the parametric variations are known a priori, then the response
becomes stable. This has been shown in Figs.5.10 and 5.11. Even with the online
variation of SOC gains, the response is not robust enough for the parametric varia-
tions. The results are found to be analogous to the mass and stiffness variations. An
adaptive controlled active suspension would maintain its adaptation to the reference
model even under wide range of parametric variations. Hence the system response
remains as described in Fig.5.5. But in order to maintain any robustness to the sys-
tem parameter variations, as described in Figs.5.10 and 5.11, the stochastic optimal

controller has to be subjected to an online calculation of the gains.

5.5 Discussion

The results presented in the previous section indicate the relative performance of
the adaptive controller and the stochastic optimal controller. The frequency domain
responses are converted from the time dom:ain simulation results by using fast Fourier
transform (FFT) Cooley-Tukey procedure. The results show that even under nominal
conditions, the implemented SOC could be robust to some extent but could not
achieve the required skyhook reference model performance. For large parametric
variations the adaptive controller shows the robustness at the expense of more control
input and on line controller hardware. The conventional SOC designed for picce wise
linear time invariant model cannot be robust for large parametric variations. liven

if the implemented SOC gains are updated at a faster rate with the assumption of
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the knowledge of parametric variations, the performance of an adaptive controller
is found to be superior. But the optimal controller could be designed to be robust
towards parameter variations, modelling errors and time delays by designing bounds
on the perturbations. An estimate of the bounds for the nonlinear time varying
perturbations has to be made and then they have to be used up in the quadratic PZ
(123]. Bounds had to be laid on various perturbations involving plant parameters,
forward velocity and different inputs. Actually it would be more appropriate to
compare the adaptive controller with the robust stochastic optimal controller which
remains an open problem for research on suspension. But in any case an adaptive
controller does not need any knowledge of the perturbations and by adapting the
gains we could attain less rattle space and expend less amount of actuator work.

This has been shown in Figs.5.7 and 3.8.

5.6 Summary

A comparison of robustness of a stochastic optimal controller and the adaptive nature
of an adaptive controller was discussed in this chapter. In the earlier publications us-
ing optimal control, the control gain vector is calculated off-line for various velocities,
inputs and parametric variations. In these cases the plant models are assumed to
be piece wise linear time invariant and the variation in the operating conditions is
known a priori by means of preview sensors. This approach gives an optimal per-
formance at various discrete operating points. But the stochastic optimal controller
derived in this chapter was subjected to variation in parameters and was found not
to be robust enough for large parametric variations which are discussed in chapter
2. The stochastic optimal controller results were compared with an adaptive active
suspension controller performance. An adaptive controller was found to be robust by
updating the gains for different dynamic parameter variations without any a priori
knowledge of the changes. The comparison study indicates that a stochastic optimal

controller is less robust than an adaptive controller when subjected to parametric
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variations due to various vehicle operating conditions.
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Chapter 6

Continuous Time Adaptive
Control For Multi-Degree of
Freedom Model

6.1 General

Chapters 3 and 4 discussed earlier involve the study of a single degree of freedom
vehicle suspension system in continuous time and discrete time domains. In contrast
to this, chapters 6 and 7 involve the study of multi-degree of freedom (MDOF) sys-
tems. Due to the richness of control theory in continuous time domain, this chapter
extends the adaptive active suspension concept in the continuous time domain to the
MDOF system. A general nonlinear time varying model has been used which could
be analyzed for various applications by imposing appropriate special conditions. The
performance of a general nonlinear passive model selected has been analyzed by us-
ing the discrete harmonic linearization technique (DHLEM) [141], to compare it with
the reference model. The basic idea involves obtaining optimal performance of any
nonlinear time varying (NTV) suspension model by adaptively following a predefined
reference model. Optimal performance is achieved by an adaptive control law which

involves feedforward, feedback and auxiliary control inputs by evaluating various feed-
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back parameters. Model reference adaptive control approach used in this chapter, has
been adapted from the method described by Seraji {154]). The controller designed has
been implemented for a two DOF bounce NTV model. Simulation results for Fr-
citation mode I, Parametric variations mode [ and Ercitation mode 11, Parametric

variations mode Il have been presented.

6.2 General Nonlinear Time Varying Model For-
mulation

The controller discussed in this chapter incorporates a general *n” DOF NTV model.
Specific constraints could be imposed which would formulate the problem for various
applications. Initially, a two DOF nonlinear bounce suspension model has been used
to form the nonlinear matrix equations and is then extended to a general formulation.

Figure 6.1 shows a two DOF NTV bounce suspension model. This figure shows a

u
K«(t) =] " = Ks(t)
B %C (t) e B

K&)é E':'—lup/ E -i'

Fig.6.1: 2-degree of freedom nonlinear time varying active suspension modcl.
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secondary suspension mass M,(t) and a primary suspension mass M,(t) suspended
by various nonlinear components and also subjected to excitation at the base. The
general two DOF model described in this section could be applied for various sus-
pension examples such as primary and secondary suspension in the rail vehicles, cab
suspension for trucks, etc.. For achieving optimal isolation of the secondary mass M,
two actuators are used for the control forces u; and u, at the secondary and primary

suspension levels respectively.

As explained in section 2.4 of chapter 2, the general model incorporates various
NTV properties such as Coulomb friction, velocity squared viscous damping and
elastic limit stops. The dynamic eouations involving the secondary and primary
bounce DOF’s (z,) and (t,) are derived as follows. For the sake of simplicity, the
secondary damping is considered to possess linear viscous damping characteristics.
The NTV discontinuous equations of motion in terms of the suspension deflections at
the primary and secondary level as z, = (z; — z,) and 2z, = (z; — w) could be written

as

My(8) (35 + 25) + Cs(t)zs + Ks(t)2s = —M(2)w + u, (6.1)
Mp(t)z, — Ky(t)zs — Cs(t) 25+ Kp(t)2p + Fe + Fa+ Fs = —M,(t)d + up — ug

where,
Fe(t, 2,) = F(t)sgn(3)
Fa(2p,1) = Cplzp| (%)
Fi(zpt) = KeS (2~ 2sgn(z,))

g _ {0 if [z, < £

1 otherwise

The time varying terms M,(t), M,(t), Cs(t), Cp(t), K,(t) and K,(t) denote
the mass, damping constant of proportionality and stiffness that varies with time.

To simplify the model, the secondary suspension damping is assumed to be linear
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damping and Cy(t) as the damping coeflicient. The forcing components F., Fy, F,
represent Coulomb, velocity squared viscous damping and elastic limit stop forces that
are nonlinear. These forcing components contain coetlicients F. ... (', whose actual
values are not known and vary with time. & denotes the excitation acceleration.

Eq.6.2 can be represented in the matrix form as
[M,(t) M,(t) } { } N [ Cy(t) 0 H } N
0 Myt |\ % ~Cult) GO ]\ 4
K, () 0 Wl N v
—K(t) K,(t) + K8 Zp Fsgr (2)
0 A
{ —Kess™ 2 sgn () } - { M,(t) Jw +

It follows from Eq.6.2 that a general equation for n degrees of freedom model can be

written as

M)l 2+ C (¢, 2, 2))

nxn

nxn nx1

Co(1)3s + K, (t)2s
—Cy(t)3s + Cp(t) |3s] 25 — Ky(£)zs + (Kp(t) + Ko S7) 7,
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D(t) =

N
il

Up
The matrix P always consists of constan. elements and hence is independent of non-

linear and time varying terms. The matrices M and P are positive definite (eg. M

and P in Eq.6.3 are nonsingular positive definite matrices).

A skyhook linear time invariant (LTI) reference model of the form shown in
Fig.6.2 is chosen for the development of controller purpose only. Tte presence of
the reference model is needed only for theoretical purposes. It is not needed to be
physically realizable for practical implementation of the adaptive controller. The

equation of motion of the model in terms of r~lative displacements is given as

Mo, (3n, + Zmp) + Dm, (2m, + 4my) + Km,2m, = —Mp, i — Dy,
M iy — Knzm, + Dupim, + Kmy2m, = =Mpn @ — Dt (6.4)

Where Myn,,Mm,, DD, [{m, and K, are mass, damping ccastant of proportion-
alities and stiffness constant of the model. The (erms z,,, and zm, represent the model
relative displacements (:cm, - a:mp) and (a:mp - w) respectively. The model param-
cters are time invariant and can be chosen to be of any value as per the required

suspension verformance.

Various system gain factors in the form of acceleration transmissibility and
relative displacement transmissibility for the LTI reference model (shown in Fig.6.2)
and sonlinear passive bounce isolator (shown in Fig.6.1) are formed from the above
equations. The trunsfer functions are studied to show the reference model perfor-

mance and the effect of da.aping values. This study is used in choosing the reference
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nodel parameters. These results on comparison with the passive model facilitates in

valida.ing the simulation results obtained by using the adaptive control approach.

XXX XXX

Dmsl_ff_]

X,
.I. M., <) XXXXXXX

Kms mp

me_[. M. »6

Kmp§ %Knﬂp
2 2
w -r-l

Fig.6.2: 2-degree of freedom dual skyhook reference model.

An equivalent viscous damping coefficient for a nonlinear passive system at different
frequencies is calculated on the basis of energy equclization principle for dry friction
and orifice damping. The DHLEM [141] based on enei gy equalization is used in this
approach. Figures 6.3 and 6.4 describe the secondary and primary suspension mass
acceleration system gain factor with respect to the excitation input. These figures
also indicate the response characteristics for various damping coefficients. The system,
gain factors of relative displacements at the secondary and primary suspension with
respect to excitation input are shown in Figs. 6.5 and 6.6 respectively. A co .iparative
study for various primary and secondary skyhook damping coefficients Dy, and Dy,

has been conducted. The study of above figures indicate that increasing the damping
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Fig.6.3: System gain factor of secondary suspension mass absolute acceleration with respect
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Fig.6.6: System gain factor of primary suspension relative displacement with respect to
excitation input.

140



cocflicient Dy, would increase the primary and secondary rattle space, but increase
in the coefficient Dn,, would reduce secondary rattle space and increase the primary
rattle space. The reference model leaves a great scope of choice for its parameters

depending on the application chosen for analysis and impleinentation.

‘The general adaptive controller problem can be stated as to force the general
N'TV MDOF bounce model (defined in Eq.6.3) with its actual parameters not known
a priori, and also to achieve the optimal suspension performance (defined by Eq.6.4)

by adaptively varying the controller gains.

6.3 Controller Structure

The controller structure in this approach is divided into three different aspects: feed
forward controller, feedback controller and auxiliary signal. An extension of this
concept as studied in Ref.[154] with modifications for a general MDOF suspension
model has been described in the following sections. Let P(s) denote a black box
transfer function of the NTV suspension model which is physically present and is
being controlled by the adaptive controller. The actual unknown dynamics of this
model could be closely represented by the non-linear time varying equations given
in Eq.6.3. M(s) refers to the reference model transfer function which specifies the
required suspension performance in various degrees of freedom (DOF). It is defined
as a LTI optimal suspension model in the form of skyhook damping suspension model

which is defined in Eq.6.1 and is shown in Fig.6.2.

6.3.1 Feedforward Controller

Let W(s) denote the linearized model about the operating point of the actual vehicle
model P(s). Let us assume there exists a dynamical inverse of W(s) represented

by Q(s) [154]. If the plant model P(s) is LTI and perfectly known. then Q(s) will
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also be LTI and known. Let & denote the roa.! or track/guide way irregularities
to the suspension. The output of the decentralized optimal reference model M(s)
will be Z.,(t) which denotes the desired performance of the suspension in various
degrees ¢. freedom. By the concept of “Inverse systems”, if the plant P(s) is preceded
by its inverse Q(s) and the inverse is driven by the desired signal Z, (). then the
inverse will generate control action. This ensures that the plant output Z(t) will
be the same as Z,,(t) [154]. But in real sense P(s) is a NTV model and is not
perfectly known at every instant. Hence Q(s) is chosen as a linearized model about
the operating conditions and its parameters are updated depending on the error
occurred. The adaptive feedforward controller takes care of the slow time varving
properties of the actual plant and achieves fast response. The term Q(s) represents
the feedforward term that is dependent on the road/terrain disturbance input i called

input feedforward controller.

6.3.2 Feedback Controller

The role of the feedback controller is to provide a stable closed loop system. lnade
quate knowledge of actual plant P(s) and its linearized inverse model Q(s) which s
updated at slower rate requires the fecdback controller V(s) to adapt its gains so as

to attain perfect model following.

An auxiliary signal is used to represent the operating point about which the
feedforward controller operates. Fig.6.7 shows the schematic representation of the
controller modules that operate on various signals to calculate a stable control input
to the actual hardware system. The block diagram indicates that the final signal to

the suspension model is addition of feedforward, feedback and auxiliary signals.
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6.4 Linearization of Suspension Model

The general nonlinear system of equations represented by Eq.6.3 is a {unction of
position, velocity, and acceleration {Z. 7. 7). Eq.6.3 can be linearized about aun op-
erating point by using Taylor series expansion as discussed below. Let the nominal
values of the operating point be represented by OP (to‘Zu, Zos Zostin and l'n). If
(At,AZ,AZ.AZ’, Aw und AU) are the variations of the respective parameters

about the operating point OP, then

t = to+ At
Z = o+ AL
Z = Ltz (6.5)
Z = Zo+ A7
w = lZ70+ Aw

U = Ug+ AU

The general nonlinear and discontinuous equation (liq.6.3) could be repre
sented as a nonlinear continuous equation whose terms are analytic at all points so
that the Taylor series expansion could be applied. The analytic form of the general

ized equation 6.3 could be written as
MOZ+C(1,2.2)+K(4,2)+ L (t.Z) = =D(t)i + PU (6.6)

The nonlinear terms in € (1,2,2),K(,Z) and L(1,Z) could be replaced by

analytic continuous approximation expressions such as

§:(2,) = 1-zpoleleded,

x JO

sgn(Z,) = %foR <1——ii(u—02) sin (wZ,) dw (6.7)
sgn (Zp) = %fox (l:%(ﬂ> sin (pr) dw

where, /) and D are some large numbers much greater than /).
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On substituting the operating point OP the dynamic equation could be written

a5
M(to)Zo + C (to, Zo, Zo) + K (to, Zo) + £ (to, Zo) = ~D(to)iso + PUs  (6.8)

Using the Taylor series, the nonlinear and time varying terms in Eq.6.6 which are

analytic at every point could be expanded about the operating point as

M(t) = M(te) + %4,4|opm+---

M) + M(t)At + -

1l

D(t) D(t,) + I At ...

ot lop

= D(to) + D(t)AL + - -

The discontinuous terms which have been transformed into the continuous functions

are linearized as follows.

C(t.2.2) = C(toZ0,2%0) + 5|, Ot+ 5|, 02+ %[, 072+

at |o
K(t,2) = Kl(to,Z)+ %lop At+ | AZ+- (6.10)
7 — 7 ac acL ;
C(t’Z) - £(to,Z0)+ aL')1>At+ ﬁlopAZ+'“

On assuming the variation of vehicle parameters at a slow rate along with close
operating points, the second order derivatives of the parameter variations are also
assumed to be very small. Hence we could further simplify the Taylor series terms to

be of the form

M(t) = M(t,)

C(t,2,2) = C(to,20.%) + %|,, 02+ %], 02

K(t,Z) = Ko Zo)+ 35|, 02 (6.11)
£(t2) = Lt 20)+%|,, 02

D(t) = Dit,)
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On substituting Eq.6.11 and terms of Eq.6.5 in Eq.6.6 and subtracting the operating

point condition from Eq.6.8 we obtain

. fac|  ac . [ac
to)NZ — — AZ —
Mlto) +’[azop Y ] "*[az

Lo
0z

} AZ = =D(ty)Ai -+ PAU

oP oP oP

(6.12)

This equation forms a linear time invariant (LTI) equation in the operating region

and could be written as
MoAZ +CoAZ + KoAZ = =DoAb + PAU (6.13)
The linearized equation 6.13 could be represented in the state space form as

X = AX + BAU + DAw
Y =CX (6.14)

The state space form in Eq.6.14 is checked for controllability and observability.

For a 2 DOF bounce model, the controllability matrix of the form

o = [B AB A°B - |

6.15
0 My~'P e (6.15)

T [ M —MyTiCMTIP -

can be simplified to the form

0 My P
P = M,+ M, —M, - _ (6.16)
M,IM'; [ -M, ? M, ] —My'CMT'P -
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On observing the first column, the rank is at least equal to 2. On simplification the
second column cannot be deduced as a linear combination of the first column. Hence

the system is controllable.

Similarly the observability matrix can be formed as

b, = [CT ATcT ]
[z 0 s I _”]
10 MoK —MTIC [0 ] (6.17)
B [ 7 0 --.
- 0T -

The first two columns are linearly independent and hence the rank is at least 2n.
Therefore, the state space system is observable. From equations 6.16 and 6.17, for a
general linearized model about an operating point, it could be generalized as observ-

able and controllable.

6.5 Error Model for Linear Time Invariant Sus-
pension Model

Let us assume that the actual vehicle suspension model is L1 and is perfectly known
at the operating point to be of the form in Eq.6.13. Let (Az,, Az, AZ,) represent
the actual response of the suspension model in this idealized situation. Then Eq.6.13

can be written in the form
’P“IMOAEP + ’P‘lCoAép + ”P'llCoAzp +P YD Aw = AU (6.18)

Let the total control input which is divided into feedforward and feedback controller

as discussed in section 6.3, could be written as

AU = AUs; + AU (6.19)
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Let the output of the reference model about the operating point be denoted by
(AZm, AZn. AZ,,,). Since it is assumed that the model parameters are all known
the LTI matrices (.M, Co, Ko.Ds) are assumed to be known, the feedforward control

law could be written to be of the form
AUff = P—IJMOAEm + P—ICOAim + 'p—lK.OAZm + P_lp()sﬁl'l.' ((;20)

Assuming the feedback control to be function of the model following error in displace-

ment and velocity with the respective gains as

AUspy = P 'Kye+ P 1R, é (6.21)
where, e = (AZyn — AZy) andé = (AZ,,l - /_\.Z,,)

On substituting Eqs.6.19, 6.20 and 6.21 into the Eq.6.18 we obtain

'P"IAAOAE,, + ’P"lCoAép + ”P")COA:,, + P I'Dy AW = P MoAZE, +
P 1CoAzn + P Ko Azm + P DA + P W e + PTUK 6

Post multiplying by matrix P on either side and simplifying we obtain
Mo+ (Co + K,)é + (Ko + K,)e =0 (6.23)

If the suspension model is LTI, perfectly known and the control input is chosen as in
Eq.6.19, 6.20 and 6.21 then K, and K, can be chosen such that e — O ast — oo. K,
and K, can be chosen by pole placement technique to obtain the asymptotic stability.
There is no forcing function on the right side of error equation in Eq.6.23. Hence the
response of the error would depend on what damping is introduced into F4.6.23 by

the gains K, and K,. The solution of Eq.6.23 is given as

2n n
e(t) = [Z /\.6(7")] e(0) + I:?Z ch('r.t)] é(()) (6.24)
=1

1=1

th

where A, and x, denotes some constant matrices and +, are roots of the 2n'* order

error characteristic equation. The gains K, and K, can be designed by the pole
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placement hased on the following error equation.

o
Ot
=

€+ Nyé + Me=10 (6.:

where, N = dag. [w,?] and N; = diag. [2(w]
T his leads to a decoupled equation of the form

£+ 2Cuwé + wle =0

6.6 Error Model for General Nonlinear Time Vary-
ing Suspension Model

The error model equations derived so far for the LTI model about the operating point
for the incremental values (AZ,,, AZ,, AZ,,) are extended to the general NTV model

equations. The actual real time quantities could be obtained as

Zn(t) = Zmo(t:) + DZm(t)
Zp(t) = Zpo(tt) + AZp(t)
w(t) = wo(t,) + Aw(t) (6.26)
where, the values at ¢, denote the th operating point. Let U, be the force that is

necessary for the nominal positions of the suspension, then the total control law is

written as

Ur(t) = PWUL(t) + AU(t) (6.27)
From Eqgs.6.19. 6.20 and 6.21 we obtain
Ur(t) = PTUU() + P MAZ(t) + PICAZR(L) + P KoAZm(t) +
P Doldin(t) + PVK, (AZu(t) — AZ,(1)) +
PR, (DZa(t) — AZ,(1))(6.28)

But from Eq.6.26 we obtain

Ur(6) = P7'U(E) + P Mo (Zn(t) = Zmg (1)) + P7'Co (Zim(t) — Zmy (1)) +
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PRo(Zm(t) = Zugt)) + P Do (Na(6) - wd(t,)) +
P 11\ (Zm( ) - ng“t) - Zp([‘ + Zum“x“ t
p 1\1 ( m( ) - Zmo({x\ - Z;v([\ + an.\U:\)

(6.20)
Let the global error be represented as £ = Z,,(1) — Z,(¢). then

UT(t) - ,P-I (Lvi(t) - vMOZmo(tl) - (’O mo [ ) - Kﬂéno( ) - D()'.‘"(\“:))
Pt (MoZm(t) + CoZm(t) + KoZu(t) + Doiio() + PN E + P VR E

(6.30)

On observing Eq.6.30, the total input can be subgrouped as a function of various
terms representing different functionalities. The first term represents the influence of

operating point and it can be represented by U, (1), then
l—"a.r(t) = l-'x(t) - "Moémo(tz) CO mo( ) - k()/mo( ) - 'DU“.'U(fl) “’”)
Then from Eq.6.30 we obtain

Ur(t) = P Wlaz(t) + P  MoZn(t) + P CoZnlt) + P KuZull) +
P~ 'Dotio(t) + P R, E+ PTIKE (6.32)
This equation represents the total control input that incorporates the auxiliary sig,

nal, feedforward controller depending on both feedforward gains and input gain and

feedback controller. Hence the total control input can be derived as
Ur(t) = Usz(1) 4 Ugg(t) + Upp(t} (6.3:3)

The general nonlinear suspension model in Eq.6.3 involving the ac tnal output states

(Z,,.Zp and Zp) can be rewritten in a more general form.

