Cranfield Institute of Technology

Department of Electronic System Design

M.Phil Thesis

Academic year 1989-90

Vehicle active suspension system design using
strategies based on state estimation by Kalman
filters

A. A. Shakir

Supervisor: J. Borrie

June 1990

This thesis is submitted in partial fulfilment of
the requirements for the degree of Master of
Philosophy



ProQuest Number: 10832224

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

ProQuest.

ProQuest 10832224

Published by ProQuest LLC (2019). Copyright of the Dissertation is held by Cranfield University.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code
Microform Edition © ProQuest LLC.

ProQuest LLC.

789 East Eisenhower Parkway
P.O. Box 1346

Ann Arbor, MI 48106 — 1346



In the néme of God

most gracious most merciful

TO MY PARENTS



ACKNOWLEDGEMENT

I wish to express my sincere gratitude to my supervisor, Mr. J.
Borrie, for his outstanding supervision and guidance, and for his
generosity in arranging sufficient time for consultation and

supervision throughout this work.

I acknowledge the support of the Iraqi Government who granted
this study.

Finally, I would like to thank my wife for her patience, help and

encouragement..

A A SHAKIR
June 1990
Cranfield



ABSTRACT

The suspension system of a ground vehicle moving on or off road
can be improved by so called "active control" using control
strategies which require feedback of all or some of +the system
states. A stochastic state estimator, or "Kalman filter"”, can be

used to estimate these states.

Various Kalman filters suited to this problem are developed, and
optimal control strategies suited to +these Kalman filters are
specified and assessed. It turns out that there are basic problems
of unobservability and uncontrollability inherent in the behaviour
of such suspension systems, and original solutions to these

problems are suggested and explored.

A laboratory equipment is designed and constructed to reveal the
behaviour of hydraulic actuators in this context, and this is used
to ensure that the strategies suggested are realistic. An Intel
8086 microprocessor based circuit in which a practical Kalman
filter can be realized 1is designed. A considerable number of
computer simulations are also used to test and assess the
estimation and control strategies. All these represent original

work by the author.
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CHAPTER 1
INTRODUCTION

1.1 INTRODUCTION:

Ground vehicles, which are supported by +the ground, as
contrasted with aircraft and marine craft, may be broadly
classified as guided and nonguided. Guided ground vehicles are
constrained to move along a fixed path (guide way), such as
railway and levitated vehicles. Nonguided ground vehicles can
move, by choice, in various directions on the ground, such as road

and off-road vehicles.

A vehicle which runs on the ground employs a suspension system
to separate the passenger or cargo cohtainer from auxiliary
bodies, some of which are in contact with the ground. The
traditional suspension system serves as a low pass filtér which is
designed to compromise between ride comfort and safe handling,

specified as follows.

1- The suspension must reduce the transmission of the
vibrations from the road to the body/cargo and thus ensure

"ride comfori’.

2- The suspension must prevent the wheels from 1leaving the
ground during cornering, braking or accelerating to ensure
the transfer of tractive forces +to +the ground and thus

ensure "safe handling”.

The first requirement implies a “soft” suspension with a low cut
off frequency which isolates the vehicle body from ground induced
vibrations. The latter implies a “stiff” suspension to keep the
wheels/tyres in contact with +the ground. Increased stiffness
implies an increase in transmission bandwidth and a larger range

of frequencies are therefore transmitted +to the vehicle body,



which is in conflict with the first requirement. A compromise must
therefore be made.

This leads to the idea of "active” suspension with characteristics
which can realize this compromise efficiently, or even be altered
to suit the terrain being negotiated. Hydraulic actuators and
microprocessors are evidently suitable for such active suspension

systems, and this project seeks to apply these to the problem.

Although microprocessors are cheap nowadays, active suspensions
systems still have limited application, and vehicles with active
suspensions are complex and expensive. Intensive research is still

required before this kind of suspension becomes widely used.

To date, the most obvious areas in which such active suspensions

seem feasible are:-

¥ Commercial Vehiroles:
- Active systems can increase safety by achieving better road
holding (or ground holding for agricultural vehicles).
Comfortable ride characteristics would also allow longer

periods of operation due to reduction in operator fatigue.

¥ Military Veliloles:
— In this context cross country speed is limited by the
ability of the crew to withstand vibration, the modern
fighting vehicle being capable of going faster over rough
terrain +than a human can stand. The use of active
suspension might allow an increase in speed. The strategic

value of such an improvement would probably be considerable.

*¥ Pacsenger Vehicle:
- Active systems can increase both ride comfort and safety,
by ensuring that the wheels remain on the ground during
maneuvers such as braking and cornering. At the smaller end
of the scale (ie cars) the cost 1is still +too high to be
widely adopted, but larger vehicles (buses, etc) might

benefit considerably.
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¥ Rocing Cars:
- Racing cars which enhance performance through +the use of
aerodynamic effects can be height regulated using active
suspension systems, producing stable, controllable vehicles
capable of braking and cornering with greater efficiency. The
economics of this are.thought to be attractive and several

such systems are believed currently to be under development.