MOl 2o+ C (L2 25)|  + KL Z)], 0 + N (L2,
L (tZ)| = =D, it Pl 00 (631
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Where M*,C*,K*,N'*, L7, D" denote the nonlinear terms which include the viscous
and Coulomb friction components. The total control law in Eq.6.32 is added to
the terms Ny and Lq of order (n x 1) containing varying gains to match for the
terms A* and L£*. This type of arrangement would facilitate to take care of any sort
of nonlinearities withcut any assumptions in gravity, Coulomy and viscous friction

terms. The total control law is now written as

Ur(t) = P~ War(t) + P ' MoZn(t) + P 1CoZn(t) + P *KoZn(t) +
PINo(t) + P 1Lo(t) + P'Duis(t) + P'K,E + P'K,E  (6.35)

Substituting E£q.6.35 1nto Eq.6.34, we derive a closed loop equation of the form

M Ty + CZy + K'Zy + N™ + L7 = =D + Upot) + Mo +
Colm + KoZm + No + Lo + Dot + iLE + K, E  (6.36)

Simplifying the above equation in terms of the error, we obtain

ME+(C + K)E+ (K" + K)E = ~Uso(t) + (M® = Mp) Zon +
(€ = Co)Zm + (K* = Ko) Zm + (M = No) + (L* = Lo) + (D" — Do)
(6.37)

The matrix differences (M* — M), (C* — Co) , (K — Ko), (V" — Ap), (L™ — Lo),(D* = Dy)

show the error in the controller gains from the actual matrices. Hence these act a-
forcing functions of the error equation. Therefore U, Mq,Co, Ko, No, Lo and D,
should be updated such that the right hanad side of Eq.6.37 would be zero so that the
error model coincides with that in Eq.6.23. The gains A, and K, could be adjusted
by pole placcnent so that error dynamics could be modified to make the error go
to zero asymptotically as ¢ — co. Lev us define an eiror vector with position and

velocity errors as

~

() = { ggi; }zm (6.38)
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Using E£q.6.38 we can represent Eq.6.37 in the state space form as
- 0 I \
= -1 -1 . b
Rl B Y (SO
0 N 0 i N
=N T U () MTHM® = Mg) Z,,
0 0
{ MTHEC = Co) Znm } + { MUK ~ Ko) Zn } +

0 0 0
M N = N) } * { ML = Lo) } * { MDY = Dy) i }
(6.30)

Eq.6.39 forms the adjustable systein in the state space form. Tracking error () can be
made to follow 1 reference error model which would achieve the desired performance.
The desired performance of the tracking error can be defined in terms of a decoupled
second order homogeneous differential equation. Let the desired error of " DOI be
E(t) = Zm,(t) = Z,,(t). The desired error vector may be defined in the form
In(t) = { 1};53 } (6.40)

2nx1
The desired error reference model in terms of differential equation as described in

Eq.6.25 could be written in state space form as

0 Z,
[ '-r[l __[12 ]2nx2n [07"(t)l2nxi

= Nun(l) (6.41)

Where N; = diag.(w,?) and N, = diag.(2(w,) arc constant diagonal matrices. From
Eq.6.41if N is chosen as a stable matrix, then it should satisfy *he Lyapunov equation

of the form

[R1]

[’Rz] [Rzln/n ((;',12)

nxn R,’; nsn Jins2n

nxn

RN +NTR = =Qt  where, R =

For ary Q%, a positive definite matrix, there exists a positive definite matrix R as

solution of Eq.6.42 such that 9, (¢) — 0 ast — oc.
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6.7 Controller Parameter Adaptation Laws

T he controller adaptation laws for the feed torward, feed back and auxiliary parame-

ters as used 1n the total control law in Eq.6.35 are derived as described in Appendix A.

A Lyapunov function in terms of the actual error and reference error model has been

used for deriving the control laws. Parameter adaptation laws as derived in Eq.A.24

of Appendix A could be expressed as first order trapezoidal integral equation of the

form as

Do(f) =

K0) +an [ SWET (0 + 69 (HET()
K,(0) + ag /0’ St ET()dt + 8, 6 (H)ET(t)
Uarl0) + a3 [ B0 + s (1)

t v
Mo(0) + 04/() o) 2Tdt + 8,6 (t)Z7
(6.43)
t . .
Col0) + a5 [ €()Z2dt + Bs & (2],
f T
Ko(0) + 06/0 () ZnTdt + B S (1) 2T
t
Nl +a-,-/0 o)t + 46 (1)

t
Lo, - 08/0 o(t)dt + 5o (1)

Do(0) + axg /ot S()w(t)dt + Bo & (£)i(t)

where 3 = Ry E + 'RgE. The constants a, and g, for : = 1.9 in the controller laws

can be used to specify the steady state and transient behavior of the model following
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€rror.

6.8 Simulation Results

The continuous time domain controller for a MDOF generalized suspension which
was developed in the previous section was implemented co  computer simula.ion
A two degrees of freedom NTV model as discussed in section 6.2 was used as an
example. Fig.6.1 shows the selected 2 DOF bounce suspension model with primary
and secondary suspended masses. Fig.6.2 indicates the skyhook reference model that
is used for the adaptive model following. The nominal values of the suspension model
in Fig.6.1 are taken as M, = 85 Ag. M, = 4.5hg, K, = 315 %,I\',, = 8.7 "‘:-',I" -
100N, Cs = 100 %,Cp = 200 %; and K., = 7 !‘1—;-1& [141]. The actual model parameters
are unknown and are assumed to vary with the operating conditions and the period
of operation. The parameters of the reference model are time invariant and conld
be chosen depending on a particular suspension application as described in catlier
sections. The miodel parameters are chosen as M, = 85 Kg.M,,, = 15Ky, K,,, --
SEL K, = 878 D, =800 and D,, = 20002 As discussed carlier,
Figs.6.3, 6.4, 6.5 and 6.6 indicate the required performance of the reference maodel
in terms of the absolute and relative displacement for the primary and secondary

suspension.

The tuning of adaptation gains o, and 3, for + = 1,9 in Eq.6.67 has to be
performed to attain the required performance. The time varying p-rameter (1)
is evaluated on the basis of global tracking er-or (/) and its derivative (£). The
matrices R, and Rj are solved by the Lyepunov equation in Eq.6.142 for a positive
definite matrix Q*. The values of w, and ¢, for i = 1,2 are chosen to achieve the

required reference model tracking performance.

To check the adaptation capabilities in terms of the adaptation laws and 1o




bustness of the controller to achieve the reference model performance, the suspension
parameters are subjected to Parametric variation mode I and Parametric variation
mode [I. As discussed earlier, these two modes are used for simulating the realistic
combination of various parameter variations. A priori knowledge of the dynamic pa-
rameter variations of the model are used for simulating the model response and to
test the capability of the controller to adapt to the reference model irrespective of

changes in the operating conditions.

Time domain results for Ezcitation mode [ in which the models are excited
by a combination of sine functions are presented in the following figures. Fig.6.8
shows the secondary suspension mass absolute displacement response for the reference
model, the adaptive active suspension and passive suspension models. The reference
model indicates that the response characteristics achieve better isolation at natural
frequency and at higher frequencies. On evaluating the controller gains using the
adaptation laws, the adaptive controlled suspension model adapts to the reference
model. The controller gains are used to calculate the controller input to the model so
that the NTV model deviates fron the passive response and adapts to the reference
model response. As shown in. Fig.6.8 the adaptation is very quick owing to the
-arger number of controller gains adapted and the model itself being a second order
system. The performance indicates that the controller could be effectively used for
a more general and complicated models involving larger number of DOF’s. Fig.6.9
shows the comparative responses of primary suspension mass absolute displacement
for various models. IMig.6.10 shows the velocity response of the secondary suspension
for various reference. adaptive artive and passive suspension moacls. As the time
of adaptation increases, the adaptive controlled system follows the reference model
more closely. The oscillatory responses of the active suspension are damped out
and the system adapts to the reference model. Hence the error in the reference
model following changes from an initial oscillatory urdamped type to critically or
overdamped system. Fig.6.11 shows the secondary suspension relative displacement

response and adaptation of the active suspension to the reference model. Based on
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the control law and by adapting the gains, the actuator forces needed in the primary
and secondary suspension are calculated as shown in Fig.6.12. The results indicate
a higher primary actuator force which contributes mainly to the isolation from the
input and the high frequency low amplitude secondary actuator forces wounld adapt

the active suspension model to the reference model response.

Time domain results for a deterministic Half-sine (bump) input with time
dependent Parametric variations mode I are presented in Fig.6.13  The model dis-
placement response is the skyhook reference model secondary mass (M,) response for
the bump input. This behaves as a forced motion with lower magnitude and damped
nature. The controller adapts the gains which would make the active suspension
model to follow the reference model by applying the control inputs to the primary
and secondary masses as indicated in Fig.6.11. The secondary force wu,(t) needed in
the secondary suspension is low i1 magnitude but has higher frequency components.
The primary force u,(¢) is larger in magnitude but less oscillatory tn nature. "I'he
overall actuator forces needed for adaptation to ttie reference model are found to be
less for the size of the suspended masses. The sharing of the loads between the two
actuators would enhance the accuracy of adaptation and also reduce the capacity of

hardware necessary for practical implementation.

The frequency domain study has been conducted by exciting the hase of the
general model by a random input. The results from the timme domain are converted
to the frequency domain by using the fast Fourier transformations. The adaptive
active suspension model was found to closely follow the reference model at nost,
of the frequency ranges as shown in the following figures. Figures 6.15 and 6.16
show the system gain factor of the primary and secondary suspension mass absolute
acceleration with respect to the excitation input acceleration. Figures 6.17 and 6.1%
represent the system gain factors of the primary and secondary relative displacement
with respect to the excitation input. These figures indicate that the adaptive active

suspension system closely follows the reference model and exhibits good isolation at
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most of the frequency ranges for both primary and secondary suspension masses. The
adaptive controlled responses are compared with the transfer functions derived and
implemented using DHLEM as shown in Figs.6.3, 6.4, 6.5 and 6.6. Both sets of plots
indicate the closeness of the trend of results and the benefits of using the adaptive
controller in terms of reducing the absolute and relative displacements for primary
and secondary suspensions at the expense of the actuator forces. The reference model
chosen would isolate the secondary mass as a highly damped system but at the same
time would behave as a passive system at higher frequencies. The responses also
show large i. rlation properties of the entire system compared to a passive suspension
system. The relative displacement responses in figures 6.17 and 6.18 indicate the
responses as predicted in Figs. 6.5 and 6.6. These resporses also show a significant
reduction in the relative displacement at natural frequencties of {he adaptive controlled

suspension system.

The above figures indicate that the concept of adaptive active suspension would
facilitate the achievement of an optimal perform-nce which would reduce the abso-
lute displacement and relative displacement mainly at natural frequencies and also
over a wider range of frequencies. The active suspension behaves as a soft primary
suspension and a hard secondary suspension simultaneously. The above described
acceleration and relative displacement results indicate that an adaptive active sus-
vension can achieve reduced acceleration and relative displacements simultaneously.
Comparison of adaptive active suspension results in time domain indicate that the

reference model response can be achieved irrespective of parametric variations.

6.9 Discussion

The results presented in the previous section for a MDOF NTV general suspension
with various nonlinearities indicate how effectively the large dynamic variations and

uncertainties in the suspension model parameters could be taken care of and at the
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same t; ne achieve an cptimal performance at all operating conditions.

The controiler adaptation laws are first order definite integrals and the gains
could be evaluated at a faster rate by simple trapezoidal integration. Since the com-
putational time of these equations is very short. the controller can be implemented on
line without much time delay in the signals to the actuators, hence it could be con
veniently implemented for many DOF’s. The practical hmitations such as actuatm

saturation can be taken care of by the controller.

The presence of feed ferward controller and an auxiliary signal that depend
on the input acceleration and operating conditions would improve the tracking pei
formance of the controllr. Since the control input feedforward signal is proportional
to the excitation input acceleration, the performance of the overall controller is »n
hanced. The tuning of the controller can be very effectively performed due 1o the
presence of many adaptation gains. ['hese gains could be adiusted to attar « ta.t and
better tracking of the reference model nd also to make the system robust to hardware

limitations.

Stable asymptotic tracking is guaranteed as the adaptation laws are derived
from the derivative of Lyapunov function which involves reference model tracking and
controlier parameter errors. The convergence of the adaptive scheme is independent
of the initial vali.es in the adaptation laws in Eq.6.43. Hence they need not he preset

to any values but need to be tuned based on the application of the controller.

A decentralized adaptive controller can be derived from this study which wonld
independently control each DOF for a MDOF system as discussed by Malek and
Hedrick [40]. The decentralized approach could be very effectively appliecd by assign
ing a different micro-pioressor for each DOF which makes the whole systein compu

tationally fast.
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6.10 Summary

This chapter studied the extension of the concept of adaptive active suspension for a
general suspension model. The generalized model is developed to include most of the
nonlinearities encountered in the suspension studies. A 2 degree of freedom (DOIN
bounce model has been derived as a subcase and a double skvhook reference model

has been developed.

Frequency domnain transfer functions for the 2 DOF bounce model including,
non-linear time varying terms using discrete harmonic linearization technigue have
been evaluated. A comparison with the reference model for various damping values
has been made to choose the proper reference model required for the adaptive control.
An adaptive control approach including feed forward. feedback and auxiliary i1put
approach has been extended for the generalized suspension model. The controller pa
rameters which are evaluated based on first order trapezoidal integration and termed
as adaptation laws are used for control input evaluation. The controller does not need
any a priori knowledge of the suspension parameters, hence it could be implemented

to any model.

This concept has been implemented for a two DOF bhounce madel and the
results are presented in terms of time and frequency domain. The time domain re
sults indicate good adapfation to the reference model. The results of the adaptive
controlled system presented in the frequency domain indicate the characteristies as
evaluated by the transfer functions. An optimal performance with good isolation and
reduction in relative displacements have heen obtained even under large variations of
the model parameters. The generalized model could be used for any sort of suspension
configurations with feasibility for a large number of DOF’s. Various models such as,
multi-DOF automotive suspension, bounce DOF rail vehicle suspension, seat suspen-
sion model for off road vehicles etc. could be conveniently realized by the generalized

model.
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Chapter 7

Discrete Time Adaptive Active
Suspension For Multi-Degree of
Freedom Half-car Model

7.1 General

The discrete adaptive control concepts developed in chapter 4 for a single degree of
freedom (SDOF) model are extended for a multi-degree of freedom (MDOF) half-
car model. In this chapter a half-car model incorporating the pitch and heave of the
carbody and bounce degree of freedom (DOF) of the front and rear unsprung masses is
developed. As explained in chapter 2, a half-car model incorporating the pitch DOF
would strengthen the idea of adaptation during the longitudinal manoeuvres and
would reduce the effect of squat and nose dive of the vehicle. Most studies dealing
with active suspensions utilize a heave only or 2 degrees of freedom models which are
very useful for understanding the concepts and designing the control strategies. If
such simple niodels are used individually for heave, pitch, roll and warp DOF’s while
designing for a complete vehicle, it would not reflect the coupling between the modes.
But coupling is an important tool while tuning the ride characteristics of the vehicle

in the case of heave and pitch and the handling characteristics in the case of roll and
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warp. Another major shortcoming of simple SDOF models 1s their inability 1o retlect
the effect of the control strategy on the tire normal load distribution between the
four corners. This is one of the factors which determine the handling characteristics
such as understeer and oversteer capabilities of the vehicle. A seven DOF vehidle
model incorporating heave. roll and pitch of the sprung mass and four independent
unsprung mass bounce DOF’s was analyvzed for the coupling and deconphng efiect
on a full car active suspension system by Malek and Hedrick [10]. It was concluded
that decoupling the heave and pitch body modes improves both body isolation and
reduces fore-aft tire load transfers. An optimal control of active suspension for a
MDOF track/vehicle system has been designed by Yoshimura et al. [13]. Here a
secondary active suspension for a four DOF model incorporating trach uneveness as

input has been designed.

In the design presented in this chapter. the road excitation to the rear wheels
is considered as a time delayed front wheel input. This concept has been used in the
past by various researchers in which preview sensors are used for the actual active
suspension implementation. The more obvious form involves using a road height
sensor which looks ahead of the front wheels. which was studied theoretically in
conjunction with a SDOF by Bender [162]. The less obvious form involves recognizing
that the inputs to the rear wheels can be realistically considered to be time delayed
replicas of the front. The second approach which has more prac..slity has been
investigated by various authors such as Thompson and Pearce [163]. 1 thauf et al. in
[65] and Louam et al. [66] with different control approaches. Sasaki et al. considered
the vehicle body to have pitch and bounce degrees of freedom but supported on a
passive front suspension and ideal force producing active rear suspension involving a
front preview sensor. The optimal controller properties were found to he dependent,
on the correlation of the front and rear input and the vehicle speed. ‘Thompson
and Pearce came out with contradictory results indicating the independence of the
optimal control on the correlation of the front and rear inputs. Frihauf et al. included

both forms of preview and derived control laws for a full vehicle system involving
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pade approximations for the time delays between front and rear inputs. Louam et al.
dhsc ussed an optimal control law for a half-car system using a discrete linear quadratic
reculator frame work involving the time delay between the {ront and rear wheel inputs
which could not be dealt using continuous linear quadratic regulator (LQR) theory.
\ <uboptimal control does not incorporate front wheel road information and hence

neglecting the time delay in the disturbances was compared with an optimal control

A reference model incorporating two levels of shyhook damping has been de-
signed and analyzed.  The reference model performance was found to achieve an
optimal performance 1n terms of sprung mass isolation and suspension travel. The
continuous time domain nonlinear time varyving (NTV) equations for the reference
model have been written. The NTV equations are linearized about the operating
point by first expressing discontinuous terms as analytic functions using the Fourier
transforms. Then a linear time invariant (LTI) model in the continuous time domain
about the operating point is formed. The continuous time piecewise LTI model is
transformed to a discrete auto regressive moving average (DARMA) model. Discrete
model reference adaptive control (DMRAC) is used for the formation of adaptation
laws in terms of the error in model following. A modified version of Least Squares
Estimation (L.SE) in which the controller parameters are updated as a matrix rather
than as a vector [116] has been derived. The convergence properties of LSE and global
convergence properties of the complete system with the parameters being updated
as a matrix have peen proved. Finally the system response for Parameter variations
mode [ under the Ercitation modes I and Il has been presented in the simulation

results.

7.2 Dynamic System Model

Figure 2.9 in chapter 2 shows a passively suspended in-plane half-car model, typically

called as bicycle model. As explained in section 2.4 the model incorporates various
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NTV properties such as Coulomb friction. stiffnesso velocity squared viscous damping
and elastic limit stops. The equations mvolving sprung mass bounce (&), plane
pitch (6) at the C.G. of the carbody. leading and trailing unsprung mass bounce
degrees of freedom (r;, and &) are derived as follows. The NIV discontinuous
equations of motion taking into consideration of the static detlection due to mertial

loads can be written as

M) = U+ uy - F~, - F., - 1‘1, - I, - 1‘:1, = Fyo=F, - Fy b h(Ddg,
Ri(hog, — My()5g = M(Od&g + M e M(thita

[\”(ﬂé = F.dy+ Fi,dy+ F,ds + 1‘1,(11 + M.¢ %‘13 = W Doy dy g,

E‘gdl - [‘1,(11 - 1:‘,{[(1] - }'ﬂ.,ldl + ‘,9(1)17’&‘11 + 1\[“)(\“111 } ll(l[|

.\Iul(f}f‘;l = FL[ -+ Fh —u + Fd‘ -+ F*: — l\’l(t)("ct, - [\'m,(f)(.l‘“ () 4 I\,,,,(f‘)(“,,
M, (0i, = Fo+F, —w+ Fy, + F— KO8y, = Ko () (g =10t - 7))t A (08,
where,
F., = F(t)sgn(r,, — I,) Fi, = K.(t) (i, —&y,)
D

Fy, = C(t) |2, — 2, (&, — 3,,) Fy, = Ko (1)S7 [‘r,., —r,, — Ssgnfr, r,)

1 2

rvartes as Land |
1 otheru:ise

St = { 0 lfifxz_ftxlsg
(71)

The terms M (1), Iags(t). My, (1) and M, (1) represent the carbody sprung mass, polar
moment of inertia about the pitch axis through c.g. and unsprung masses at the
leading and trailing ends. The forcing components F,,. Fy, Fi,, Fi Fay, Foy B and F,
represent the Coulomb friction. stiffness, velocity squared viscons damping and elastic
limit stop forces that are nonlinear and contain coefficients Iy, Fy, Ky, K. (4. (7
K.s, and K.,, whose actual values are not known and could be varying with time of
operation. ‘D" denotes the maximum displacement limit imposed on the suspension

travel by the elastic stops. Above equations could be simplified and represented in
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matrix form i terms of 1. 8. and r,, degrees of freedom by using the following

transforimation equations

Ly, =TIy + d]()

re, = oy — d0 (7.2
I he dvnamic equations could be written as a NTV second order differential equations

im the matrix form as

M7 + FiZ. 2.0 =GU () + HIOW (1) = S() (7.3)

where,

I Mgty 0 0 0

, f B 0 Ivyg(t) 0 0

2= 5 Mt =1 0 M) 0
I, 0 0 0 M.t
11 0 0

- ([1 -'(12 , _ 0 0

(:’ - hl O H(l) - [\'“TC({) 0

0 =1 0 KNore(t)
The forcing term in Eq.7.3 is resolved into two types of inputs. namely the control
input induced onto the suspension and the disturbance input due to the road ex-
citation. The NTV term F(Z.Z.t) represents the cumulative force exerted due to
clastic limit stops. velocity squared viscous damning. Coulomb friction damping and

suspension spring force. The combined force can be represented as follows

FIZ.Z.4) = Fyz )+ FyZ.O)+ F(Z.t) + F(Z.1) (7.4)
where,
Nes (VST [J’b + dyf -1y, — %)-sgn [zy +d10 — .1:11]} + K, (1)
S [.l?b — dp0 — z,, — Bsgn(zy — daf - 4]
Koo ()8 [0y + di6 = 21, = Rsgn [zy + di0 — 2] dh = Keaf(2)
FoZ,t) = | St [rb —dyf — 7, — Lsgn [z, — da0 - 1:,1]] ds

—Kea(1)S1" [0+ di0 = 21, = Bsgn [z, + i~ ;]|

_1\’353(t)5t- [Ib — dzg — Iy ~— %sgn {xb — (120 —_ th]]
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where.,

O of o 2 dyd e b

1 othericise

O oftes - doth w0

S

1 otheriweese

1 Olfte retse

=1 fien -dyl -0 0

=t affren vt -0 )0
g (£e £yl ~ 1) = { Ifl‘l; by robe L
sgn{rs = - 1) = {

1 otherieise

(“[(t)lj'b + ({|U‘ .i‘[l‘ (.I’;, + (1‘() — ‘1‘1,) :
Cot)|on = daf = 2, | (0 - o = i)

‘ Cat) [in + di0 = o, | (00 + a0~ 1)
Fi(2.4) = Colt) [in = dal = iy | (i = ot — ) o

~—(w((f) {J';\ + ll\(j - 'i‘"l (.i‘;, + 0 - .I‘[l)

“‘('((t) ‘j’;, - (I'z() - .[‘(“ (.i‘}. - ({20 - .I‘“>
Fi(t)sgn (.i',, + d,(} - -i'11> + Fy{1)syn (‘i';, - (13() - .1,,‘)
Fi(t)sgn (i‘b + (11(; - j‘[,) dy — F(t)sgn (i‘;, ~ 0 .i',') d,

— Fi(t)sgn (i’b +dy0 -- il,)

— Fi(t)sgn (i'b — daf — i',,)

sgn (ib +d,0 - i‘ll)

il

{ —1 if (b~ 2,) 0

1 otherwise

| otherwise

sgn (i‘b ~d,0 —-j,]) = { -1 af (-i‘b —d,0 - j-tl) <)
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Kitita, vy - ) = Kyit)ir, - daf — oy

Nitytr +dy0 — oy dy — Koftyiao, —dyh — oy Vd,y
F ity =
WY (rn ~dy O — iy )+ Ko (E)y,

Wty = o — ) + Ke ry,

Fhe terms FUZ) FyZ 0, FA(Z.f) and Fy(Z.t) represent the nonlinearities due
1o clastic stops. veloeity squared viscous damping. Coulomb friction and suspension
<tiffness forees. The active control input and disturbance vectors denoted as U't¢) and

W (1) respectively are represented as

o ) o fety - -
’m’{um)}‘””‘{wu—ﬂj (7.3)

The term S(1) as shown below indicates the variations with respect to the static

equilibrium position

N

K16, + Ki()6y, — Mslt)g
Ki(#)bo,dy — K((t)851,dz + M(t)ah

1\'txr!'(t)5tl - [\’l( t )és“

Ko (800, — Ko(1)04, )
But for the nominal values of the vehicle parameters, when the vehicle travels at a
constant or zero velocity the static equilibrium is maintained. Therefore. if A (1) =
N o Kd) = Km0 Mo (t) = M," Ryso(t) = K], and a = 0 then we have §(f) =0 in
Fq.7.6. The NTV dynamic equations as described in equations 7.3, 7.4. 7.5 and 7.6 are
linearized about the operating point as desciibed in Appendix B. The discontinuous
terms in M,(Z.t)and F.Z.t) in the Eq.7.4 are made continuous by adopting the

Fourier integrals as discussed in section 2.4, The linearized equations as derived in

I'q.B.16 in \ppendix B are transformed to the state space form as follows

X = AN + BAU + DAW
Y =CX (7.

~1
-1
~—



where.

1)

) ) ) .
AT A
TN, T v, v Y

Mo .

N Y
A\-I } }

D7
V4

I'he above svstem is found to be completely controllable and observable

7.2.1 Discrete Auto Regressive Moving Average Model

The linearized model described as a continuous time state space Fq 7 Ts transtered

to a discrete time state space eqnation of the form

Nkh+h] = QUON[KA + FU(MAL KR & Fah AW (k]

(7 N)
Y (kA = CX[kA]
where,
Qk) = RART
Ty 0 0 AL
£ = |0 o | =10 0
O 0 ’\Tl 0 (] ¢ \n,'
I — h Cv -1 od
Filh) = [fo ['R( R ](lu}b
.7'—'2(72) = [f();Z [RCL:U'R—I} 111/] D
A, ¢ =1, --.n are the cigen values of matrix A and R is a matrix made of the

column vectors containing the co-factors of the same row of the matnx {~Z - A} fin
different eigen values. These equations could be modified to form the DARMA mode

by expressing it as a transfer function as described below
Y[k = C [¢ ~ Q(h)] RGBT +C 4T - Q(hy TR AWE 1)
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The matrices Wilg. h) = C f'ql' - Q(f:)} - Fill) st [k] and
Walg. by = C T ~ QUiy!~

the diccrete domam. The direct method of evaluating W, and W, i< thiough the

Fol )4 [k represent he transfer function matrices in

-implification of resolvent matrix [(/I - Q(iz)}—l which i1s cumbersome for the higher
order svstems and the approach is extremely proven to uumerical round off errors.
A nnmber of approaches for the computation of transfer function matrices of linear
multr-variable svstems from the state space equations have been derived in the past.
One of the schemes is called the pole-zero approach where the coeflicients of the
denominator and mumerator are evaluated by solving the eigen value problems [158]
and peneralized eigen value problems (156]. The accuracy of the scheme depends
on the accuracy of the eigen values computation and could create problems for ill-
conditioned eigen value and generalized eigen value problems. These difficulties are
avoided by an eflicient method proposed by Misra and Patel [157]. This method
mnvolves computing the coeflicients directly by using the variant of Hyman's method.
he algorithm proposed here performs orthogonal similarity transformations using the
householder translormations to find the minimal order subsystem. This subsystem
corresponds to each input output pair and uses the same determinant identities to
determine the elements of the transfer fuaction matrices. In this approach each
separate single input. single output subsystem ( Q.F,,C,. where : and ) indicate
the % ontput and j*" input ) is reduced to the minimal order form by removing the
iput and/or output decoupling zeros to make the system controllable and observable.
In this process the system matrices are transferred to lower and upper Hessenberg
matrices by sequential orthogonal transformations. Hence each element of the transfer

function matrix corresponds to the controllable and observable subsy stems.

Fquation 7.9 could be simplified as

: B‘(q”’)] . [32((1")J .
YA = | ——— AUR] + | ———] AWk 7.10
= | 5] acw+ |20 awin (710
which can be written to be of the form
VIklA(g™Y) = B¢ HAUK] + B (¢ H AW k) (7.11)
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where. various elements of the matrices could be simplitied to be of the torm

- L
V= gy + busy

~
~-
P
-
-~
i
-—
i
fngd
-",__
=
1
—_
+
=
<=
2

In the multi-variable case the delay structure of the transter tunction s a matin
so that the leading coetficients of Bl'(¢™") and B*(¢ "} ate made non setos, This s
similar to SISO system where, the delay structure is transpatent and scala i nature
'his is of the form ¢*. Equation 7.11 would satisfyv the basic assumptions necessain
for the formation of interactor matrix namely. the number ot outputs are the same
as the number of inputs and the determmant of the transfer fundction s nonzero for

-1

all q. The determinant |Ag™" = a0 + g™ 4 g N s non zero because, ag s

a non zero constant for all values of q.

An interactor matrix U(g) is found from the polynomial mattix B'g ') wince
AU[k] is the actual input that is to be evaluated and AW [&] is the disturbance imput
that is assumed to be known. So the interactor matrix 1s evaluated such that

{7zm_’ ~ U(Z)A:X(Z‘l)_1 BY(Z7Y) = &. The mteractor matrix H(g) is assumed to he

the product of J(q).\{gq) where.

’\(’(q):dl(l!] [qh qul ("‘ 12,
fiz2di=min d, Py <m
d,; is the delay between 7" input of AUK] and «** output i Y[k} and m (- 2) the

order of the transfer function matrix. J(¢) is an unimodular matrix which could be

assumed to be an identity matrix (Z,).



7.3 Linear Time Invariant Reference Model

lo achieve an optimal suspension performance and exhibit robustness to the model
parameter variations Jue to various dynamic manoeuvres a two tier linear time in-
variant reference model as shown in Fig.7.1 is chosen. The dynamic performance of
the two tier skyhook damping reference model at two different levels are constrained

to reside in the controller.

Using Lagrange’'s method for writing dynamic equations. we can derive the
teference model equations using the following Kinetic (Ex g), Potential (Epg) and
Damping (£p ) encrgy terms

2

M, (Frg)? + Hnggy (6)

0 fome

Ene = M (#my) + 2 Mo, (6my) +

2 2
1 - 1
51\,,,‘ (rm,2 - .rm,l) + 2—!\,,,‘ (Im,2 - .l‘mll) +

Y None (rm,] — w(t - r))2 + 3 Kn,.,. (zm[l - w(t))2

i

Epg

2

Eop = Dm ($my) + 2Dm (3my) + 2Com, (Emey ) + 3Com (s, )

A transformation of displacement DOF’s [rmh Ty T, - .rmq] to the DOF's involv-

ing pitch DOF {Jr,,,b‘(im.‘rm,1 . .I?m,]] is performed using

Ty, = Tmy + dq0,,

Tmyy = Tmy, + dy0,, (7.14)

Energy equations are transformed to the Lagrange’s form as

ELe = Eng = Epp=3May, (bny) 4 3Mm ()" + 5Mon, () + 3y, (0

Ko, (Tmy = doon = Ty ) = 3Ky (Tmy + i =~ Ty, )
s (2 =t = 7)) = Lo (T, = (1))’

Ene = 1D (imy = dabn)’ + 1D, (dmy + di6n)” + 10, (£myy)” + 20, (m,)
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The above equations are used in the Lagrange's equatinn to derive the final dynamic

eqiiations

0 (7.16)

d FOE g _dE g  OEpE _
dt | dq, dq, d¢,

where.

¢ = [Im,,- 0... Tm, - Im,‘}

The final equations which were verificd with Newton's form of formulation could be

simplified and written in the matrix form as follows

MuZim + CnZom + Ko Zn = Hin W (1) (7.17)
where.
([ Th,
. _ 00m e w(t)
Zw = ro Wit) _{ wlt - b) }
\ Ty,
F M, 0 0 0 0 0
_ 0 Imy, O 0 I
Mm - 0 0 J‘IM"‘ 0 Hrl - ]‘m 0
L0 0 0 My, 0 Kn
[ (D, + D) (Dpmydy — Dimyds) 0 0
¢ = | Dmdi = Dpdy) (D + Ddy’) 0 0
0 0 Cy O
! 0 0 0 Cn,
(Km, + Ko, (K dy — Km,d3) K, —Kn,
K. = | Bmdi = Kndo) (K + Knydy®) =Koy Komids
~1\’m, "'Km‘dl A’ml + ]{m“re 0
~ Ko, K, d2 0 Kp + K.,

To evaluate the transfer function of the reference model, let us assume the leading

wheel input w(t) to be of a sinusoidal form represented as

w(t) = Ne™t (7.19)

178



Then the trailing wheel input w(f — 7) which incorporates the time delay can be

written as

w(t — 1) = Nelt=7) .

- Ne'temtr (l.l'. )
The response of the second order system represented in Eq.7.17 for a forced sinusoidal
input of the form represented in Eq.7.i8 could be written as z,(f) = ¢ ¥ where, \is

complex of the form a + 1. then

Zm(t) — C(a+zu/)l = Qletet — th,uf
Z,n = 7 awet (7.20)
Z — _Z W,Qe!wt

substituting Eqs.7.18. 7.19 and 7.20 in Eq.7.21 we obtain

~ M, 2o+ Con Zorniw + Ko Zom =H,,,{ . 1 }n

—(w) = [ICm - WM, + zwcm}_l 'Hm{ 1 } (7.21)

e—lwr

Equation 7.21 represents a transfer function for various DOF’s with respect to an in-
put excitation. Figure 7.2 shows the passive and reference model system gain factor
between sprung and unsprung masses various DOF’s and excitation input. Figure 7.3
shows the system gain factors of relative displacements with respect to the excitation
input. The figures indicate how the skyhook reference model isolates and at the same
time reduces the rattle space at the natural frequency. The transmissibility charac-
tevistics for the isolation indicate that the respense is well damped at the natural
frequency and at higher frequencies. The MRAT would achieve the performance of

this reference model irrespective of large dynamic parameter variations.

The dynamic equations of the reference model described in Eq.7.17 could be

written as a continuous time state space equation of the form

Xm(t) = A Xm(t) + D W(L) (7.92)
You(t) = Con Xm(2)
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Fig.7.2: Sprung and unsprung mass absolute displacement system gain factors
with respect to excitation input.
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where.

— j AV PR i
‘\m = l AZm }m = Gmb
An = [_.(Z:zn_ _Q&]Dm:{l{\gﬂ Cm:[IQ 0]

The continuons time state space equation 7.22 could be transferred to discrete domain

mode] as

Xul(k + )R] = Qulh) Xn[kR)] + Fn(kh)W[kA] (7 23)
You[kh] = Con Xin|kh)
where,
Qu(h) = eAnt
fm(il) = l:fl)h C'Amudl/] Dm
The above equation could be transferred into a transfer function form as
Vlk] = Co [oT = Qu(B)] ™ FunlR)WIK]
(7.24)

Ymlk] = q") W k]

(a~!

Multiplying the above equation by the interactor matrix selected for the vehicle model

UQYnlk] = STk

Yaulk|E(g™) = H(g WK

we could derive
(7.25)

where, H(q™!) for the reference model could be evaluated by knowing the order and

the coefficients of both (q) and H*(¢7!).

7.4 Discrete Model Reference Adaptive Control
Design

A DMRAC is used to achieve the reference model following for the actual vehicle

suspension model. Here the controller designed incorporates the reference model
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structure and the linearized actual vehicle model as derived in the previous sections

the following form for the model reference adaptive control
E(g7"U(q) = F()A(¢g™") + Gi{q™Y) (7.26)

In the above equation E(q~!) and A(q™!) are assumed as (2 \ 2) matrices derived
from the polynomials £(q') and A(g™') which are multiplied by 7,. Knowing the
max delay dpnor 1n U(g). we could evaluate the maximum number of terms in the

polynomial F(q). Let us assume F'(q) to be of the form

F(q) = Fog® + Fig* ="'+ + Fupanq

—
=1
| 5%
=1
—

But to know the order of the matrix polynomial G(g~"') we should observe the product
E(¢g7V)U(q). In this product knowing the order of the polynomial (47!} we can
observe the minimum order of q in the product E(¢~')U(q) or the most negative
of the terms (d; — 8) and (dy — 8). Then the order of G(q™') would be d,,,,

maz |d, — 8| for i = 1,2. The polynomial matrix G(q~!) is chosen as

Glg) =Go+Gig™" + -+ Gy, g " (7.28)

min

The coefficients of F(gq) and G(¢™!) are (2 x 2) matrices and the polynomials are
modified to suite the predictor equation of the form Eq.7.26. The predictor form
in Eq.7.26, the coefficients of the matrices A(¢~!) and E(g™!), the interactor matrix
U(q) along with the values dnin and dnq: are used to solve for the coeflicient matrices

in polynomials F(q) and G(q~'). This is represented in Eqgs.7.27 and 7.28. The
g 0
0 g%
d, and d, are the time delays and the value dyq; as a maximumof {d;,d;}. Then the

interactor matrix U(q) is assumed to be of the form where, the values of
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matrix polynomials E(g™'), A(¢™!), F(q) and G(q~') are assumed to be of the form

-1 [ o+ eig™! + + esg 0
Elgo')y = cg=1 4 ... -8
] 0 €gt+e1g” + -+ egq
4((—1) _ [-(10+a1q—1+"'+a‘3q—8 0
A ] 0 ag+ayg”' 4+ -+ 4 agq®
, [ FORT] AY R g Flyae-t Flapma1
12 (‘1) - ] [;'03 Fo4 } q + F]S Fl4 q +-+ F3dm“_] F“dmu—l
[' G 1 G 2 G 1 G 2 el G2
T | - 'o' o 7] 1 -1 .. dmin dran —dyman
(,(q ) - i God G04 + G13 G14 q + + Gad""n G4dm.n q

Substituting these in the predictor equation of the form in Eq.7.26, we could solve

for various coefficients in the unknown matrices of the polynomials F(q) and G(¢™!).

Example: For Solving Matrix Polynomials F(q) and G(q™!)

Let us consider an example assuming the delay terms in the interactor matrices
as dy = 3 and d; = 1, which are dictated by the hardware and controller software

delays in the actual implementation. This implies dyer = 3 and dp,y = 7.

Then the interactor matrix ¢(q) and F(q) could be written as

_|¢o
Ulg) = [0 q}

Flq) = Fog® + Friq® + Foq

(7.30)

Knowing the matrices £(q™') and A(q™!) as represented in Eq.7.29, we could evaluate

various individual terms on both left and right hand sides of the predictor equation
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7.26 as follows.

C X .
(o=t _ | eog7+ e+ 4+ esqT 0
E(g~"U(q) 0 B

Folaoq3 + (Foltll + Flldo) q* + (1"0141: + Flag [":l“u) gt
R (Folag + 1;'11(17 + Fgl(lﬁ) q—s + (]"\l(lg + ["2‘(17) 11_“ }- I"_»lusq d

F0300q3 + (F03f11 + Flsﬂo) g+ (Fu‘;ﬂ'z + Filay + f":“”n) gt - -
L + (F03(13 + F13(17 + Fg‘s(l(;) q__5 + (1"1303 -+ }“g“lh) q““ + 1"3“(15([ ’

F02110113 + (F02¢11 + F12au) g + (Fo!(l'z + Fyay + Ffllu) qt---
e 4 (F02‘18 + F12(17 + F2206) (]_5 + (F]Q(lg -+ I'ﬁ')‘:ﬂ-‘-) q——ﬁ + I"_»',(I,;([ :
F04¢10(13 + (F04al + Flllao) ¢t + (1"0"02 + Flay + 1 "h)) q+ -

.

e (F04‘18 + Fyla; + Fz“’ae) q 7%+ (Fx"ﬂs + 1“2"“7) ™" b yasg
Go' G’ Gi' Gi* GG
-1 = ~1 e ‘. ‘ -
G(q ) - [ GO3 G04 + G13 G14 qg + + (1'—-" RN

Observing the left and right hand terms of the predictor equation which are de
scribed above we could eliminate some of the unknown coefficients. Since the ele-
ments [1,2] and [2,1] on the left hand side are zero and all of the coefficients ay, -« -, ax
of the determinant matrix are not equal to zero, we can conclude that (I’},’, 2, I"f),

(Fos,Fla,F23), (G02,G12"'G72) and (G’oa,Gls ‘- 073) are all equal to zero.

-




On simplification of the right hand side of the predictor equation we obtain
F()l(loqs'f (Fol(ll + Fl‘ao) q2 + (Folag + Fllal + FZIQO) g+---
Flg)A(q™) + Glg™") (['}’1(15 + Fylart leas) e+ (Fllas + F21a7) ¢+ Folasg™

0

[‘blaoq3+ (Fol(ll + Fliao) q2 -+ (Folag =+ F]l(ll -+ Fgl(lo) q-t--
(Folas +Flar + leae) 7+ (Fllas + F2107) g%+ Fatasy™ |

(7.32)

On equating the coefficients of various polynomial terms on the left and right hand
side we can solve for (F})l.FIl.F;;l) and (FJ.F{’, Fg“) recursively. These could be

substituted to solve for various constants of the matrix polynomial G(g7!).

Writing the determinant (.‘i(q’l )) as a matrix, Eq. 7.11 could be written as
A K = BU(¢)AUK + B2 (¢™) AWK (739)
Multiplying the vehicle model in Eq.7.33 with the matrix polynomial F(g) it can be
expressed as
Flg)A(g™)Y[k] = F(q)BY ¢ ) AUK] + F(q)B* (¢ ) AW [] (7.34)
But on postmultiplying the reference model predictor given in Eq.7.26 by Y[&] we

have
E(q"U(Q)Y[F] = Flg)A(g~"Y k] + G(¢ )Y K] (7.35)
On substituting Eq.7.34 in Eq.7.35 we obtain
E(q™U(QY (K] = G(g™")Y[k] + F(9) B (¢)AU[K) + F(q)B* ¢~ ") AW[K]
(7.36)




This equation can be written in the predictor form as
E(@ YUY (k) = a(¢ Y [k] + 3 (¢ DALA] + F (g A4 (7 37)

where,
alg) = Glg™hH

= C;D+ qu_] + -.+(:d q‘limun

mn

= a,ta;g'+ - +ay q"d"""

3¢ = F(g)B'¢™)
= Blypaegd™es T b R F ST e 3L g e

3%q™") = F(@)B*q™)

= ﬁtl-dma:—*-l]qdmax—l + e . + d[{.x]q + ,j(‘; _+_ J'lu'q‘-l + - '*_ }j;;' (I—J,,,m

Equation 7.37 could be represented as following transfer functions to apply the con

dition on the interactor matrix as discussed in Eq.7.12.

S = 8'() o
- {E(q-’)u&)_a(q-n)] =Tav (4)

20U

(7.38)
Yo _ 32(s7") o
AWH = Eoenb-em=T = law (4)

e 1 . .
To satisfy the condition qlrI: U(q)Taul(q) = &, the coeflicients of the polynomial

e
B8'(q7!) should satisfy
'3[l‘_dmaz+l] == ’(3[1‘11 =0 (7‘(”

This would eliminate the need for construction of an estimator for the control inputs
AU [k +dmaz ~ 1]+ - -+ + AU [k + 1]. But the coeflicients of 3*(¢7") which would
need a preview estimator of the input could either be estimated or made zero. A
preview of the input excitation could be used to evaluate the excitation input values
such as AW [k + dmar — 1]+ - -+ AW [k + 1]. The preview control of this form has

been used in the past for the active suspension systems. The adaptive control could
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be implemented wath the coeflicients

‘jfz—dmax+l] =

Without lass of generality. these coefficients are not made zeros by considering the

preview control. The total estimator model can be written as

Elq™ YUY K] = alg™ YK + [+ 31q7 4+ + 3 g7 | AU+
[d[z"'l'ﬂux“}'”qd"‘axﬁ] + T + J[_l]q + 33 + 312q- + Tt + '33m|nq—dm‘"] A‘/"’[k] (7'41)

The above equation which is in the form of nonlinear model could be converted to a
linearized model in terms of the controller output. On substituting Y [k] = U (q)Y k).

we obtain

E(q™")WIk] = alg™ )Yk + [} + Blg™ "+ + 3} a7 AU+

m\n

[uf_,,mm,]qdw*‘ tos+ ge+ R+ He A+ ddmmq-dm"} AWk (742)

Multiplying both sides by [.301]_1 we have

LTV = a'le ™Y+ [T+ 8V (67| AUT + 870 7] AWk
(7.43)

where,

4} (q_]) = Q"—f + %}-q'l + -4 Eﬁm_q-dmm

Q

= oo+ a7+t g, g7
3 = 3N = Sl

= Bly [d;q‘l 44 j(}mmq-dmm]

0

- 311 q -1 . + 31 q"dvmn

min

xi-) ((1"1) = j‘g [3[.‘1dmax+1]qdmax"‘ + N _+_ Bﬁ—l]q + ,,30 /32 -1 . _+_ d}mmq—dm,"]

= [‘itid",a,qu"'““ b B e+ E 3+t Bg;mq-dmm]
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The equation 7.43 could be rearranged to be represented in the form
1

TE@W k] =g k) - SNVAUK — 3 (@ AW
M0

AUk =
L

The vehicle model in Eq.7. 14 can be conveniendy represented in the veetor form as
AULK] = T olk) (7. 19)

where,

] t ' ' ):

! ! ’ t
- - “e | B ! R P LN 2 A
- - [ao‘ O" h Odmln N ‘3l * N jdmm * “}l"timur“*‘]) * ° ‘)[“- |]‘ .i” * * jlinun * ““)]

O[k] = {—'}[k]r. —}[k - 1]T. R “}'[k bl dmm]T. —Alv{k - l}r, (N “‘/XI l'[‘. ‘lmlnll .

AWk + dpaz T =AW+ 1 =AW =AW - din] 'Y [A-1"1"

Y[k = E(U{yjr K]
The number of control inputs in vector Al/[k] are 2 (= m) and hence, the contolle
parameters matrix (@T) is of the order 2 X 2 [dpnqr + 3duin + 2] which is of the form
(m x mn). Butif the controller parameters (+37) in the above cquation are assumed
to be known, then the above model can be converted to a control law with the system
output being the desired output of the reference model given by Eq.7.25. Fq.7.25

could be written in the form
E(q7 )Ykl = H(qg""\W(k] (7.16)

The control law is chosen so that Y'[&] — Y. [k] (the output of reference model). To
derive the control law we would ideally like to have

Y (k] = U(q)Y[k] = Yulk] = U(q)Y;u (K]
E(q ) U(q)Y[k] = E(q~" )U(q)Vn[A] (7.47)
Y[k = E(q )V [k] = E(g™")Vulk] = Vn| k]

On substituting ¥ [k] from Eq.7.45 in Eq.7.47 and further substituting in £q.7.16 we

obtain
Youlk] = Y[k = H(qg™")W[k] (7.48)
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On substitntmg Eq.7.1% 1 the Eq.7.45 and by replacing Y[k} we obtain the control

law of the form

AUk = =T (k) (7.49)
where,
O TRV SR S PIRRRNE AN SUPRR O
okl = {—Y[k]’.—}'[k— U Yk = don) T =AU = 1T =AUk = dyin] 7 i
AWk 4 doar T AWTR 1T = AWK = AWk = dpaa] T Vo [K]]

VolklT = Hig )Wk
Since the controller parameters are not known exactly. we estimate (=7) by using

least squares estimation and evaluate the above control law (Eq. 7.49).

7.4.1 Controller Parameters Estimation Law

A modified version of the least squares estimation which updates the controller pa-
rameters as a matrix rather than as a vector has been derived in this section. Least
squares estimation which updates the controller parameters as a vector could be re-
ferred to in Ref.[146]. The linearized model in Eq.7.45 could be written in the form

where the output (AU'[k]) at any & is evaluated based on the previous values. There-

fore we have

AUk ~ d] = &Tolk — d) (7.50)
where,
r _ , , , ' ' ' ' ’ [ N 1
- - [00.0]‘“. .Qdmln’d} T '3¢}mm'di2‘dmor+]].... ‘5f_ll’ﬁg "..“3jmm.3g}

ok —d] = [_)'{k —dT Yk —d= 1)1 =Yk = d = dmn)T. -AUk —d = 1)T.-- .
~AUk - d —dpan]T =AWk —d + dpoe)To - AWk = d + 1]7.- -,
AWk = d]T =AWk = d = dpoo] 7. T [k = )]

Y[k—d] = E@YUq)Yk-d]
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In the above equation ecach DOF could be represented separately as

RV ART RN . S
A( :lL d”“‘ - { !l\mn O[L {?mu\l lTJ.\‘\
where, < {1.m}
which could Le modified to be of the form
Al“ - J“l\l = O{k-(”lil\m: ra WA

For different values of (1) we obtain different equations corresponding to varnons

DOF's. All the equations could be combined to form the tollowing matniy equation

AUk~ d) ok —41]1 0 . 0 .

AU (k= d) \ O[A‘ — (1]1 . 0 ) )
. = . . . L

Al..m(k - d) mx1 0 0 . 0“\' - (I]I . m s e )

The above equation could be represented as

AUk =d)], ., = lk=df N (7.51)

mamun ‘el

The recursive least squares estimation for the multi-output svstem described
in Eq.7.34. where the controller parameters are updated as a vector has been denved

by minimizing a performance index { PTv) of the foim

PIvZ) = LE—Zo) P teh, [arth-d - ko

(7TH9)
RVIAUk = d [k -d) )

where. N denotes a big index of data vector and -, denotes the unknown true value,
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of the controller parameter matrix. The weighting matrices P and R are of the form

rpl) 0 0
0o P ... 0
e -
L 0 e P mmnxmmn
[ 11 0 0
R _ 0 7.‘2x 0
o Ty
L O e T

where, t € {l,m}
T, are set of scalar quantities

On further matrix manipulations, evaluating the minimum of the PZ x(&) by equating
A PIn(5))
95
output least squares algorithm of the form

= 0 and using various Lemmas as in Ref.[146], we could derive the multi-

- - Plk-d-110(k-d) [ AUlk-dl- 01k~ Blx—1]
Sk = ofk-1] + R+Ok-d]T Plk-d-1]0[k~4]

, — Dl Plk-d—1]@[k-d]@[k—d])T Plk—d~1]
Plk—d =Plk—d-1] ~ [R+®[£—[d]Tﬂ[k[—df11]®[[k-d]

(7.56)

where, é[k] and é[k — 1] indicate estimated values of the controller parameters at

any instant [k] which are based on the previous instant [k — 1].

In the above Least Square Algorithm (LSA) estimation equations the controller
parameters are updated as a vector of order (mmn x 1) and the Projection Operator
Matrix Pk — d] is updated as a (mmn x mmn) matrix. Updating such a higher
order matrix for large number of DOF’s and small sampling times would require
higher computational efforts. Hence a modification of the above described algorithm
is derived. This updates the contrcller paiameters as a matrix of order (m x mn)
and the projection operator matrix as (mn x mn) matrix. To achieve this, the above
equation is expanded to be represented as matrix update equations using special

properties of the constituent matrices. Since the matrices are diagonal in nature it is
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possible to write Eq.7.56 as

2k =S k= 1]+ POk —d = 1)6[k - d] [r,\1 + olk — TPk - d — o[k - d]]“
[Al'l[k - ‘ﬂ - CS[’\ - d]Té,[k - 1]]
.k = Bulk = 1] + POk — d — o[k - d] [r + 5[k — AT POk —d — 1]ek ~ ]|

AUk = d] - 6l — dT &,k ~ 1))

Bnlk] = Bk — 1] + Pk = d — 1]k — d] [P+ 8[k = d]TPI [k — d = 1]3[k — ] o

AUk~ d} — alk — d)7 S, [k ~ 1]
And the projection operator terms as

POk —d] = POk —d— 1] - POk ~d ~ 1)k ~ d] [r1y + [k = d]T POk d ~ 1]
3l — d)]” Bk — dT Pk —d — 1]

POk — d) = POk — d— 1] - POk - d — 1){k - d (i1 + Blk = d)T POk — d - 1)
3k — )] Bk — dF POk - d — 1)

Pk — d] = POk —d — 1]~ POk~ d — 1)g[k ~d] [ray + o[k — d]TPUI[k — d - 1]

8k — ] 6lk — dP Pk~ d - 1)

where. 1 € {1,---,m}

In these equations each of the submatrix (P*{k~d]) of the yrojeciion operator matrix
P is of the order (mn x mn) and ¢[k — d] and r,, are of the orders (mn ~ 1) and
(1 x 1) respectively. An assumption that the initial conditions on the submatrices
of projection opeistor matrix are all equal and are assumed to be matrices of the
following form is made.
POl = P
PO} = . =PO[0]=-.- = PmI0] = Py

where, 1 e{l,---,m}
j € {_d,...’()}
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From Eq.7.57 it can be observed that the Projection operator submatrices are updated

on the basis of the previous terms (?)[k — d] and r,,, hence
PUk ~d] = Fr. POk — d = 1). glk — d), ) (7.59)

Let us assume the gain matrix to be of the form
R =11,

=T ==y =0 =T, =T
I2q.7.57 could be simplified by using Eqs. 7.58, 7.59 and 7.60 and applying the process

of Mathematical Induction as follows

Step 1: At the initial conditions (¥ = 0) the Projection operator submatrices are all

equal and are equal to (Pg7).

Step 2: Let us assume that the Submatrices (P*)) are equal for all values of i €

{1,---,m} at some [k - d — 1]

Step 3: From Egs. 7.58 and 7.59 it could be deduced that the Submatrices (P!)

are equal for all values of i € {1,---,m} at [k —d]

Step 4: Hence the Submatrices of Projection operator matrices are the same for all

i € {l.---,m}as k — oo.

The simplified form of Eq.7.57 for any ¢ could be written as
Pl = d - 1)@lk — d) [AUJk = d] - 9k — dTEilk ~ 1]]
[r + @lk = dTPr[k — d - 1][k ~ d]

éx[k] = éx[k - 1] +
(7.61)
P{k — d— 1)6(k — diglk — 7P [k~ d— 1
[+ 61k — dTPe[k — d — 1)glk — d]
where, the matrices P*[k — d — 1] and P*[k — d] represent the submatrices of the

Plh—d=Pk—d—1]-

Projection operator matrix P. Above equation could be expressed in the form

Pk ~d - 1]¢lk — d] [AU[k - d]-
[r + glk — d|TP*[k ~ d ~ 1] g[k — d]]
Bk — A&,k —1]] (7.62)

[Buk] - Sk~ 1)) =
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The above equation represents that every set of controller parameters (;:\,[/r]) of order
(mn x 1) differ from the previous values (é‘[k - 1]) by a constant times the ervor.
Equation 7.61 could be transformed to & row matrix by a transpose operation to the
following form

AU.[k—d]—g:-,[L-1]T¢[k—d]} olk—d]T P h~d- 1)

7.63)
Tr+olk=dITPolk—d-1)T alkd]] (-6

éz[k]T = éa{k - 1]T+ {

Equation 7.63 for different values of 1 € {1.---.m} could be used to form an array of

matrix updating equations of the form

[AU[}: —d] - &k = 1)Tolk - d]] olk = TPk —d ~1]"
[+ 6k — d)TP-[k — d — 1}7é[k — d] o

Ek)T =&k -1 +

Pk —d—1]élk = dlo[k - d"P[k - d - 1]
(r + 6lk = d|TP[k — d = 1)7 [k - d]|

Plk—d) =Plk—d-1] -

(7.6:1)

é,[k]T

-~

where, ST =¢ Bk 1}

\ ém[k]T /
The Control law in Eq.7.49 could be modified by using the controller parameters

estimation law derived in Eq.7.63 as
AU = k)76 ] (7.65)

The basic convergence properties of the least squares estimator with the parameters
being updated as a matrix are derived as described in Appendix C. These are based
on the properties of a least square estimator, where the control parameter is in the
form of a vector {146]. The global convergence properties of the multi-input multi-
output DMRAC system with the above control law applied along with the least
squares estimation are proved as described in Appendix C. The algorithm as derived

in Appendix C shows strong global convergence for a highly nonlinear time varying
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problem along with the presence of least square parameter estimator. The design’s
convergence is enhanced by the judicious application of basic convergence properties
of the parameter estimator. The controller hence shows a closed loop stability and

the output tracking error asymptotically goes to zero giving perfect model tracking.

7.5 Simulation Results

The discrete adaptive controller developed is implemented on a multi-degree of free-
dom NTV half-car model as shown in Fig.2.9. The adaptive active suspension results
are compared with that of a passive suspension and the reference model throughout
the presentation.

For simulation purposes the following nominal parameter values for half-car model

are assumed.

M =500Kg, K" = K, = 1T 8, 7 = €7 = 2500 22, 1 = 300 * (1.5)? kgm?,

Kure” =100 22 K, = Koy, = 8052 D =025 m, dy = dy = 1.5 m.
The reference model parameters are chosen as follows.
My, = 500Kg, Km, = K, = 1T 8, Cpy = Cy = 9 ¥ D, = D, = 9 E¥s,

I = 500 * (1.5)? kgm?, Kp,,,, = 100 X,

The DMRAC controller designed is implemented on a computer and the vehicle
model is subjected to various excitations and operating conditions as assumed in
chapter 2, under Parametric variations mode I with Excitation mode [ and Ezcitation
mode [I. The controller designed should be robust to this type of parameter variations
and at the same time should be able to achieve the optimal performance as required by
the reference model shown in Figs. 7.2 and 7.3. The controller should also maintain
static equilibrium levels under Parametric variations as described in mode I and is

robust to the operating conditions.
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7.5.1 Time Domain Results for FEzxcitation mode I and Para-
metric variations mode I

The half-car NTV active suspension model as shown in Fig.2.9 has been subjected
to the adaptive control actuator forces calculated from Eq.7.65. The time domain
results are obtained by solving the dynamic equations 7.1 subjected to the parame-
ter variations as described by Parametric variations mode I. The passive suspension
response indicates the output by solving the NTV model. The reference model re
sponse indicates the dynamic performance of reference model shown in Fig.7.1 and
is obtained by solving equation 7.17 subjected to Ercitation mode I. Fig.7.1 shows
the carbody bounce DOF absolute displacement response in the titne domain for the
reference, active and passive models. The adaptive active suspension adapts to the
reference model within first 4 secs.. but deviates slightly at the 20** sec. when sub-
jected to acceleration manoeuvre. But the vehicle active suspension model adapts
to the reference model within the next 5 secs. and remains robust for any [urther
variations. The response is very robust in the bounce DOF at the 40 sec., when the
vehicle under goes rapid deceleration manoeuvre. Fig.7.5 shows the pitch DOF angu-
lar displacement response for reference model, adaptive active suspension and passive
suspension models. This figure indicates that the adaptive active system adapts to
the reference model within 4 secs., but the controller provides the actuator forces nec
essary at the 20" and 40 secs. for elimination of squat and nose dive respectively.
Fig.7.5 shows the comparison of passive suspension with respect Lo active suspenss
and also indicates elimination of 6° of nose dive during braking manoecuvre due to
adaptation capabilities of active suspension. This figure shows the positive benefits
that could be achieved by incorporating adaptive control techniques in the active

suspension implementation.

Fig.7.6 shows the leading and trailing actuator forces that are evaluated and
applied by the adaptive active suspension. This figure also shows that the leading ac-

tuator applies a compressive force whereas the trailing actuator applies a tensile foree
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at 20-30 secs. range. to compensate for the squat phenomenon due to acceleration of
the vehicle. But during the deceleration at 40 sec., the polarities are reversed and
the leading actuator applies a higher tensile force to reduce the nose dive phenomenon.
The actuator requirement as seen in the figure needs to be studied for the type of
actuators needed for implementation. Figures show reasonably lower values of the
forces required for the adaptation and maintenance of model following phenomenon
due to the failsafe configuration. The average value of the actuator force needed at
acceleration and deceleration conditions indicate the load shifts during manoeuvres.
[ig.7.7 shows the error in the model following between the active suspension and the
reference model in the carbody pitch DOF. This figure also indicates that the error
behaves as an undamped systern when excited by a disturbance but has a negative
exponential window function that reduces the amplitude to zero at an exponential

rate. The error function for other DOF’s shows similar performance.

7.5.2 Time and Frequency Domain Results for Excitation
Mode 11

The models described earlier are subjected to the dirt road random excitation input
as described by Ezecitation mode II. Figs.7.8 and 7.9 show the time domain bounce
and pitch DOF responses for the reference, active and passive suspensions. These fig-
ures indicate that the active suspension system adapts to the reference model within
the first 4 secs., and remains robust during the period of operation. The active sus-
pension follows the reference model response very closely through out the simulation
period. The reference model responses in the frequency domain have been presented
in Figures 7.2 and 7.3. They indicate good vibration isolation and reduction of the
suspension travel at the same time. The adaptive active suspension time domain
results which indicate good adaptaticn to the reference model extends similar re-
sponses in the frequency domain. Hence an adaptive active suspension achieves an

optimal performance by reducing the vibration isolation and suspension travel, but
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at the same time satisfying the adaptive active suspension requirements. Some of the
results indicating the system response for Ezcitation mode Il are presented in this
section. [ig.7.10 shows the system gain factor of leading unsprung mass bounce dis-
placement degree of freedom with respect to the leading excitation input. This figure
shows the adaptive active suspension response to coincide with the reference model
response over the entire range. The suspension response indicates higher magnitudes
at the natural frequencies and higher frequencies. Figures 7.11 and 7.12 indicate the
system gain factor representation of the leading suspension and unsprung relative
displacements with respect to the leading excitation input. The responses in these
figures also indicate that the adaptive active suspension closely follows the reference
model for the Ezcitation mode Il. These figures indicate reduction of the relative dis-
placement responses at the natural frequencies compared to the passive suspension

response.

7.6 Discussion

Simulation results obtained for the deterministic input are based on the sampling
interval of 0.01 seconds. Since the sampling frequency is not very high, the hardware
necessary for practical implementation need not be sophisticated. This would also
increase the reliability and ruggedness of the hardware that could be used and at the
same time would reduce the installation and maintenance costs. A lesser sampling in-
terval would improve the tracking performance further due to faster computer control.
The initial controller parameters (élr) can be chosen to be of any arbitrary values.
Better transient response in model following could be achieved by having some knowl-
edge about the initial values of the gains. The reference model need not be physically
realizable and its parameters are coded in the controller. The performance required
could be specified by varying the damping and natural frequency parameters of the
reference model in the controller. The active suspension results obtained above could

be varied by just specifying the reference model parameters. The control law derived
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in Eq.7.65 indicates that some sort of preview control is necessary. Controllers based
on preview sensors have been designed in the past which could achieve some excellent
qualities of vehicle performance as discussed in Refs. [1] and [161]. But estimution
equations could be developed to estimate these values based on past knowledge. Also,
since the controller is adaptive in nature, these terms could be truncated and other

gains would be updated depending on the error.

A MDOF MBAC control system with a decoupled and a decentralized con-
troller can be designed. This assigns an independent processing unit for each DOF.
The decentralized structure and the simple controller makes the scheme computa-
tionally very fast and is amenable to parallel processing implementation within a
distributed compuling architecture, with a microprocessor dedicated to each DOF.
Decoupling of the actuators in the case of MDOF would give an improved performance

and at the same time would ease the controller design and implementation.

7.7 Summary

The adaptive control of active suspension for a multi-degree of freedom system has
been analyzed in the discrete domain. A half-car nonlinear time varying model has
been represented by the dynamicequations. A dual skyhook reference model that was
used for model following has been represented in terms of the dynamic equations. De-
terministic auto regressive moving average (DARMA) models for alinearized half-car
and a reference model have been developed and used for DMRAC control involving
recursive least square estimation and covariance modification. A modified version of
the least square estimation in which the parameters are updated as a matrix thereby
reducing the order of the projection operator matrix has been implemented. This
reduces the computational efforts in evaluating the adaptive control law and estimat-
ing the controller gains. Simulation results in time domain and frequency domain

for Ezcitation mode I and II and Parametric variations mode I have been presented.
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The restlts indicate good initial adaptation and the adaptive active suspension is

very robust for large dynamic load shifts during longitudinal manoeuvres.



Chapter 8

Experimental Validation of
Failsafe Adaptive Active
Suspension Simulation Results

8.1 General

This chapter enumerates the efforts made in the experimental validation ol single
degree of freedom (SDOF) adaptive active suspension. It has been a challenging af-
fair for the research community to validate the theoretical results obtained in active
suspension. In the literature, no efforts have been made for experimental validation
of adaptive active suspension in general and a failsafe adaptive active suspension that
requires less control forces in particular. The force generators being the most impor
tant component in the hardware that is required, the state of the art in implementing

active suspension in terms of actuators used is briefly itemized below.

Electromagnetic: The electromagnetic actuator has been found to be very promis-
ing because of its robustness and reliability as '+ has the advantage of having
few moving parts. The frequency response is very good even heyond 50 Hz

but its high weight can hinder it for varivus applications. Prototype actuators
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have been constructed and tested, and the results show that acceleration in
the vehicle body due to rigid modes can be halved and bogie modes have been
very effectively reduced helow 8 Hz. Unlike other actuators this does not need
high power even at higher frequencies. An improved active magnetic suspension
configuration with a position controller was proposed by Sridharan [149]. A BT
10 rail bogie attached with neat double acting magnets between bolster and
bogie has been described in Ref.[39]. This reference also describes the results
for bogie and pitch modes obtained. Stuart of Aura systems, Los Angeles in
Ref [150], described the success of smart magnetic suspensions vhich consume
no more than 0.25 horsepower (hp) under normal conditions and utmost 3 hp

in severe manoecuvre such as panic stops from the engine through an alternator.

Air-pump Actuator: The air pump actuator replaces the fixed volume reservoir
with a variable volume which is varied by moving a diaphragm in and out via
a nut and lead screw through an electric motor. The ride height and force
transmitted are changed as functions of pressure and volume of the air spring.
An air pump actuator was fitted to an Advanced passenger Train (APT) test

vehicle and the results for pitch and bounce motions are described in Ref.[39].

Servo-Hydraulic Actuator: A servo-hydraulic actuator for lateral suspension con-
trol has been placed in parallel with the air springs at each end of the APT test
vehicle. The improvement obtained in the lateral oscillations for force levels of

2-3 KN rms and power consumption of 1 kW per actuator is described in [39].

Electromechanical Actuator: Here, an electric motor drives through a belt to a
leadscrew lying parallel to the motor which operates between the body and the
bogie frame. This can be used to replace the lateral damping hence realizing a
pure active suspension. The actuator can also be deemed as a failsafe suspension

as it acts as an electrical damper in case of a failure of any active component.

Electro-Pneumatic Actuator: This has been used successfully for railroad pas-

senger cars where the pneumatic servo elements are mounted parallel to the
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conventional air spring and lateral hydraulic damper. About a 50% reduction
of lateral vibration was found when tests were performed with the series |A18)
limited Express Electric cars on the Touhoku line by Okamoto et al. {151] and
[152]. Discrete time state space equations incorporating the control valve delay
of electropneumatic proportional pressure control valves and the results of a
pneumatic active air suspension have been discussed by Matsushita et al. n

[153).

Due to the availability of hardware and expertise in the servo controlled electro
hydraulic systems in the Mechanical Engineering Department and in particular to
vehicle systems at CONCAVE Research Center, Concordia University, a hydraulic
force generator has been chosen. The following sections describe various steps winch
were taken both in terms of hardware and software and their integration to realize a

complete setup.

8.2 Initial Hardware and Software Setups

In this section, a brief description of various hardware and software tools developed
for final implementation of SDOF adaptive active suspension has been given. The
components and all the circuitry have been built as modules and ate tested indepen

dently for the evaluation of their characteristics.

8.2.1 Software Modules

For the purpose of practical implementation, the SDOF discrete model reference adap-
tive controller (DMRAC) developed in chapter 4 has been transformed to a software
module. The software has been mainly divided into two capsules which have been

designed for a PC basel system using C language and Graphical routines. Capsule A
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provides a Windows based selection of the test parameters. The menu driven Win-
dows prompt for various provisions, collects the information and stores it as data
files. This provision would simplify the testing procedure by selecting various exci-
tation inputs, both deterministic and random, and various vehicle model parameter
variations. Figure 8.1 shows a complete self explanatory snap shot of the final test
data entry screen for the adaptive active suspension simulator. As shown in the final
screen, it is an interactive program which accepts various time domain parameters
such as simulation interval and time step for the control. It also selects various deter-
ministic or random excitation inputs to check the adaptation capabilities. As shown
in I'ig.8.1, a wide selection of deterministic inputs are incorporated. The program can
also generate random excitations of the nature of Asphalt road, Dirt road and Paved
road. The data selection provision incorporates either selection of nominal values,
changes whose knowledge is basically used to evaluate a comparative passive suspen-
sion response. A priori knowledge of these values or changes are not necessary for the
actual controller. Approximate nominal values for the passive suspension simulation
and a reference model are required to be given along with the approximate time de-
lay in terms of the time step. Information about the controller status (on/off), type
of controller gains estimator are also given. Finally, the program displays complete

selected parameters for evaluation and check out.

The second Capsule B is the controller module that uses the selected infor-
mation in Capsule A and involves the data acquisition from the actual hardware and
control input modulation. Omega (Metrobyte) data acquisition board DAS 20 has
been used as a hardware interface. C language server routines have been used for the
DAC/ADC operations. The complete vehicle control program contains modules for
excitation, state space representation of the reference model, state space represen-
tation of a passive suspension model. Runge-Kutta Solver, Controller modules and
finally the interface with active suspension hardware. All these modules are inde-
pendent and could be varied independently for any changes required in that module.

DAC ports of the hardware interface unit have been used for sending digital to ana-
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log command signals 101 the primary excitation hydraulic circuit and the secondary
actuator to implement the controller output. ADC ports are used for data acquisi-
tion and feedback signals. The controller module involving the recursive least square
estimation of the controller parameters with covariance modification as described in

chapter 4 has been developed to calculate the control force required by the actuator.

As shown in Fig.8.2, the software provides graphical display Windows for on
line simulation and animation of the results. The simulation Windows indicate the
performance of the controller and allows for comparison with the passive suspension.
The suspension parameters which closely coincide with the actual model have been
used for the on line passive suspension simulation. The animation Window would in-
corporate th- signals from the feedback sensors and are used for graphical illustration
of the experimental results. The provisions of simulation and animation Windows
are very advantageous for the demonstration of test results and would increase the

portability of the testing procedure.

8.2.2 Mechanical Hardware

A servo controlled electro-hydraulic position and force feedback software and me-
chanical hardware modules which form the excitation and actuator forces for the
over all system implementation are described in Appendix D. These systems have
been developed independently and are tested to evaluate their characteristics. ‘The
mechanical hardware involves a servo controlled electro hydraulic actuator with all
the hydraulic accessories and horizontal test bed involving the fixtures and feedback

signals monitoring instruments.

Appendix D describes the hydraulic actuator with the servo valve and the
analog controller used for implementing the position and force control. The test
results with various calibration curves are also documented in Appendix D. T hese

results indicate good performance characteristics of the force controller and could be
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integrated as part of the failsafe active suspension.

8.3 Single Degree of Freedom Adaptive Active
Suspension Experimental Setup

Various sub setups (discussed in Appendix D) along with some further hardware have

been used to realize a complete adaptive active suspension setup.
I

To experimentally validate the SDOF adaptive active suspension described in
chapter 4, various vehicle models have been surveyed. It has been very diflicult to
obtain detailed information about various individual components such as dampers
and coil springs for any particular vehicle. A sports model Porsche 928 has been
found to possess some interesting characteristics. This vehicle is considered to be a
sports coupe but possess low sprung mass bounce frequency of 1.2 Hz and due to
heavy unsprung mass it possess lower wheel hop and tramp modes of 8.6 Hz. But
it has very stiff roll stabilizer bars for maintaining the required handling/stability of

the wvehicle.

The full vehicle specifications for the Porsche 928 vehicle model from reference
[160] are as follows.
T he Destgn Sprung mass = 13835 ky.

Location of C.G.
dl = 12757’”

da = 1.225m

Coil spring rates
Leading (K;)

i

18.63 A&

Trailing (K:) = 22.55 &
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Shock Viscous Damping C onstant

Leading (C}) = 2500 X

Trailing (C}) = 2500 X
Tire Stif fness (vertical)

Kyye = 175 &
Unsprung mass (M, M.,) = 56 kg.

A lincar time invariant passive suspension model has been derived from Fig.2.9. This
figure shows a half-car model with full failsafe leading and trailing suspensions. Lin-
ear cquations for the vehicle model with the suspension spring and linear damping
between the sprung and unsprung masses have been developed. The homogeneous

equations could be written in the form

MX 4+CX+KX=0 (8.1)
where,
( b
X = | 0
zy,
\ xtl
[ M, 0 0 0
_ 0 Ipms O 0
M= 9 0 M, 0
L 0 O 0 M,
[ G+ G Cidy - Cid, -Cr -Cy
c = Cidy~ Cedy Cidy® +Cidy® -Cidy  Cidy
B -Ci —Cidy o 0
] ~-Cy Cidy 0 C
r 1\’1 + I\’t [(Idl - I(t d2 —K[ —Kt
K _ 1\’[ d1 - I\’tdg I\,[dlz + I{gdgz '—A’[dl I{tdg
B ~K —Kid; Ki+ Kiyye 0
—[\’t I(tdz 0 Kt + I(ta're

Eq.8.1 could be written in the eigen value extraction form as

[K-w?M+i0C]X=0 (82)
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Eq.8.2 is solved for the complex eigen values using modal analysis and the complex

eigen values of the form (a + 13) are

—2.0745 & 2 5.7535
—3.0492 + : 6.9389
-21.2712 + 2 51.5119
=21.2925 £ . 50.2778

(8.9)

The undamped natural frequencies in Hz. could be extracted from the above equa-
tions as w, = Va? + 52 as

0.9734
\ _ | 12063
™) 8.869
8.69

(8.4)

The undamped natural frequencies obtained from the above process for sprung mass

bounce and wheel hop as 1.2 Hz. and 8.9 Hz. correspond to the values given in

Ref.[160].

The frequencies obtained in the previous analysis of this section are hased
on a model which has sprung and unsprung mass as derived in q.8.1. But for the
experimental active suspension model, a SDOF suspension system vith only sprung
mass and coil spring has been chosen. A study has been performed involving various
sprung mass values and coil spring rates to optimize the sprung mass frequency and
static deflection for a SDOF suspension model. But with various limitations on the
amount of sprung mass that could be made available and incorporated onto the test
rig, coil spring rates and free length, a compromisc value has been chosen as follows.
A mass of 300 kg. with a coil spring stiffness of 100 l—:’f which is 17.63 '5"«’:’ has been

used to obtain the frequency of 1.2 Hz.

A coil spring was purchased from Rockwell International based on their repu-
tation for quality, spring rate accuracy and good dimensional tolerances. The static
deflection of the coil spring for the mass specifications as given above is 6.6 in.. 'The
overall free ' >ngth of the coil spring is chosen to be 10 in. (9 in. minimum) with

the provisions for jounce and other allowances. The sprung mass is sirnulated with
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four steel plates of 24" x 24 " x 17 with corresponding holes for fastners which would
weigh a total of 270 kg.. The clevis brackets and other attachments along with the

aluminium and steel plates would amount to atotal of 300 kg. sprung mass.

A Porsche 928 vehicle shock absorber was purchased to simulate the right
conditions for a failsafe activesuspension. A damper characterization test as described
in Appendix D was performed to evaluate the jounce and rebound characteristics
of the damper. A series of tests at various frequencies and amplitudes have been
performed. Since the intended test on SDOF involving this damper is performed for
a maximum velocity of 0.15 I, an average value of 6250 7—\:15 has been used as the

nominal value for the adaptive active controller.

8.3.1 Single Degree of Freedom Adaptive Active Suspen-
sion Hardware Integration

The efforts made so far in developing, processing and evaluating various individual
components and the respective feedback loops have been finally culminated to realize
a complete SDOF adaptive active suspension systern. The discussions in the previous
sections would enumerate the response characteristics of each component and the

circuits which would be integrated into the final setup.

The software modules namely Capsule A and Capsule B have been modified
with the model parameter values such as damping constant of proportionality, sprung
mass etc. The software display module has been tuned to show the .n line perfor-
mance of the experiment. The data acquisition routines involving the DAC and ADC
ports for various data transfers have been reconfigured to access the respective sensors
and actuators. F'ig.8.3 shows the schematic diagram for the hardware and signal flow
connections. The hardware shown in Fig.8.3 includes all the components discussed in

the previous sections, but is integrated to form the adaptive active suspension setup.

o
—
o



L

h £h
B
& £h
— f T tpmmé. MASS R ]
. S
T
LVDT EEEJJ

1:753
o\ ! [
o — [s)
ANALQOG |entlt——— | 4§~ LDAD CELL o ]
CONTROLLER L | — ] o o
o [o]

s i ot — COIL SPRING

o 0 — SPRING
[ % [o]
o o
e} o
o u [o]
o <)
o o
[o] [»)

PORSCHE <eg

SHOCK

ADAPTIVE
ACTIVE SUSPENSION
NTROLLER
CONTROLLE H_\
I_‘[r‘J‘i JE;L _h = e
L [ ] ] 1 [ ]
p w +
MAIN
HYDRAULIC Ll R
CONTROLLER -+
MAIN
HYDRAULIC SHAKER
POWER SOURCE
11—

Fig.8.3: Schematic diagram of experimental setup for hardware implementation of

adaptive active suspension.
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A set of pictures indicating the assembly of the setup are shown in Figs. 8.4, 8.5, 8.6
and 8.7. Fig.8.4 shows the complete setup and gives the dimensional feel of the setup
with respect to the main hydraulic circuit controller. Fig.8.5 indicates the front view
with sprung mass and subframe attached to the main hydraulic actuator. Details of
failsafe active suspension components are shown in Fig.8.6. Fig.8.7 shows the on line
adaptive active suspension siimulator screen that would show the real time simulation

and animation results as the experiment is carried on.

The total sprung mass of 300 kg. including the four (1” thick) plates, alu-
minium supporter holding the linear bearings and clevises are guided by a four pole
subframe that is rigidly fixed. The subframe is hung from the top from a cross main
beam and attached at the bottom to vertical beams. This restricts the sprung mass
to have only the bounce DOF and tries to eliminate any moment onto the actuators
and shock absorber. The bottom plate which signifies the geometric point of knuckle
and axle attachment is attached rigidly to the main hydraulic shaker. The output of
the shaker would replicate the excitation at the unsprung mass location of the system.
As shown in these figures the active suspension components have been embedded be-
tween the top and bottom plates. The Porsche 928 shock has a total stroke of 4”. So
the assemnbly of the suspension along with the coil spring should be adjusted so that
the whole setup moves down by 2" to allow for 2" stroke both in jounce and rebound.
The total sprung mass of 300 kg. with the coil rate of 100% would lead to a static
deflection of 6.6" out of the total 10" free length. To ‘ectively use the free length
and obtain the shock piston to half the total stroke, .ue coil spring is subjected to
a pre-tense of 4.6”. The figures 8.4 and 8.5 show mechanism with a lock nut that
was used to pre-tense the coil to compensate for the static load. A lower spring seat
without an isolator has been designed to have an interference fit with respect to the
shock outer tube collars. The bottom of the shock has been fixed through a clevis
and a bonded spool bushing to the bottom plate. The shock rod has veen fixed to

the sprurg mass through a clevis and the rod end to allow for misalignment.
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Fig.8.6: Picture indicating the
actuator & strut assembly.

Fig.8.7;: The real time simulation &
animation for online display.
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The actuator subsystem along with the calibrated load cell is attached in
parallel to the coil and shock assembly. The actuator has a total stroke of 6", but
the shock has a 4" stroke p-t-p. The actuator stroke has been reduced to protect the
shock from being damaged due to any unstable performance of the system, which
might extend the actuator beyond 2” from the center. A safety provision has been
incorporated by inserting a 2% inch thick stop block with diameter less than the inner
diameter of the cylinder to maintain normal flow of oil towards the rod end of the
actuator. This will provide the hardware safety provision along with the software
constraints to safe guard the experimental setup. The other end of the load cell
has been attached to the sprung mass through a clevis and a rod end to avoid any

misalignment in the setup.

The force feedback circuit has been reinstalled through the analog controller
and an Op-Amp is connected to the servo valve. The position feedback circuit has
been completed through a main hydraulic shaker circuit as shown in Fig.8.1. The
whole setup is being excited by two different hydraulic circuits. 'The main hydraulic
power source has been used for position control of the excitation shaker. The auxiliary
low powered hydraulic power source has been used for the actuator force feedback
circuit. The command signals for both of the circuits have been given through the
same Adaptive Active Simulator Software run on the PC through the DAS-20 data
acquisition system. The provision for obtaining the relative displacement (rattle

space) from the setup through a LVDT has been mad: .

8.3.2 Adaptive Active Suspension Experimental Results

The complete setup as described earlier in section 8.3.1 and the details of the controller
in terms of the analytical results were presented in chapter 4. A sinusoidal excitation
has been chosen and is applied at the unsprung mass location. The results indicate
that the controller adapts to the reference model and achieves better isolation. Fig.8.8

shows how the active suspension model adapts to the reference model. The figure
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shows that due to improper initial co litions the system takes time to adapt to
the reference model. The controller initially reaches a large steady state error and
gradually adapts the gains to reflect the reference model performance. Despite of
the limitations such as the compatibility of the time step of the PC based control
with respect to the main hydraulic controller, the test setup responded well. Detailed

discussion on the experiment has been described in the following section.

8.4 Discussion on the Experimental Results

The analytical results of the discrete adaptive active suspension presented in chapter
4 have been very extensive. This analysis involved complicated deterministic excita-
tion inputs, parametric variations and random excitations. The experimental setup
discussed in previous sections involved various sub components, characterization and
fool proofing of all the circuits. Due to the limitations of the hardware, the parametric
variations could not be implemented. Hence the results indicate only the adaptation
to the reference model. Due to the limitations in the setup, the experimental results
could net reflect the analytical results in a one-to-one match in terms of adaptation
period and model following. Due to the following reasons, the initial adaptation

period has been longer when compared to the analytical results.

1. The controller has been designed to accommodate for time step of 0.01 secs but
the input to the excitation shaker at this rate has been very coarse. The main
hydraulic power source and the shaker - ircuit are more accurate than the time

step chosen for the model formulation.

2. Due to the friction in the system and slight variation of the pressures in the
actuator the initial conditions were difficult to maintain. This also contributed
to the bad initial adaptation of the system. The relative displacement feedback

system from the LVDT was very inconsistent and would not synchronize to the
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initial conditions in the controller. This led to a large initial error that has to

he compensated.

The discrete controller with recursive least square estimator as discussed in
chapter 4 estimates gains better when more frequency content is available in
the signal. But the hardware with the huge sprung mass and subframe limits

the excitation to lower frequencies only.

As evident from any adaptive controlled system, the initial adaptation constants
play a major role in initial model following. This system could be tuned by

varying the adaptation constants to obtain better results.

During the testing process it was assumed that the excitation command signals
given by the main hydraulic shaker was the same as generated in the controller
excitation module. The velocities and acceleration required for evaluation of
actuator force were assumed to be just the theoretical derivatives rather than
actual measured values. So there might be error in the values which were used
in the controller, when compared to the actual accelerations generated at the

base.

Since an analog controller was used for enforcing the actuator force signal on
to the sprung mass, the feedback from the actual force applied has not been
used in the recursive least square estimation of controller gains. The estimator
uses the calculated values instead of the actual force enforced by the closed loop

force feedback circuit.

This being a real time control experiment and being implemented on a slower
PC and data acquisition system, we have been limited by the control imple-
mentation and post processing by the same chip. However, the program was
in C language for faster implementation, and it also does data acquisition and
post processing of the signals. This would lead to extra time delay in the over-
all circuit and gives a zero order hold type of data sampling response with a

larger time delay. Hence the time delays in the circuit was one of the major
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drawbacks of this system. With the advanced dual processor data acquisition
in which the data acyuisition board processor does the implementation and the
PC processor performing the data retrieval and processing [DMA (Direct Mem-
ory Access)], the overall implementation would be better. The controller could
also be implemented in a faster and easy to debug way by using MATLAB's
SIMULINK control software. This would generate the controller code n the
low level machine language which could be embedded in the data acquisition

chip for faster implementation.

Even with these assumptions and limitations, the adaptive active suspension
adapts to the reference model, but takes longer initial time to update itself and to
follow the reference model. The actual system when viewed through the playback
on video would show that after initial glitches it would stabilize and adapt to the

reference model.

8.5 Summary

Experimental validation of the analytical results obtained in chapter 4 coded as Dis-
crete Model Reference Adaptive Control for a single degree of freedom (SDOVT) system
have been presented in this chapter. The hardware (Mechanical/Electronics) and soft-
ware developed for implementation has been quoted as Adaptive Actiwe Suspension
Simulator. A systematic approach that involves recognization of various individual
components and circuits and piece wise characterization and implementation has been
performed. A SDOF system model that would resemble (1:1) a Porsche 928 vehicle
(quarter car without unsprung mass) has been fabricated and installed. A complete
set of the software and the data acquisition system which involve modules for maodel
data entry, controller implementation, graphical display and DAC/ADC routines have
been developed. A complete system integration with the hardware hooked up to the

dual hydraulic power sources and feedback control circuits has been performed. This
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chapter presented the theory behind the selection of various components and their
characterization curves by performing actual individual experiments. Finally the re-
sults of the controller implementation which showed good adaptation to the reference
model were presented. The limitations described for this level of implementation have
been enumerated and discussion on the results has been presented. Recommendations

for a better system are given in the next chapter.




Chapter 9

Conclusions and Suggestions for
Future Research

9.1 General

In this chapter, the analytical and experimental results obtained are summarized. T'he
conclusions based on these results are also described. The analytical and experimental
work on adaptive active suspension which has been described in this thesis lead to a

list of suggestions for future research as presented in Section 9.3.

9.2 Conclusions

Suspension design has always been a critical factor in vehicle design and is being put
to a higher magnitude of importance due to increased demands by customers in terms
of safety and comfort. With the increased use of automobiles in the transportation
sector, the demand for a comfortable ride has been on the rise. However, at the
same time with the speed limits either being raised or removed completely, vehicle
highway safety also plays a very important factor. These lead to the requirements

of vehicle suspension systems that are pressed for a more optimal performance. The
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first chapter described the perspective of active suspension for the vehicle handling
and comfort optimization. This chapter also reviewed the present state of the art on
the active control applications for vehicle systems. A detailed review on active and
semiactive systems in light of concepts and control strategies has also been included.
The first chapter also reviewed how an adaptive active suspension concept is relevant

to active suspension requirements and could provide a better “bang for the buck”.

To emphasize the capabilities of adaptive active suspension and for modelling
purposes, various assumptions have been made and were analyzed in chapter 2. Two
types of excitations ( deterministic and random ) and parametric variations have been
identified for simulation of the results. Various ronlinear properties of the suspension
components have been incorporated and they were linearized about an operating
point. The discussion made in this chapter has been used in various models and also

for computer simulations.

As described in chapter 3, a single degree of freedom (SDOF') adaptive active
suspension has been used to illustrate the concept in the continuous time domain.
Simulation results for Ezcitation mode I and Parametric variations mode I which
indicate the time domain results have been presented. The results indicated good
adaptation and robustness to very large parametric variations. Results for random
input excitation and Parametric variations mode Il have been discussed in terms
of the system gain factors and power spectral density (PSD) curves. The results
presented were encouraging and this prompted further research. Chapter 3 concluded
that a continuous time controller applied for the adaptive active system would produce
all the required results in terms of model following for any excitation and parameter
variations. The frequency domain results also indicated how an optimal performance
(skyhook reference model) in terms of isolation (for comfort) and suspension travel

handling and stability) could be achieved and would be maintained for any gross
parameter variations. These results would substantially validate the requirement of

adaptive active suspension to satisfy various requirements as enumerated in section
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1.4.2 of chapter 1.

With the advent of new and faster computer chips which have faster digital
processing capabilities, the computer based control is becoming more popular. Fven
though the continuous domain controller structures are strong analytically, the ac-
tual computer based implementation leads to the requirement of a discrete domain
analysis. A discrete model reference adaptive controller has been implemented for
the same SDOF suspension model with all suspension nonlinearities. Discrete Auto
Regressive Moving Average (DARMA) models have been derived for the vehicle sus
pension model and the reference model used. The control input equations with the
gains being updated by recursive least squares estimation with covariance modifi-
cation have been derived. Simulation results for the Ercitation mode | & Il and
Parametric variations mode I & II have been presented. The results indicated good
adaptation to the reference model and the trends are similar to the continuous time
domain. Whenever the model parameter variations occur, the controller parameters
were estimated to new values as indicated in the time domain results for excitation
and parametric variations in mode I. The time delay in the whole circuit could be
incorporated in the model in terms of number of sampling intervals. "The conclusions
as listed above about the continuous time domain results could be extended to the
discrete model. The initial adaptation depends on initial values of covariance matrix
constants and should be tuned to obtain a good adaptation to the reference model.
To adapt to the changes in the model parameters and to achieve robust performance,

the controller parameter needs enough frequency content in the signals.

As referred in chapter 1, some of the state of the art publications use an
optimal control gain vector calculated off-line for various velocities, excitations and
parametric variations. The performance of such a system has been also termed as an
adaptive active suspension system. Such an approach would need off-line parameter
estimation and the stochastic optimal control evaluations to obtain the required gains

for implementation. To show such an approach is not robust to various adaptive char-
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acteristics, required a comparison between the adaptive control approach (developed
in this dissertation) and a stochastic optimal control approach presented in chapter
5. Stochastic optimal control with random excitation has been formulated and simu-
lation results have been generated. A detailed comparative study between these two
approaches has been made which includes a comparison of a linear time invariant
(LTI) model and both of them being subjected to parameter \wriations. A Stochastic
Optimal Control is found to perform good for a LTI model but gains were needed to
be updated at a faster rate with the assumption that the vehicle model parameter
changes are known ahead of occurrence. But the results indicated that even if the
gains were updated at a faster rate with the assumption of knowledge of parametric
variations, the adaptive controller performance was found to be superior. The fre-
quency domain results of absolute displacement and relative displacement in both the
cases indicated the differences between the approaches. A simple optimal controller
has been chosen for comparison but a Stochastic optimal controller could be designed
to be robust for parameter variations, modelling errors and time delays by designing
bounds on the perturbations. A more thorough investigation and comparison to such
an approach has to be made to obtain better insight about the differences. The study
described in chapter 5 has been very important to give a comparative insight of the
adaptive active suspension and off-line gains estimation for stochastic optimal control.
As a conclusion for the single degree of freedom (SDOF) analysis, an experimental
validation has been conducted in extension to the continuou< and discrete domain

analysis which was presented in chapter 8.

An analytical study of the multi degree of freedom (MDOF') system has been
presented in chapter 6. In consistent with a SDOF system, continuous time and dis-
crete time domain approaches have been used. A MDOF general suspension system
equations have been derived with all nonlinearities to the suspension components
incorporated. The equations have been extended from a two DOF bounce model
with primary and secondary suspension. The general non-linear time varying (NTV)

suspension model has been linearized about the operating point and a linear operat-
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ing point equations were derived. A reference model for a two DO bounce model
has been used and general equations have been derived from the model. A passive
NTV model with discrete harmonic linearization (DHLEM) technique and a reference
model performance has been anaiyzed using frequency domain results. A model ref-
erence adaptive control (MRAC) approach with feedforward, feedback and auxiliary
signals has been used. A detailed description of this approach was given in chapter 6.
The adaptation laws and control input equations have been derived as a first order
trapezoidal set of equations. The overall general model could 1 - used to deduce any
specialized set of equations by putting constraints on any of the rmsin the equation.
So the general approach could still be valid to any application chosen. A complete set
of time domain and frequency domain simulation results for a 2 DOF bounce NT'V
model have been presented. The frequency domain results very much correlate with
the transfer function predictions for both the passive, and active or reference models.
A detailed description of the results and a discussion on them was incorporated in
chapter 6. The two DOF bounce model chosen could be used to simulate many of the
suspension applications such as seat suspensions, rail vehicle applications etc.. The
results indicated good robustness and they satisfy the main objectives of vbtaining
an optimal suspension performance. The results also indicated the complication of

tuning the controller and implementing the whole system.

One of the classic examples, where the adaptive active suspension applications
could be of significant importance as mentioned in chapter | is the prevention of nose
dive and squat during longitudinal maneuvers. To address such an issue a detailed
study of the MDOF half-car model has been incorporated in chapter 7. A discrete
time domain model and the respective controller has been developed anticipating a
quick application of the concept for a real prototype. The study in Chapter 7 included
a detailed suspension with all nonlinearities along with front and rear actuators to
realize a failsafe half-car active suspension. A linearized half-car model and then a
DARMA model have been created from the NTV suspension model. A time invari-

ant reference model that has the skyhook damper characteristics to give an optimal
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performance has been developed. Initial trunsfer function comparative studies in the
frequency domain has been conducted. This study shows the relative performance
of the reference model and the results which are expected from the adaptive active
suspension. A discrete model reference adaptive controller has been used for the
derivation of the control law and the controller parameters were estimated by recur-
sive least square estimator, with the parameters being updated as a matrix. Previous
studies include only a vector estimator, so the global convergence properties with the
multi input multi output (MIMO) discrete model reference adaptive zontrol (DM-
RAC) system have been proved for the matrix approach. The controller parameters
estimator has a covariance matrix which was updated using a covariance modification
method. The over all controller and the complete model has been tested for various
excitation and parametric variations as described in chapter 2. The results in time
domain indicated that the approach helps in reducing the bounce and pitch DOF and
hence improve the longitudinal manoeuvres. The nose dive and squat during braking
and accel.rations were found to be mostly eliminated as compared with the passive

suspension. Therefore the objectives given in chapter 1 are achieved.

Being encouraged by the analytical results developed in chapters 3,4,6 and 7
an experimental validation as discussed in chapter 8 has been conducted. A SDOF
failsafe active suspension as described in chapter 4 has been fabricated. A systematic
approach that involves recognization of various individual components and circuits
with piece wise characterization and implementat;on has been performed. A SDOF
system model that resembles (1:1) a Porsche 928 vehicle (quarter car without un-
sprung mass) has been fabricated and inst~lled. A complete set of soft.sare and data
acquisition system which involves modules for model data entry, controller implemen-
tation, graphical display and DAC/ADC routines have been developed. The complete
test system described at a greater detail in chapter 8 has been powered up and test
runs were also conducted. The suspension adaptation to the reference model has
been observed in the test. The system adapted to the reference model with some

initial steady state errors taies some time for convergence. Due to various critical
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limitations as mentioned in chapter 8 it takes longer time for adaptation tompared
to the analytical results in chapter 4. The overall experiment validated the analyt-
ical results and gave some light for the overall investigation as a “do-able concept™.

Details about the experiment and the results were discussed in chapter 8.

The dissertation as concluded above presents a series of efforts 1nade to intro
duce the new concept of Adaptive Active Suspension and showed various advantages
of taking the active suspension a step ahead. Efforts have been made to systemati-
cally prove the concept by laying a foundation using a SDOF suspension through a

MDOF complex system and finally validating it by conducting experiments.

9.3 Suggestions for Future Research

The analytical work done on a SDOF system in chapter 3 and 1 could be extended
to a quarter car model. The results obtained by extending the adaptive controller in
chapters 3 and 4 for a quarter vehicle could be evaluated for proper adaptation at the
tire hop ¢nd tramp modes. Various initial values of gains and controller factors that
would help for better adaptation could be tuned to obtain the required performance
characteristic over wide range of handling frequencies. The quarter vehicle model
could be extended to incorporate various other suspension components depending on
the type, like quadra link, SLA etc.. Such a model could be used to see if the adaptive
active suspension influence on longitudinal and lateral manoeuvres would mfluence

any of the toe and camber variations with respr.ct to jonnce and rebound.

A new controller design approach which involves feed forward controller gains
based on a linear time invariant system and an adaptive controller to compensate
for the operational parametric variations could be designed. The feed forwa .1 con-
troller contains fixed gains either analytically derived or experimentally measured.

The adaptive controlier in this case would adapt to the required reference model as
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a compensation for finer parametric variations and error in signal processing. This
approach would necessitate evaluation of the required feed forward gains for various
vehicles and considering the coupling between various vehicle operational conditions.
This would also require sensory information about operating conditions such as ac-
celeration, steering input, etc.. Chapter 6 described an overall adaptive controller
that involves both feed forward and feed back gains which are adapted to achieve the
required reference model performance without much sensory information. A compar-
ative study involving both approaches could be made to bring out limitations and

positive benefits of either design.

A more detailed study that could be extended from this thesis includes the
packaging of the actuator for various suspension types. The results presented in var-
jous chapters indicate a failsafe active suspension configuration that renders benefits
in two ways. It helps to take the static load due to very low frequency manoeu-
vres letting the actuator apply the forces to obtain the required performance. Hence
these actuator forces are smaller. This would reduce the hardware dimensions and
cost. The failsafe actuator would also have the passive suspension to take care of any

malfunctioning of the active suspension circuitry.

A more detailed theoretical and experimental study as an extension to results
presented in chapter 2 that involves various load variations due to longitudinal and
lateral maneuvers need to ' - conducted. Such results could be used in theoretical
cvaluation through simulations to better understand the adaptive characteristics of

the controller and to obtain better confidence in the overall system.

Stochastic optimal controller (SOC) has been used to compare with the adap-
tive active suspension in chapter 5. The results indicated that SOC is not robust
enough for any parametric variations. Hence the comparison with other controllers
should be explored to show the definite benefits of the adaptive active suspension
approach. The adaptive control approach could be compared with a robust optimal

controller in which gains are evaluated based on the error bounds imposed on the sus-
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pension parameter variations. But generally these controllers normally have a limited
bounds for parametric variations. This study would help to shed more light on the

positive aspec.s of both approaches.

The adaptive active suspension model developed in this dissertation is tuned
more towards the longitudinal manoeuvres which include the dynamics during braking
and acceleration. This concept proved that nose dive and squat can be greatly re-
duced during these manoeuvres by using the adaptive active suspension control. The
actuator hardware at the four suspension (left and right at front and rear) could be

effectively used for achieving other different required vehicle dynamic performances.

The adaptive control active suspension discussed in chapter 7 for longitudinal
manoeuvres like braking and acceleration alone could change the vehicle design status
in terms of over steer or under steer during a cornering and longitudinal manocuvre.
For example if a vehicle is under steer and is accelerating around a curve, then there is
load transfer to the rear. In the attempt of giving a constant ride height the adaptive
active suspension would apply a tensile load on the rear axle and compressive load on
the front axle. This process would increase the normal load on the rear and decrease
the load on the front axle. Hence the vehicle might behave as an oversteer vehicle
or achieve neutral steer characteristics. Similarly if a vehicle is oversteering and is
decelerating when taking a curve, then due to the adaptive active suspension the
vehicle can perform as a under steer or neutral steer. Hence a more detailed study
is recommended for the complete system model involving interaction due to various

critical manoeuvres.

Vehicle roll during lateral maneuvers such as describing a curve or lane changes
is an another critical issue that shows the compromise between stability /handling and
ride comfort. An adaptive control active suspension designed in chapter 7 and applied
for the longitudinal maneuvers could be well extended for a transverse model. Such
a study should address mainly two aspects, namely monitoring the static equilibriumn

conditions due to the lateral load shifts and restoring/improving cornering stiffness of
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the vehicle. The centrifugal forces experienced by the suspended vehicle would shift
the loads from the inner to outer wheels during the curving maneuvers. The vehicle
roll due to this maneuver could be reduced by the adaptive active suspension without
hampering the handling of the vehicle. The total cornering stiffness at the tire patches
due to rolling of the vehicle is less than the actual total stiffness due to normal vehicle
weight. The adaptive control could be used to incorporate the antiroll phenomenon
and also restore/improve the cornering stiffness at the tire patches by varyving the
normal loads. A detailed study based on the above outline is recommended to evaluate

the feasibility of the concept.

Even with the advent of many independent control system devices such as
Automatic stability control + traction (ASC+T), traction control etc., the results in
the previous studies indicated that an active suspension would help in improving the
performance of other active control systems. One such potential benefit could be ob-
tained by proper channelizing the braking force or traction on the vehicle. The ideal
braking force distribution between the front and rear axles is designed for optimum
utilization of the total potential braking capability of the vehicle. An adaptive sus-
pension could be designed to govern the normal loads during the braking conditions
and provide the proper traction/braking normal loads to achieve the required objec-
tive. Hence the study in this dissertation could be extended to satisfy this criteria

and could be designed to be compatible with other active control systems on board.

A MDOF system as analyzed in chapter 6 could be very cumbersome for a
full vehicle or any system with a larger number of degrees of freedom. Hence a de-
centralized adaptive control could be dcsigr ed so that it would hzve an independent
controller derived from the overall system but evaluates the actuator force indepen-
dently. Such a system would also facilitate a faster real time control due to smaller

independent loops.

Chapter 8 presented in this dissertation validated the adaptation to a refer-

ence model. The hardware could be modified to incorporate parametric variations
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and robustness of the adaptation could be monitored. Due to robust design of the
hardware and software of the experimental setup various other excitations could be

tested and ‘ine tuned to obtain the respective results.
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Appendix A

A.1 Adaptation Laws For Continuous Time
Multi-Degree of Freedom Model

The adjustable system derived in Eq.6.31 can be represented in the form

NEEARRRTI e

a it el Aafe oo

where the terms Jy. -+, Jg are given as

Jy o= v (M* + k)

J» = M7+ K,)

\73 = _vM._l(/'ar

Ty = M 7M™ = M)

Ty = MTH(C" = G) (A.2)
Js = M TR = Kp)

Too= M7V - A

Jo = ML = L)

Jo = M7 (D"~ Dy)
Eq.A.1 contains the controller adjustable parameter vector
{K,, Koy Uy Mo, Co Ko No, Lo, Do}, This vector contains the auxiliary, feedback
and feed forward constants which are to be adapted and djusted without a prion
knowledge of actual vehicle parameters variations. The feed forward adjustable vector
contains the information about the operating conditions. Since the changes in the
operating conditions are not known, these matrices cannot be calculated and are
to be adapted as a function of the model following error. Hence all th ¢ controller
parameters should be updated and adjusted in such a way that in spite of the dynamic
parameter variations in the actual suspension model the actual error [9(t)] should
follow the desired error [¥,,(¢)] as indicated by Eq.6.41 for any excitation w(t) input

to the model,



To derive the adaptation laws let the error between the actual error in model

following and desired error be detined as
FI'.’n\‘l = l}’”(f)lln\l - l)U)I.‘n\l (\'”

From Eq.6.39 and 6.41 we can write the error model as

I 0 0 0 01 :
—-[-ﬂl *ﬂz]e+[.71—nl J7~3'—ﬂ:]1)m{(73}*{\/\]/”‘
s

01 0, 0 0
EA R ESER A R

which can be denoted in the form as
é=Ne+ T - Ty — Tlm— Tadm — Todw — T — T- — Taii (A.D)
Let the actual but unknown controller parameters vector be represented as
(N, K, Uy™, Mo, Co™ Ko™ NG Lo™ Dot (A 6)

When these unknown controller parameters are substituted in Eq. A2, we detive the
actuzl but unknown values of the respective teris 7y,- -+, Jy which are represented
as J17 - Jo7

J° = MUK+ K

T = M+ R

It = MU,

T o= MM - M)

\75. = /M‘-‘ (C' - Cl).) \\ ;)
JG' = -’M'-l (K' - K()')

T = MU - A

Ts* = ML - Ly)

- ~1 - -
\79 = M* (D - Do )
The error as the difference between the actual nonlinear and unknown operating pomt
values in Eq.A.7 and the corresponding differences between the terms at the estinated

operating point in Eq.A.2 would yield
{(NHh - (T = Ty (T = To°)} (A N)
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‘The error vector also indicates the difference between the parameters estimated and
the actual unknown controller parameters. Let a Lyapunov function incorporating
tracking error represented in Eq.A.3 and controller parameter errors defined in Eq.A.3

he defined in the form

Vo= IRe+ (5 - B QT - 30}
o {(Te = BT Qu(Te = T} + {(Ts = T7)T Qa(Ts — %)}
(T - IO QT - IO+ 0 {lTs - T Qs (05 - T8}
1 {(Fy ~ J) Qs (To = To)} + {(F7 = T)T @ (T = T}
F{(Ts = T Qs (Ts = T} + {(Fo = T )T Qe (T = 7}
(A.9)

where, “tr” denotes the trace of the matrix and the nature of matrices Q. --.Qq is

discussed in the next section.

A.2 Derivation of Adaptation Laws

This section deals with derivation of the controller laws based on the Lyapunov func-
tion described in Eq.A.9. The derivative of Lyvapunov function in Eq.A.9 can be

written as

V=i"Re+ TRi+  tr { (4 - j,‘)T QT =) + (i = Y Qi - j;)}
H%@—ﬂf&%—%Wﬂ%—WV&@—ﬁ”
H{(F = 75) Qs - B+ (T = B % (- )
+n-{(;7',, — ) Qi - T+ (T = 3T (- jf)}
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+ir {( 5 ) ’\(\7\'\ - \]5.) t \57\ T \I’f\‘\r Q.’» (\/'\ ‘/‘)1
+tr {( 7 - LT“)I QG(L[G - \7(\-\ + (\]h x/b-)l Q(\ k\/h \/,,.\

A BTN RS U ARG

(. o\
R CINA N SR ATINA VRN SN VAN

. r
+{(;79 =) Qe = I 4 W QL))

V= en"Re + RN + (WT"Re + <’7""T,z)) +( LR RT)
~ZITTRe — eTRTZ,) + (- ZITVRe - (IRT L)

~Zn T Re — RTZ0) + (-7} Re — 'RT.) +
~T:TRe - dm’) + (@' IR - t"RTgu'\) ;
tri (Jh - Jl) NV R A S I AR RO N A
tr k(Jz B 5 B A A R AR AT W K AN
{(F = F) Qs = )+ 13- T QL (s
o {(F = 7)) QT = I+ (- Qi
(Ts - j;)Tos( Ts = J) + (s~ SO Q0 T

ol (Je = J2) Qulde - I + (3 A5

(F: = 37)' QT — 75 + (T = ) 0
(Jo = ) Qs = F) = (0 Ix)' Qi
(o = J3) Qotdo = Tty = (Jo — ) Q

v N

r

,
.
bt
~ ~—

— ——
Nt S e P g N e N e

,.
=~
-
P}
<~ .
S——

-

’\
3
.
)\4

[

—
s

>~

-
2 o~

- e X o Tl
S— S N——
——

W

Various terms in Eq.A. 11 are simplified and are individually reduced. o that the
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dernative of the Trvapunoy function can e wnitten i the folfowime form

1 Y e PR ,“.{~‘A' FEoa [1} .
. . - .7 . o
LTSRS AU S S Y AR IS RAREUR NS "714} .
2t |..7.'Z - =BT QLT QU AR J;?‘, i
1
SNSRI AR SN AL IR N SRV A
: : .

2t {5711 "‘/—.Iq iy - Qtjf; — T Q0L NN } :
vip k71 1 7e) 7 o1 1
_tr }vlr, ‘/.,‘ - Q LT. - L‘,IL/,j - /(| chxit \.7.\] M

» . N ’ !
'-’“‘1;7“1 i Zol QU - QudT - TS \f,_‘;} .

2T QT - Q- :FQ¢L~JA‘
»
."I . . - -
-35' Kr ;‘ T Q.‘\»f/“\ - Q?\\./\ | - -3\.7\ ! Q?’( I\,i‘\ t]\‘ ‘, g
s ) i
1 . , . . o/ T
—3 ’)1 t -yt Q‘J\.‘ZO - Q‘#\:T‘)] - -)~. “ Q‘O \;7‘0 - s/u}

where. . = R,E + R, E Sunphfication of the term =2¢r {( A A }
i the above equation. would result 1n the form of a summation as

n

Z{J’Rz,ﬁ? + (@ Ry + 20w Ruy) BB 4 20w R, (13,;)"}. (\ 1)
=1 "

R, and R, in the above xpression represent the dragonal elements of matnices R,
and R, respectively. The expression in Eq A3 i a summation of squares of £
E. Since the error at the initial condition and on adaptation s small. the product i
smaller and hence this term can be considered to be zero. For the adaptation error
(¢) to asymptotically approach zero (i.e Jit) = dy(tyordlt) » Dast « )V
should be negative definite in . Hence. on choosing the following 1erme as zeros

Eq.A.12. we have

-2 Bl Q0 - I =0
— BT~ QT - szf =0
o+ 0w @ = 0
',Z,g + qut - Qz;j; =0
—,Z,£ + QT - Qsj—: =0

=2+ Qo - QT =0



Q. Ty - QTS

-

i
=

i Oud = Qud = )

AL TH

Sub equations 1 the above equation wonld consequently vield equations of the form

Qo —Jr) = ET
o, (7, - a7 = F!
Q(J, ~J;) = -
QT — ;) = - 1!
Qi (s - Ty = - -7
QT =) = - 7t
Q: (T = J7) = -
QT = i) = -

Qu (;Z. - JJ) = - u

{AID)
Substituting the above conditions into Eq.A.12 we obtain

V= -lQe - '3”{»71'7 ET} - 2r {»72'T = Er} + 27— 1

g el T gl - Sl ongeT - 5 T ool o gl . gl o
NSRRI ARRIEN AL AN ALY SN TN ALESIE N AT

(A.16)
smee tr {(7,'1'~ I:‘r} = ErJ,J = awhere. 1 = 1.9, we can write Eq.A.16 as
Vo= «0Qe =2k Ty T e —2FT 7T jo 7T 2 4227 70T = 4
VAN ALY S AL N AT AL N AR
(A.1T)

Let us choose the unknown but constant controller parameters described in Egs.A.2
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(i\

JiTo- Oy I
N Oy

\I’ - - Qz

g -y
g2 Q)
\]t ' - ‘Q« /, /
Jo= -0
JSo= - Q.

S —wQy

AN AN

The matrices Qy - - Qy are chosen to be some posttive semi detimite svinmet e con
stant (1~ ntmatrices Substituting the sub-equations i g A IS and e bg v 17 we

obtain

¢

~
~

~2(282.) =" Q0 =2 (2I2) P e (2 2y T

Vs =T Qe =2 (ETE) 10 —2(F'F) TQ, . 2!

o

Lo P ) N U I I o) (\ 19

All the terms in Eq.A.19 are negative definite. hence Vs negat™  defimte 1 termes
of the error (¢) and the error in controller parameters. Hence, v model following
error (€) and the controller parameter error vector in g AN would asviuptotically

goto zero(ie. e =» 0. K, — KA, K. — N,".--- Dy, - D" ast x|

Substituting Eqs.A.18 in the corresponding equations in Feags. AT we obtaim

the adaptation laws as

) Cd{ kT
o= 7 kT 4 Qx( ( )

dt
: : LA BT
T = QPR+ QZ-L—I—I_Z
[¢
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[N - Wi (1’
: ; ; d ( - /,{)
ur = "":) - / — L e
! ! i ! dt
1 | 3 (/(' Z,{)
J, o o= -9, 25— Os-
" dt
o l'::Z“lr
l.]l E - Qh-] ) Zvn r 2': _(_'— )
Jt
di-)
L= O Qs
J e ot
_ A1)
\.7?\ = —'Q."y ! - 2.\‘ dt
d (=)
\.7' == —'Q‘—‘ - - 3 -
) ) i 9 dt

(A.20

Siuce the controller laws are simple first arder differential equations. the controller

conld be mplemented with small step size  As the vehicle model parameters are

assumed to vary slowly compared to the controller dvnamics, it is assumed that

dynamic equation matrices M*.C*. K"\, L*. D" are constants about an operating

point. Taking the derivative on both sides of Egs.A.2 would vield

J 1
7
T3
j4
7.
Je
J
T
Jo

Substituting the equations in Eq

we obtain the adaptation laws as

= MR,
= M"'A.
- M,
= —M"' M
= ~ M, (A.21)
—M"‘ICO
- —.Vf'—l.\"’o
= —.M'—IZO
_'M.—II‘)O

]

.A.20 into corresponding sub-equations in Fq.A .21,

(2

. . d
K, = MQ '2FET 4+ M Q) ——-~L

dt
:E'T)

~

. . . d
1\'1‘ = ‘M-Q‘Z.—l *E‘ET -+ ,M-QQ—('-———-'

dt

o
(@)}
(i1}



Cd
D

L= MO W —
ot
. R d - /',f_\)
Mo o= -\’1-914 /I * -"rtﬁt'“("‘}r -
- 10z
Go= MO, 24 _\,1‘9.\‘“_(__’ )
' dl
. ) J /"‘l'
Al‘ - ”-Qﬂ“l ‘Zypl -+ .M'Qh ‘——(* -- )
‘ ot
- i
Ay - MO 4'..\4-(37‘__(M
ot
o die o
Lo = MQs™! ‘*F.W'Qsil“—
¢
Do = MQy'- i + .M‘qu‘,(“[—t'lﬂ
«

(N2

The controller laws in Eq..\.22 could be implemented casily with the knowledere of

M® I MT s time varying some sort of identification could be used to estunate the

matrix .M. But as proved earlier by the adaptation M, -+ M 4t

AN -\/’u

could be used as an estimate for a better result. In this case sinee M s positinve

definite. .M~ could be replaced by M. If the matrices (Qy. - . Qq) and (Q..

in sub-equations in [q.A.22 are chosen such that
MoQ, 7 = a0 Medy =
-\/[09,2—l = 0, I «MUQ;‘ =3,
«\4093_1 = (3 «MOQ“; = .4y
MeQ 7l = oy .W(,Q, = 3,
-MOQS_l = (5 | -M()Qs = 3
-\’10(.26_1 = g .M()Q., = 9,
-MOQ;I = a7 ! -\A()Q': = 3
«MOQS—I = Qg «M()Qs = Iy

-Mon;-I = Qg . M@y = ,J'u

then substituting Eq.A.23 in Eq.A.22. we derive the following cquations.
. ) d{--ET
K, = o= LT + ;?,——(——l
dt
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N -
(. * - f)"\
o ) dt
di-)
I IR i T
‘ i di
. d «Z,i
(x4 Z,Z ( )
‘ di
. d(=2T
(2 5 *‘ZZ; -+ J;—‘L'—'—)'
dt
d ‘:.'ZmT
(g -*Z,”T + 3(,*—<‘W—'—\-)’
i (-
d ()
t— —?- ,j
TR T
d (=)

Qg 1l + Iy

di

(.24

Sub equations in Eq..\.24 represent the desired adaptation rates for feed forward. feed

back and auxiliary signal controller parameters as first order differential equations.




Appendix B

B.1 Linearization of Half-Car Suspensiot Model

['he nonlinear and discontinnous functions in the elastic stops namely S and S are

converted to nonhnear but continuons tanalytic) tundctions as

e

'_3 N o~ lw T) COS [W‘(.rh -4 4/]” r, )]
NSOty + - rp)=1- - / ( < R
T

o

S oo (B

'
“w

f"r.(.l‘b - (1'1()"‘ Iy ) = ] -

2 /»N sin (u.'%)) COs [u.‘ (T ([3() Iy, ‘]
T Jo

The other terms in the elastic stops that are discontinuous i nature are sqre gy, |y 0
and sgn (ry — d20 — ry ). These could be replaced by continuous functions ot the torm

R (1~ cos (w'l))
sgn (ry + dy0 -1y ) = — / = | s (s ) e
0

(g

" )

w

s

R {1 —cos (u.'l‘))
[

.
(79

sgn (.Z'b - dzg - Ty ) = s [w‘ fow — dab - £y, )] dw (132

%

The discontinuity in the Coulomb friction terms could be made analytic by Fourer
integral and the terms sgn (.'rb + d,0 - .i';l) aud sgm (.1'-,, - age "‘h) could be winitten

as

1] o

sgn (i5+d10—r(l) = -

/UR M) sin [u.' ('rr. +dy ) - "'h)} o

NN

. I - cos (wD ,
sgn (.i:b —d,6 - x'tl) = /UR —is-(—-——)— S [w‘ (J;, -yl - i',l)‘ de (133

w'

where D and D are some large numbers much greater than /).

For the development of the controller. the termsin the nonlinear discontinuons

model described in Eq.7.3 are made nonlinear but continuous. hence analytic at all
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points s linearized about the operating point OP(t,. 2,0 .11 1 At the operating

point varions vectors are defined as

J T,
g =" 1,,:{ " } u',:{ o } B 1)
( £y 1y, w it — 1)

J',l”

Let (2. 0. 00 W7) be the variation of the parameters (¢ Z. 0. W) about the

operating point QP which satisfy the following equations

t=1 + 4t

L= +407

U =0U,+40
W =1, + Al (B.3)

The nonlinear and discontinuous equations as described in Eq.7.3 and Eq. 7.4 could
be represented as a nonlinear continuous equation whose terms are analyvtic at all

points. 'his could be written as
MV + FZ )+ Fy(Z4) + F(Z.0) + F(Z. ) = GU) + HOW(t) + S(t)(B.6)

where, various force vectors are defined in Eq.7.4 and the discontinuous terms in
F.(Z.t) and F.(Z.1) are substituted as continuous approximations described in Eqs.B.1.
B.2 and B.3. From the Eq.B.6. the dynamic equation at the operating point can be

written as

MUNZy + FAZo ) + FiZot) + F(Zoto) + FilZout) = GU, +
H(t)W, + S(t.) (B.7)

I'he nonlinear and time varving terms in Eq.B.6 are all analvtic at every point and

could be expanded by the Taylor series about the operating point as

M) = M)+ 52

pAt.}....

o

= ML)+ M(t,)At + -+
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The discontinuous terms FoZ ¢V and £ (/.0 which have been transtormed mto the

continuous functions are expanded using Tavlor senies as tollows

VAR

N

[«‘s(;{‘t\ — ["‘(‘{, i)Y+ izl_l
h ‘)Zim

¥ . )

F(Z2.)=F (Z.0)+ =
() = (Zer)

The damping and stiffness force terms could also be

I
ot "

v

YA

A
oo PN
!

toe

(R

expanded by the Favior serties as

follows
Y e ) F, B o
Fi(Z.4) = Fi(Zot) = 5280 02 5280 A
az or Ji iop
, 91 i
Fe(Z.t) = Fo(Zot) + 2| Az 4+ T4 Ay 10
A2 op Ot |op

Since g is a constant it remains the same at all operating conditions but other vectors

H(t) and S(t) could be expanded as

dH(t

H(t) = Hi1,) + D)
dt or

S(t) = S(1,) + ds()
dt oF

8]
=1
(]

At+ -

FAVAR SRR (B



Vantons terms i Tavlor series in kgs.B.9. B 10 and B.11 could be <implified as

[ I\', . (,,,) [I}]l)-, -+ t)zl};,J -+ [\',c( (".)(11 :P)]l)a -+ l}_wl),,] -
,\'ul ‘fo) 5'7)'47}‘,’ + l)‘l)k; K, - ”,,J({.} {1)5?}7 + 1);11'\3
I\rsl(t;)‘ll [l}]?};%—l}‘»l)(,} - 1\,5l(f;)([]z[l}lljg-rl)gl)h}*
R VA I Koy, (L) dy [0 05 + 100 R (0 dy? 0305 + U0y
— N 1) [ s 4 g — N, () dy W5 + 0,0
L — I\’, s l’ ,) [l);l};‘ - 1}41},&] I\".S( !l\,) tiz “}';1)7 + l);l}g]
— N, (0 [hds + U ~Nes, (20) [P0 + U V4]
=W, ) dy [y + 0 206) K5, (1) d; [0a7 + 040y
[\’,gl ([‘,) [l)]l)r, + l)gl}ﬁ} ()
0 Nos, (L) [U20: + U, U]
R () ViU + Kes, (1) Uad,y
1 201) [\"51 ([(,) 1)11)2(1[ - [\'en (f(,) l)';lhd;

S lop _l'\‘es,(to)l}ll)ﬁ
~N,, (1,) Va0,

Fi(to)e + Fi{to)Vio Fi(to)dyvs — Fi(to)d2v0 —Fi{to)Va -Fi(to)v10
SRS - ,"l“n)dlv;;" 1')‘:L§to)d2010 Fi(to)dy2va + Frto)d2?vy0  ~Fi(to)dive  Fi(to)d2v1o
aZ on =~ Fi(to)ve —Frlto)drvs Fi{to)ve 0
= Fi(te)dyo Fr{to)davie 0 Fi{to)vho

Fi(ta)V1y + Fi(to)V12
_ Fi(to)ddy — Fi(te)Vi2ds
Lewp ~Fi(to)n

‘Ft(to)"’].‘




(‘;\f.ll}“ *(‘a(f‘,)l)n (',[f\\ll)]u{l (‘;(f‘\””(/;
(v;{f\.)ljlg({] -’ if \)l)“({_» (‘1\/ ,‘I)| {‘Il: t ':(f .]I)“Jg:

Fal .
(V4 D “('1\,‘)1}13 ('n(,.'h)l}(;l
“(‘f(f')l)l! (‘{((‘.)”]“/3
= Oty Cat gy
_-('-'U’h)lf“[l <'p(1,)l)“(l‘\
(‘_'\f,)lil‘ }]
o oty
( 'luo)du + ( 'r“(y)l)m
*lF,](Z.I) . ('l((u'\l)\J(ll —( ‘t(toh)li(i.’
It or "'('I(L,}l)]‘q
“('t(fﬂl)ll
I Aafto) + Alts) f1h{to) ~ Iah(t,) -kt helt)
SFLL N - diAg(ta) = dahe(ta)  fTR(to) + 427 he(ts) ~dy hy(t) R ()
geer T =hy(to) ~dyhy(to) h(to)+ h(t) 0
- - hitte) dahi(to) 0 hett,) + Rty
Ay(te) (1170 + Ayt - rl‘o) FRito) (r,,“ - 1369 fh,,)
SE 2t _ Ki(t,) (Ibn + 418 -rl‘n) dy - he(ts) (Ib‘, - d26n - _“‘“) s
o o =Ki(to) (ro, + dido ~ 10, ) + 11, Kewre(ti)
—hi(to) (24, = 4200 = 11, ) + 1oy Rewr e (L)

Q 0
dH{t) — . 0 0
it lop [\’!xrf([o' 0

0 Ko (to)

( . I.\,((to)és!, + 'Ii’l([o)ésl, - "'.Iq(eo).(/
l\',(to)é,,,!d, = KN(t,)0g,da + M, (1, )ah
or [.\’tlrr(to)(st, - [‘\'l(,u)(‘ybll
1\’hrc(to)ét( - [\'L(’u)bsl(

&

|

[y
—~

(13.12)

%]
-
[ g%



where the terme dpo - Ddyy are represented as follows

)

l).t( —

l}{)

l}]() =2

IIp

Uiz

l)].;

1y

:’ {(:‘ (l - COS8 (wl))) cos

R m(¢ - J‘ll lry, ”10 ~ry, !
g s ol

L—cos(wd))

[(.I‘;' . tl,”, - 1‘1‘) -!..)1(;'(<_:_

s

1
I - f ";\» 1:7:‘«:-} U‘E(I"”—JZU“—“]"”11“;

-l

e (e + dylg — s
‘ s ! 15

!
@]

{(.!", - l/g()“ .rr])\) — _’02 J‘(:{ (l'w:( -"D)) sin {u,‘ (~.l';,0 - 1[200 - .l‘th>l (iw}

WL LF (l - oS (w[))) cos 1w (.z‘b, +d,0, — 1-110)} dw

t

< j(f‘ s (w‘_r)g) sin {J; (.rb“ + dy0, — J‘(,”)J dw

(1 eon () s [

R )
Sy s (w%) Sin [..«.' (.rbh —~dy0, — .1‘,10)] dw

f uN (l — 08 (“’1))> COS {“" (‘i"‘c +dy 90 - 1‘1,0)} dw

" (.i'bo - (1200 - 1:,,0)} dw

L

1 e,

2
= :f()

Ti,)
‘I_L(%ilb—)-)szrz [ (xb ~dy0, — r,,o)] dw

”-i'b,,‘*‘dl(jo—j'lxn' + (lbo+dlb 1110>

I

i

”.i‘bo — a0, - “rhc[ + <.1"bo —dy0, — i‘t,o)

(B.13)

For simplification of the linearized equations. the following assumptions are

made.  Lincarization is assumed to be performed about a small operating region

which implies At is very small.

The variation of vehicle parameters at a slow rate

along with close operating points would result in very small values of ‘\}'s(to). 1‘\'”(‘0).
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Moot oMot ke R e L et L B ) aad
Fot o Neelecting the product of N and rate of vanation i the vehicle patameters,

the above layvior seres expansions could be wimphtied as

Mo = Myt
FaZ.otv = Fazoing o g

FazZ.n - Fa/Z iy Ry s

FAZAY = FiZ.n- Ly
FUZ = FaZo g A
H(t) = H(t)
Sit) = S(t)
and
A A
Uty = Uy + AU
Wity = W) £ AW (B 11

On substituting the above linearized terms in Fq.B.6 and subtracting the dyvnanne

equation at the operating peint (£q.B.7). we obtain the hnearized equation of the

form
- 06 IF. : i, ) F . ) \
M(t)AZ + —i—’i + Lol az 420 4 27“‘ A God HI AN
a7z lo, dZ |\ iz [O,, a7z lc’,.

113.15)

This equation forms a LT1 { Linear Time Invariant) equation in the operating region

and could be written n the following simplhfied form

M AZ+C AL+ K OZ =G, 00 5 H LMW (B 16,



where,

[ Fi(t,)vg + F(t,)V10+
Tty + Cilto)diy

Fi{t,jaydy — Fi(t,)davi0+
Cilte)didyy — Colt)da94

- F.l “u""} - C((to)‘/! 3

—Filto)tyy — Colto)dhy

1

Kea(to) 919 + v29s] +
Koy (ta) 09907 + d408) +
Ri{to) + Re(to)

Koy (toldy [919y + 029¢] -
Kea(1o)d2 (0297 + Vgun] +
Kl(to)dl - Kl('o)d2

—]\.e:, (‘a) [1;1 05 + 02‘96} -
Ki(ts)

-h’-u(lo) [1?307 + ‘)1 198] -
L Kelto)

Filt,)ydyvq - Fz(!n)dzt?]o-}-
Cilto)dydya — Crito)dzdyy

Filto)di 99 + Felts)d2? dao +
Cilto)dy12 9y + Celto)da? vy

—F((to)d1 dq = Cy{t ,)'111?13

Fi(t,)davyo + Celt,)davsy

Kes (to)dy (9105 + U206] =
Keso(1o)d2 [9307 + 9408) +
Ki(to)d: — Kiel'o)dz

Kes, (to)d1? [919s + 9296) +
Koo (to)da? [03097 + 94 98] +
[\'1“0)412 + }\'l(to)di’z

-I\’es, (to)dl [’31‘?5 + l92”36] -
Kilto)d,

Kego (to)dy [U307 + U498) +
K:(lo)dz

1
go = j']]_ -d? Ho =
0 -1
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Mt 0 0 0
) Iyilt,) 0 C
() f] M, (L) 0
0 ( 0 M, (L)

-Fi(ts)vg — Cilto)d13

~Fi{t,)dydg - Ci(to)dydia

Fi(to)ds + Ci{to)13

0

~Keg, (to) [919s + G29¢) -
Ki{to)

"}\’esl(to)dl [19]'(95 + 132195] -
Ki(to)ds

Kes,(‘o) [‘91‘35 + l?2"?6] +
Kl(to) + Knre(to)

0

0 0

0 0
1\,txrc(to) O

0 ["t:re(to)

—Fi(to)v10 — Celto)Vi1s

Fi(to)d2d10 + Cr{to)dadr4

]

Ft(to)1910+ C!“o)'l?u J

"'}\-c.n(to) ["93’57 + 6'4 ’36] - 1
hl(ta)

Kes (to)d2 {9305 + 94081 +
Re(to)d?

Kesg(to) [93 07 + davs] +
Kt(to)+ }\’hre(to) -




Appendix C

C.1 Convergence Properties of Least Square
Approximation Ectimatcor Updating as a
Matrix

Theorem: To prove the convergence properties of the least square approximation
(LSA) estimator derived in Eq.7.64. where the paramneters are being updated as a

matrix.

An error vector of the following form derived from the estimator in i2q.7 64 is defined

as
e[k] = AUk — d] — Sk — )T [k - d (CL1)
But we know that the true value of the control input is given by
AUk = d) = &, 8k - d] (€12)
On substituting Eq.C.2 into Eq.C.1 v.e could express the error term in the form

elk] = |5, — Slk— 17| glk - d
= &k 1Tk —d

(C.3)
where.
Sl ~ 17 =2k~ 1]T =5
~T
From Eq.7.64, on subtracting &, from both the sides and on substituting
[AU[k —d) - &k — T3k )] as [—% [k — 1T 3[k — J]] we have
! o/ C’k—lT~k— bk — TPk -d-1]"

[r + élk — d|TPk — d - 1]T B[k - d]]
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Taking the transpose of the Projection operator update equation 7.64 we obtain
Pk —d—1)7 ok — dlolk — d)TP [k —d - 1]T

Dol — T =Pk —d =117 = e
Pk~ d" =Pk —d-1] [r + o[k — d7P*[k — d — 1|To[k — d]|

(C.5)
Equnations C.4 and (.5 could be written in the form
S ] 3'._ Tolke — dlolh — TPk —d — 117
T =5 k=TT - [k = 1olk — dicl d] Pk ] (C.6)
[r + o[k — d]TP[k — d — 1]T 8]k - d]]

'p'[k _ d]l - ’P'[I: —d- llT [I-— P'[k —d - 1]7‘&[&. _ d]é[k _ d]TrP-[k d— I]T]

[r + o[k — d|TP-[k — d — 1] ¢k — d]|

(C.7)
Irom equations C.6 and C.7 we obtain
2T = E - T [Pk = d = 1)7] T Pk —d (C8)
&, HT )
where. W= g b
WML D
Any general term in Eq.C.8 could be wriiten as
KT = & k= T [Pk —d - 1)7] 7 Pk — T (C.9)
where, i€ {1,---,m}
Introducing a positive function of the form for any i** element
VoK = S 47 [Pk - 7] &1k (C.10)

Then for : = 1,m the total summation of the elemental positive functions could be

written as

vw=§vm (C.11)

(8]
-
-1




Substituting Eq.C.10 in Eq.C.11 we obtain

l'\,

VIK] SR [Pk = A7) S R e ST [Pk — ] K

’

A [P =17 S e
[Pk~ d = 1)) S,k = 1]

Vik —1]

(CL12)

On evaluating the difference vetween the positive functions at [A] and [A — 1] from

Eq.C.12 and substituting for »:%,[HT from Eq.C.9 we obtain

o~ ) o =1 2l St
Vi) = Vik = 1= &,k = 117 [P = d = 1177 3,00 = Dk =)+
2l =107 [Pl = d = ) [k = Sl = 1]
(C13)
Taking the transpose of the controller parameters estimation equation C.4, it could

be written as

~1 AI . —_— 2 —_ ; —_— ,l'g’ —
2l = 2y - Dol == 13 d]é[k ¥ ENTY )
|r+dlk — dTP[k — d = 1]alk — d]|
whe"'e, ‘; [k] [L ’][1'] B T 5:’m:l
From Eq.C.14 we could derive a general :** term of the form
o’ o Prlk—d — )3l — d)glk — d7 %[k — 1
&k~ &k —1=-21 Jolk = diglk — d) [k — 1] ('.15)

[r + (fO[k —d]TP*[k —d - 1|p[k — d]]

Substituting the respective terms from Eq.C.15 in Eq.C.13 we can express the differ-

ence in the positive quadratic function as

] b4 ! 7 T 1 Pelk—d- ,ﬁ_ k—ddk -1 l“"’:“

s’ T r1-1 Pk —d—1][k—d]plk-4]' 1
44 9m[/€— 1] ['P [I» d—1] ] ['— r+dlh—d)T P [k—d- 1]¢[k 1]]']
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Sinee the function assumed m Fq.C.10 is positive definite. the matrix P7[k —d — 1} is
symrnetric in nature. So the inverse of the transpose is equal to inverse of the matrix
1

iself as [P'{A‘ —d - 1]7], = [P*k~d - 1]]”". On substituting this in Eq.C.16 and

sinplifving we obtain

| o m itk — 1Tolk — dofk — dT > [k—l}
ViR = Vil = - 3 2 -mu— ~ 1ol - ]

The term within the summation for any 7 in the above equation is & positive quantity.

(C.17)

hence the overall sum for all « € {1.---.m]} is also positive. which implies that the
left hand side is a negative quantity. So the positive quadratic function V[k] at any
kis always decreasing from Y[k — 1] which in turn is always less than V/[0]. But from
the definition of the total positive function defined in Eqs.C.11 and C.12 we have V/[#]
defined as a non-negative function. Hence \/[k] for any value of (k] is a non-negative,

non increasing function as defined in the following equation

[i‘?ﬁ{k]""[?f{k~d]T]_‘%:[k]]3[ﬁ::%' [p'[adﬂ'lé:[m] (C.13)

1=1

B on applying the Matrix Inversion lemma as defined in Ref.[146), we have
[Pk -] = [Pk -d - 077 + olk - djéfk - )T (C.19)
From the above equation we can deduce that
. ]! . T]"! :
A [Pk = d)T) 7 2 A [Pk = d = 1)7] (C.20)
But we know from the Eq.7.64 that
ST = FN (Sl ~ 1T {k — . Polk~ d - 1)’)
Plk—d—1)" = FN (P'lk —d-2]" o[k — d - 1)) (C.21)

On evaluating the initial conditions from the previous equation for the estimates of

the controller parameters we obtain

A= Fy (?[O]T 3[~d), P*|=d — 1] )
where, P (-d)T = FN (’P'[—d -1, a_)[—d]) (C.22)
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Also on assuming the initial conditions on the projection operator submatrin 2ok -

d)T as
Pld-1T =P -d! =P [-d+ 1]T = =P (.2

and extending the result of the Matrix Inversion Lemma as indicated in Eq (.20 we
could write the inequalitiex as

~1

o [P 2 = ]

2
> N [Pk~ =1

1

;\mm [P~ ()

v

=

-1

A (PR 2 A [PP[=l]7]

For any arbit row i in the controller parameters matrix - [k] and nsing Fq (' 21 we

obtain

S = 13 R W - P I N T (C'25)

where, i =1m

Equation C.25 could be modified to involve various row vectors as

m ! m

S A [P=dI] T ISR < 3 Amun [Pk = "]

=1

(RS )
On substituting the Eq.C.10 we could write the above equation in the form
m . ‘_‘ Ql mgl T Lo ”_‘ut .
S A [P TSR < ST [Pk - [T ()
=1 =1
But from the derivation in Eq.C.17 we have inferred that the positive function sat
isfies the condition V[k] < V[k = 1] < -+ < V[0]. On applying this condition and
substituting in the right hand side of Eq.C.27 we obtain

i Amin [7?"[—d]7"]"1 | &K1 < i 2 0]" [Pr-a"]" 20 (€1.2%)

1=1
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Reformating equation .28 similarly to equation C.25. we have

3

5~ ho [P=t] W ERI € 3 e [P) S0 (C29)

1=1 1=1

which could be simplified as

I

b [P S I S A [P VBRI (C30)
o NEKE e [PrAT]
- (C.31)
I E o Amen (P
Lk = Fa I -+ S 0E] = Gl + +némm Sonll (©.32)
14300 = Zou I+ 1 E00] = Zo 4+ 1] Emf0) = Eon* T

-1

\maz [P*[-d]T]™ .- . .
where, &, = T_'[[F[[—_T{]lﬂ]j called the condition number of the matrix [P [—d]T]
From Eq.C.32 the total error is reduced by &y times the initial error. Hence for
proper estimation of the controller parameters the condition number of the projection

operator submatrix should be less than 1. If x; = % then Eq.C.31 could be written

as

~8al? <

(L)()

Eq.C.17 which represents the difference in the positive funrtion could be written as

> 11 &0 - &l (©3)

tolr—f

a sequence of recursive equations of the form

. i1l <em Bk1Tak- da-dT8 k1)
VIK] = V[k-1] 2z {r+d>[k AT Po{k—d-1)p{k— Z;[
v[}\_ _ 1] — v[k _ 2] _ m é (k=217 6[k —d}d{k—d— !]Té [k 2]

1= 1[r+d>[k 4-11T1> (k—d~2olk—d-1]|

— m §IOT5k— o1~ Tglo
v{1] = V[0] - 25 r4+6{1-d]TP*[~d|é[1-d]

(+)

, ~ N em Sk )T ok dlk—dTE (k1]
V[A] = V[O] Zk:l Zx:l r+d§[k—d}T'p‘[k—d—l]$[k-—d]]

(C.34)



We know from Eq.C.10 and Eq.C.11 that the assumed initial positive function o

k = 0 could be written as

l/'

‘ :l
(0] (CLED)

moo_ ' m
1

Vol =SS0 [Pr=dT] " S0 = 30

=1

Qo [P

1=

The function on the right hand side of Eq.C.35 is a positive quantity and could he
written as some positive real value less than oo i.e. (V[0] < o¢). From Eq (L34 which
implies V[k] < V[0], it could be deduced that the quantity within the sumuniation
on the right hand side of Eq.C.33 is a positive real value less than ~. Uhe above

discussion could be summarized as the following inequality

lim XV: m (& 1k — TSk = djolk — dF - [k = 1] i
N—oo 35 [r +olk — TPk —d - ok —d]] | "
But we know from the initial error equation C.3 that
e[kl = —3 [k — 1] ok - d]
c’ - 1
SR =) ) ek )
: : (€37

I

-~

= 9 2[&-11%“—(1] v.ik]

L en[k] )

&0k = 1Tl - ) )
the inequality in Eq.C.36 could be expressed in terms of the error derived in Fq.(".47

as follows

im L& ci[Kedfk]
N — o0 kzz:l; [r+¢[k dTP[k — d - 1]g[k “‘I]]

lim N 1
RS S T s L
(1[K]
elkl, <oy enlk] 14l b o
| cm.[k] )




e[k) e[k
[+ olk — dTP+[k — d — 1]o[k - d]]

l .
DY (C.38)

k=1

We know that from Eq.C.17 and further explanation that \/[k] — 0 as k — =c. hence

[VIk] = V[k - 1]] — 0 as k — oo. This condition can be expressed as

ton [ Sk 7otk - ddlk — 2k
N=oo |5 [+ olk — dTPrlk — d = 1]ofk —
lim e[k]"e[k] -0
N =20 |[r+ 8k —dTP[k - d - 1)6[k ~ d]
lim e[k]
N — 0 [%_*_&[k_.([]'fp‘[k—d- l]g;[k——d] ( |

But from the equation C.20 we can write

Am‘m [P[k - d]] S Amt'n [P[k -d- 1”
Amaz [Pk = d]] < Amaz [Pk —d - 1]]
S /\ma:: [P[k —d- 2]]
< i
< '\mar [P[_d]]
,\max [P[k —d - 1]] < )‘maz: {P[_d]]
(C.40)
Hence, the Eq.C.39 could be written as
hm e[k] T
N - 7 2 =0
Jr + dlk — TP [k — d — 1)3[k — d]]
lim [ elk] 1 -0
Mmoo Vet gl — dTolk ~ d]
where, K2 = Mnar [’P[—d]] = Amaz [Po)
(C.41)




Also from the result in Eq.C.33. on multiplying the numerator and denominator by

[r +olk = diTP [k = d — 1]ofk - d]] and resubstituting Eq.C.38 we obtain

Z\: lolk = d)TP*[k — d - 1]o[k — d]] (k] e[k]
'\ =2 S [t olk = dITPfk ~ d = olk — d]

N, ((‘.!'._’\)

Eq.7.62 which represents row wise controller parameters estimation equation can be
modified as

Pk~ d = lolk — d]e,[k]
rt o[k = d]TP{k — d — o[k — d]|

[ém_eﬂuqnz[ (C 8

On squaring the above equation we obtain

efk] o[k — TP [k = d = 1)TP[k — d = ][k — d]e,[k]
[r + dlk = T P-[k = d — Uolk - d]]”

= ’: 2
(S:[k] = Sk = 1}||" =
(C. 1)
summir® the above equation for various values of i € {1, --.m} we obtain

Zé

olk — d|"P*[k —d — 1]"P*[k — d — o[k = dje,[k]"«,[4]
[+ 8k = TPk — d — o[k — )]’

=101 =

Q)n

(C.45)

on substituting the results from Eq.C.40 we can write the right hand side of 1iq.C'. 15

ok — d|TP[k — d — 1]TP*[k ~ d — 1]o[k — d]e,[k] e, [k]
[r + 6k = dTP-[k - d - 1|3lk — d]]” :
ok — d)TP[k — d — 1)é[k — d)e,[k]Te.[k]) Amaz [P*[~d]]
[+ 8(k — dTPe[k — d — 1)g[k — dI|
=

=2 2 2 Sk — TP‘[]C —d- l](p[k - (l]e,[k]'l'(:,[k]
1A - Bk < 2B 2
2 IS == [r + 6{k — TP+l — d — 1)lk - d]

Ama:r [P().\['“(l”

(C.46)



Taking limits on both sides as .V — o we obtain

! e e
‘\' —Z—Tynx ZZ'tt[k]"’:x[k-— ]H S

Lo N olk — ([]7’P‘[A' —d - ]}o—[k — (l]c,[k]Tc,‘[k] Amar [Po’[~d]]
s T R T

(C.AT)
substituting the right hand side of the inequality C.47 in Eq.C.42 we obtain
Lim AP 2 2 .
NV s 2o 2 ISk = Sk =117 < oo (C.48)
k=11=1

For any finite value of ky, the controller parameters convergence term in Eq.C. {8

could be written as

~ -~ o~ -~

1K) = k= kol = 120k = Sk = 1]+ Sk -1 Sk —ko+1) -

|-

&, [k — kol||? (C.49)

But by using the Schwarz inequality (146] we can represent Eq.C.19 as

(k] = Sk = kolli® < ko [IIS[K]) = Sulk = P 4+ + &tk = ko + 1] = 2 [k = kollf]
(C.50)

Hence from Eq.C.48 and Eq.C.50 we derive the inequality as

. mo ~
v Z 2 NELR] = Sk ~ kolll” < 2 (C.51)
To satisty the inequality in Eq.C.51 as & — oo it has to satisfy the condition

" . s -
b LIS = Sk = kol =0 (C.52)

The results derived above are used in the next section to prove the global convergence

properties for the model reference adaptive control problem.



C.2 Global Convergence Properties of the Multi-
Input Multi-Output Discrete Model Refer-
ence Adaptive Control System with Least
Square Approximation Estimator

Theorem: To prove the Global convergence properties of the multi-input multi output
(MIMO) discrete model reference adaptive control (DMRAC) svstem and least square

approximation (LSA) estimation with the parameters being updated as a matuis,

The lemmas presented in the previous section which deal with the underlyving prop-
erties of the Least square parameter estimator [ as a matrix | are used here to prove

the global convergence of the controller.

We know the error term from the least square estimator from Eq.(".1 as
e[k] = AUk = d] =3[k — 1)Té[k - d] (C.53)
But from the control law in Eq.7.65 we obtain
elk] = Slk—dTolk—d)~ k- 1)7dlk - d

= Sk -dTS Tk~ d) - Sk — 1T [k = d) + Sk = 17 [k - d] -
Sl = 1Tolk — d)

= Slk- [l = - 8k~ d] ¢ |Sik - = Sk -7 k-
(C.541)

On substituting the terms ¢'[k — d] and [k — d] from the equations 7.15, 7.16 and
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7.49 and on simplifying we obtain
- ” ~ ~ T
(k) = Slk= 1T 000 [ValkT - VIR + €k

t

, , ' ’ ' '
— 1 . 1 2 . 2
= [('0.(11. c 'Qdmln‘ .j] ' “3dmm”j{‘dmax+”' ..3[_]].

3 jg;m, EIT] [0.0. e [f'm{k]T - f’[l;]THT + €[k

4]

[tk =} [FalM)” = Y107 + Y

— Sk = 1T k] + 2R

Ji

where,
k] = YT = Yoa[k)T
= E(qg OU(q)Y[k] = H(g™")W[K]

= E(q™) [VI§] - Y 4]
‘The parameter estimation equation 7.64 indicates that the controller parameters
(%[L‘]T) at any instant (k] is a function of the parameters at [k — 1] i.e. (é[/\ - I]T),
the error term (e[k]) in Eq.C.55. o[k —d]T and P*[k—d—1]}7. On substituting Eq.C.55

m £q.7.64 we obtain

o

[k = T E(q™") [V k] = Vlk]] 8k — dTP*[k —d ~1]T
[ + lk = diTP+[k — d ~ 1]7 [k — d]|
ekldlk — d)T Pk —d — 1]7
[ + ok ~ dTP[k —d ~ 1| o[k - d]

k)T = Sk - 1T 4

(C.56)
The terms E(q™"). Y'|[k] and ¥;,|k] in the error term €[k] in Eq.C.55 are given as
B = eo+erq™t + -+ egg? 0
‘ 0 eoteq ™t + o+ egq®
(C.57)

- () - )
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On substituting the above matrices in the error term m Eq.C.05 we obtain
eo (ViKY = Yo (K1 4+ = sk =81 Yo [k - §))
k] = (C.98)
I e B R e R ERUE|

The error term €[k] as shown in the Eq.C.5% is a vector with the summation ot the
error between the actual response and the desired reference model response until the
past eight data points. This ({&] is the governing error that mahes the svstem follow
the reference model. But the second term €[A]is an auxihary error imput whichis the
difference between the parameters at different instants and s not sigmficant. Aso
the term 72[1\ - I]I‘M in the Eq.C.56 is an estimate of :I which is represented as 35
Hence the controller parameters update equation in terms of errors could be wntten
as

—ge[klolk - d)T Pk - d —1}F .
T+ ok — TPk — d— 1T olk - d]] |

lklolk - d|T Pk — d - 1)!
[r 4+ o[k — d"P=[k —d = 1]Tolk - d]]

(f)()

M7 = 2k - 1]+

((1.59)

The middle term in the above equation is a function of error vector ¢ [k} and the coef-
ficient matrix 3;. The gain matrix J; is restricted by modified constraint equations

so that it would not be zero and prevent further convergence as follows

1f 35, [k] sigm [(E‘Or)u} > ol in
then 36”[1\‘ -1]= "3(.).,“" - 1]
else ‘ 5,J[k = 1] = ||, S290 [(—;T) } (C.60)
o /1y

where, 1.3 € {1.---.m}

Here it is assumed that the sign of every element of [;364} hence, the mitial matns

33 is known and it is non-singular.

The driving error equation (.35 could be modified by dividing throughout by
\/r + K90[k = d)T o[k — d]. which is the denominator in FEq.C .11 to obtain

el _ ~ GelK] A
Vr+sadlk- dTolk—dl  \Jr+ sk — diTolk ~ d] /7 + xeolk ~ dTolk ]
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(C.61)

‘Taking limics on both sides as & — > Eq.C.61 can be represented as

Limn [k} . lm — Jyelk]
k= r + kopfk — d)T o[k — d] k=00 r+ k3[k — d]Té[k - d]
T 1
lim elk] (C.62)
7 ot mdlk— dTolk - d
N T
the three terms in 1iq.C.61 could be analyzed separately as follows.
From the result in Eq.C.41 we conclude that the first term in Eq.C.62 is
i e[k] _ (C.63)
k=00 frt xodlk - dTelk — d]
I
The auxiliary error term in Eq.C.62 could be written as
A =[Sl - a7 - k-1
= -[Ble-14 T - Epe-d+ 1]?] (C.64)

- _ [ﬁ}[k]T . L]T]
where. ¢ =d — 1 (finite quantity)

But from the derivation in the previous section and the resulting equation C.52, if

ko =« then

[z o2 2
v Z_T,noo > Sk -&ik~=0 (C.65)
‘ 1=1

From the above equation we can deduce that the third term in Eq.C.62 is equal to

zero as shown below
i [Sl= AT =Bl - 17] 6k~
Fooo Vet madlh - diTdlk —d

—

=0 (C.66)

s’

111
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Substituting the independent results from Eqs.C.63 and C.66 in Eq.C.62 we obtain

=0 Jr+ kaofk = dTolk — d)
1

The conditions described in equation C.60 are substituted in the above equation to

derive

: b
. tim ol e [£] =0 (C.68)

=X Jr+ xaolk = diTolk - d)
from Eq.C.68 it could be established that the error vector ¢[k] is equal to zero. henee

it could be rewritten as

lim (|80l Imf[k”T (180 g ImelK]]
koo s el dalk - d

=0 (€.69)

On applying the standard key technical lemma for the above discrete-time adaptive
control algorithm to check the uniformity and linear boundedness conditions [1-16] the
above equation can be transformed to the following standard form.

lim sfk]?

k= oo bR T ERlo(RTTolR] (€70)

where,

sl = /1180l man Zon€lE1" (1ol Zon [ 1]

bilk] = 7
bz[k] = K2
olk] = o[k-d]

From the result in | 1.C.70 and the standard result as described in Ref.[146] we can
state the following conclusions:

1. closed loop stability is achieved,

2. the output tracking error asymptotically goes to zero (perfect tracking is achieved),

3. and the convergence rate is betier than .
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Appendix D

D.1 Hardware Components

A hydraulic actuator from the Parker-Hennifen series with the following specifications

has been used.

Model : 2BB2HLT14A—-6

Bore : 2"

Stroke : 6"

Rod dia.: 1”

Style : Parker style BB
NFPA style MP1

with pivot pin and mounting plate

The actuator has been modified to incorporate cross port leakage hy fitting
a flow control orifice for differential pressure control across the piston to achieve
smaller pressure gain. This provision is incorporated to tune the force feedback for
the actuator control force of the adaptive active suspension. This valve could be

closed completely for a faster response in the position feedback control.

An electro-hydraulic MOOG servo valve {model 760-102A) has been used to
achieve the position and force feedback contrel. The 760 series is a high performance,
two stage design that covers the range of 1 to 15 gpm rated flows at 1000 psi valve
pressure drop. The output stage is a closed center, four-way and sliding spool. The
pilot stage is a symmetrical double-nozzle and flapper driven by a double air gap and
dry torque motor. Mechanical feedback of spool position is provided by a cantilever

spring. A list of servo valve specifications are quoted as follows.



Model : 760 — 102 A
Rated Flow : 5 gpm, < 0.35 gpm internal leakage
Torque Motor Cotl :  Parallel Col Con figuration
Rated current: 15mA
Coil Resistance : 200 ohm
Supply Pressure : Minimum : 200 ps:
Mazimum : 5000 ps:
Standard : 3500 ps:

The servo valve is rigidly mounted on the actuator to attain good hydraulic
stiffness between servo valve and ports (pressure and return) of the actuator which
improves the overall response of the actnator and servo valve as a single unit during
the actual test setup. A manifold and mounting plate has been designed and fab-
ricated with the configuration and dimensions which attache the servo valve rigidly
to the actuator and provides rigid hosing connections. This would enhance the dy
namic response between the output and input of the servo valve over wide range of

frequencies.

Ar analog controller board is used to maintain the feedback at a faster rate and
apply the command signal faster than the overall digital adaptive controller loop. An
analog controller which has a fast response to maintain the command signal is used
to reduce the time delay of the overall system. The analog controller used has built
in proportional, integral and derivative (PID) gain adjustable pots and summing
junctions. This system would act as a very fast constant gain closed loop local
feedback system to implement the actuator force signal from the adaptive controller.
By adjusting the PID pots, the controller can be tuned to achieve the critical damping
response and also could be optimized to achieve the stable tracking of the command
signal. The servo valve torque motor has its coils limited to a maximum of 15 mA
current. The command signal from the digital controller which has been passed
through DAC port of the data acquisition system has been conveniently limited to
a maximum of £ 10 volts. The individual torque motor coil resistance is 200 ohms.

Hence when connected in parallel it has a resultant resistance of 100 ohms. For
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a resistance of 100 vhm and maximum current of 15 mA the voltage is limited to a
maximum of 1.5 Volts. An Op-Amp circuit that is capable of reducing the £ 10 Volts
to £ 1.5 Volts at the servo valve has been added to the circuit. The Op-Amp circuit
has been calibrated and tuned to obtain this step down transformation. Fig.D.1 shows
the Mechatronix Systems servo controller card coupled with the Op-Amp circuit made
compatible with the servo valve chosen. The card shows the summing junction for the
command and feedback signals. The Op-Amp is powered from 15 volt power supply
and the output from the board is fed to the Op-Amp circuit. The step down signal

i» connected to the servo valve with appropriate polarity.

D.2 Electro Hydraulic Position Feedback Circuit
(Excitation)

As discussed earlier in section 8.2.1, the adaptive controller software incorporates a
module which would send the selected excitation to the main hydraulic circuit to
simulate the road input. The hydraulic circuit with the servo valve mounted actuator
has been used to create a position feedback controller that is completely controlled by
the software through data acquisition system. The analog controller has been used
as the fast feedback loop within the over all position control circuit. The software
incorporates a selection Window which shows the command signal that is being issued
and the feedback position signal from the actuator. Fig.D.2 shows the schematic

diagram of the complete position control feedback circuit.

A rigid base with appropriate mounting blocks for connecting the actuator
has been fabricated and the actuator assembly is fixed to the base with appropriate
freedom of rotation. Figs.D.3 and D.4 show the actual pictures of the setup. The
above figures indicate how the servo valve is mounted and rigidly connected to the
actuator as discussed earlier. The circuit is powered by a hydraulic power source
with various subcomponents such as pump, pressure regulators etc.. The hydraulic
pressure chosen for this setup is 1000 psi. The digital controller with the position

control module sends a command signal to the analog controller through a DAC
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Fig.D.1: Analog servo controller with OP-Amp circuit tor position, force and active
suspension control implementation.
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Fig.D.4: Position feedback control circuit.
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port. The feedback signal for the position of the actuator is collected through an
appropriately calibrated LVDT. The software displays the controller performance
by displaying the command and the feedback signals. Fig.D.5 shows the objective
performance of the complete position control setup for simulating the excitation to
the actual adaptive active suspension. The results indicate that the feedback signal
tracks the command signal very closely. Fig.D.5 shows the time delay involved and

the limitation of overall system when the actuator fully retracts.

D.3 Electro Hydraulic Force Feedback Control
(Actuator Force)

A separate force feedback control system which would act as an actual force circuitry
in the Adaptive Active Suspension has been implemented. An actuator force sig-
nal as calculated by the Adaptive Active Suspension Simulator Software has to be
imposed on the sprung mass to realize the adaptively controlled system. The actua-
tor setup with cross port leakage as discussed earlier has been used. Fig.D.6 shows
the schematic representation of the force feedback control that has been used for

implementation.

On the rod end of the actuator the piston has been connected to a Aries load
cell (Series 8100) of maximum capacity + 1000 kgf.. The application of the load cell
is minimized to half of its capacity. Hence it is calibrated to £ 10 Volts to £+ 500 kg f..
The load cell has been calibrated using a MTS system against MTS force reading.
The load cell is connected to an Aries signal conditioner and the voltage reading is
taken from its display. The connections to the signal conditioner are adjusted so that
we could extract a feedback signal with negative polarity. Fig.D.7 show the load cell
calibration curve with table showing the actual values. Once the load cell is calibrated
the gain setting of 1024 is extracted and this would produce a calibration line of slope

500

Volt*®

A sliding plate on linear bearings has been attached to the actuator through a
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Fig.D.5: Experimental position control results.
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Volts (V)

Applied force (N) Arnes Signal Analyzer (volts) | MTS Reading (volts)
-4990 9.97 9.98
-3995 7.99 8
-3020 6.04 6.04
-2030 4.04 4.04
-1000 2 2
-520 1.15 1.15

0 0 0
570 -1.14 -1.15
1000 -2 -2.02
2010 -4.04 -4.0"
3030 -6.08 -6.1
4000 -8.07 -8.05
5020 -10.07 -10.1
Load Cell Calibration

10 ¢

—a&— Anes Signal Analyzer
(volts)

~&~— MTS Reading (volts)

15 4
Applied Force (N)

Fig.D.7: Load

cell calibration against MTS system readings.
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load cell on one end and compressed against a set of springs on the other end. Three
springs in parallel with a total stiffness of 100% or 170003}; which is approximately
the stiffness of the coil spring has been used on the other end. These along with
the sliding mechanism have been fixed to the rigid base. Figures D.8 and D.9 show
the pictures with the mechanical hardware setup and the overall force feedback con-
trol loop. Fig.D.8 indicates the setup involving the actuator attached to the sliding
mechanism through a load cell and coil springs on the other end. Complete {eed-
back mechanism from the load cell through the signal conditioners and the analog

controller has been shown in this figure.

The controller actuator force evaluation module of the software has been used
for evaluating a command signal with a DC shift. The force feedback display that
includes the command signal and the feedback from the load cell has been used to show
the feedback control. Fig.D.10 shows the command signal and the feedback signal
for a test run. The static component of command signal is used to test capability of
the actuator force feedback to maintain static equilibrium condition for the adaptive
active suspension. The response indicates the effect of time delay and improper
tracking upon a sudden change in the direction of the command signal. Appropriate
care has been taken to tune the analog controller PID gains so that we could obtain

stable performance without damaging the springs in the setup.

D.4 Damper Test For Component Characteri-
zation

The damper was loaded on the damping test rig as shown in Fig.D.11. The damper
was suspended through a load cell that was calibrated earlier for force feedback con-
trol. The rubber spool bushing that is shot between the outer and inner sleeves of
the damper has been included throughout the test to simulate actual vehicle assem-
bly situation. The independent test setup as shown in this figure would develop the
damping forces relative to the absolute velocity of the excitation at the lower end, as

the top end is fixed in the bounce DOF. But in the actual adaptive active suspension
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Fig.D.9: Force teedback controf circuit.
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Fig.D.10: Experimental force feedback control results.
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Fig.D.11: Pictures indicating Porsche 928 front shock in the damper test rig
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test setup the damper forces are proportional to the relative velocity between the
sprung and unsprung masses. The tests for various frequencies and amplitudes, and
hence for various velocities are performed and the damping values are read from the

test curves to obtain the values with respect to the peak operating velocities.

A series ot 30 tests at different frequencies and amplitudes have been con-
ducted. The damper has a total of 4" stroke which is smaller than the regular 5-6"
stroke peak-to-peak. This also shows that the handling and stability performance has
been given higher priority relative to the ride comfort in this type of vehicle. The
damper and the load cell were loaded and at no initial deflection the load cell is ze-
roed. Then the damper is statically compressed to 0.25"” which gave a gas spring force
of 35 N. The compression was varied at eauistatic conditions and the gas spring force
was found to vary from 35 to 55 N, which wzre calculated from the load cell reading.
The gas spring force was not zeroed to simulate the final test setup conditions. The
tests enable the evaluation of the damper performance over a wide range of velocities

which would be suitable for final test operating conditions.

The loads exerted by the damper at various excitation inputs (different am-
plitudes and frequencies) have been extracted from the test at the steady state. Two
different types of plots have been used for characterization of the damper. The Lis-
sajous curves which show the jounce and rebound forces with the relative displacement
have been plotted from the test data. These indicate the distinction between jounce
and rebound performance governed by the orifice size. Figs.D.12 and D.13 shows the
Lissajous curves for different strokes in terms of peak to peak (p-t-p) values and at
different frequencies. Tests at different strokes 0.5, 1.0”, 2, and 3" p-t-p at different
frequencies 0.25 Hz., 0.5 Hz., 1.0 Hz., 1.5 Hz. and 3.0 Hz. have been performed for
the analysis. Since the adaptive active suspension experiment is the validation for the
sprung mass modes, the frequencies and strokes chosen are justifiable. At the lower
velocities the curves are shifted towards the compression side due to gas spring force

of the damper and it is more clear in the 0.25 Hz. and 0.5" p-t-p asshown in Fig.D.12.
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The curves indicate that at high amplitude and high frequencies, the rebound forces
are higher than the jounce. This is very critical for the road handling during rebound
from pot holes and bump excitations. But the lower jounce forces are needed for
ride comfort at large bumps. The curves at the lower velocities which predominantly
dictate the performance for the handling like pitch and roll manoeuvres show that the
jounce forces are more predominant than the rebound. This would help to stabilize
the roll when taking a turn and at the same time does not snap back when returning
to neutral position. A higher rebound under these conditions would act in parallel
with the recoil forces of the spring and might give an under damped performance of
the roll back manoeuvre. Figs. D.14 and D.15 show the Lissajous curves for differ-
ent p-t-p amplitudes at constant frequency aad for different frequencies at constant
amplitudes. Both the curves indicate that at lower velocities the jounce forces are
higher and as the velocities increase the rebound forces are higher than the jounce.

Fig.D.15 shows the damper performance at sprung mass bounce degree of {reedom.

The orifice type dampers could be well represented by the force Vs. velocity
curves which indicate the constant of proportionality for the dampers. The force
extracted by the damper at different frequencies for two different extreme strokes
has been indicated in the Fig.D.16. This figure indicates the bleed and blow off
characteristics of the damper both in the jounce and rebound strokes. The curves
also indicate the threshold velocity at which the blow off occurs. At low velocities the
damper indicates the bleed characteristics and hence the higher slope of the curve.
But at higher velocity it indicates the blow oft characteristics with a larger orifice
and hence smaller constant of proportionality. This figure also indicates that damper
is designed to give digressive natured characteristics at higher velocities after blow
off where the slope increases again. Since the intended test on SDOF involving this
damper is performed for a maximum velocity of 0.15 m/sec, an average value of 6250

%’- has been used as a nominal value for the adaptive active controller.
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