1.2 OBJUECTIVES OF THIS PROJECT:

Any effective control strategy must use state feedback and this
requires measurement of the states. In active suspension systems,
these are not generally accessible; in particular the absolute
position of the cargo container, or “"sprung mass"”, above mean
ground level can not easily be measured. This must be somehow be
found by processing the output of an accelerometer attached to the
sprung mass, and possibly the outputs of other transducers, most
notably a linear potentiometer monitoring the relative

displacement of sprung mass and axle, or “"unsprung mass".

This difficulty can be solved if a proper state estimator is
designed. A Kalman filter seems suitable in this situation as the
available outputs are corrupted by measurement noise and the
system is disturbed by process noise. Naturally, different ground
and speed conditions will affect the Kalman filter design, and,
with microprocessor realization, the optimal Kalman filter gains

can be updated according to ground type and vehicle speed.

There is a considerable body of literature on this subject and
many control strategies have been suggested ranging ftom simple
classical systems to adaptive optimal control strategiés based on
stochastic analysis. A useful review is provided by ref. 1.

Relatively few of the published papers present practical results,

the majority being satisfied with simulations, and, in simulation
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at least, the modern control strategies appear to yield better
results than the classical.

A seminal paper on optimal control applied to this subject is by
Thompson [2], who presents good simulated results, but whose
strategy depends on all the system states being accessible. This
is not so, since the height of the sprung mass above the mean
ground level is difficult, if not impdssible, to measure. Thompson
specifies carefully chosen cost functions to avoid this problemn,
but still requires a transducer to measure the sprung mass height
above the actual (not mean) ground level.

Further work reported [3,4], conforms that optimal control
strategies, some using partial state feedback yield good simulated
results, but all require the system states to be accessible. GSome
work has been done on applying Kalman filters to active
suspensions [5,6], but this seems +to be for complex systems
involving flexible vehicles, compensation for body height
transducer delays, etc, and this work is associated with elaborate
control schemes.

Clearly, if a relatively simple Kalman filter éould be designed to
construct accurate state estimates using simple transducer signals
as data, optimal control strategies would become practically
attractive. The most obvious +transducers are an accelerometer
monitoring sprung mass acceleration, and a potentiometer

monitoring suspension deflection.

The objectives of this project are to design simple Kalman filters
suited to this problem and to design optimal control strategies

suited to any peculiarities of these Kalman filters.

It is proposed that the strategies be developed using a laboratory
equipment employing hydraulic actuators, so that any results
obtained should have practical meaning. Computer simulation is

also, of course, to be used.
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1.3 THEsIs OUTLINE:

This thesis can be outlined»as follows:

Chapter 2: Recognized comfort criteria and the general features of

suspension systems are briefly reviewed.

Chapter 3: Road surfaces are studied and it is concluded that a
satisfactory model is a stationary Gaussian noise stochastic
process, for constant vehicle speed. Typical roads are represented
by a special form of PSD, that means the road disturbance is not
white noise but "colored” noise. To simulate +typical roads for
this work, specialized digital filters are designed of which cases

are realized for good and poor roads.

Chapter 4: The algorithms of state estimators and various types of

Kalman filter are reviewed.

Chapter 5: The electronic hardware required for on-line Kalman
filter realization based on an 8886 microprocessor and suitable
for 4 wheel vehicle is presented. The necessary software in 8086

assembly language is also described.

Chapter 6: A typical simple model representing a 2-DOF quarter car
is considered. The objective of this chapter is to illustrate how
an optimal control strategy is realized, and to compare simple
active and passive suspension systems assuming all the system
states are available. More developed models (based on practical

experience described in Chapter 7) are also presented.

Chapter 7: An experimental equipment representing a 2-DOF quarter
car is developed and modeled, and a basic optimal control strategy
is considered. A basic problem of unobservability is exposed, and
structures of different Kalman filters are proposed which overcome
this. A basic problem of uncontrollability is also exposed and
optimal control strategies which deal with +this and suit the
Kalman filters are proposed. These ideas are +tried out in

simulation and on the laboratory system.
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Chapter 8: Conclusions are presented and suggestions for further

work are discussed.

This thesis also includes the following appendices:

Appendix A: The algorithms used for system conversion from

continuous to discrete time form.
Appendix B: Parts list for the 8@86 microprocessor hardware rig.

Appendix C: The operation of the main components used by the 8086

microprocessor rig.
Appendix D: The 8086 microprocessor software structure.

Appendix E: Some results of testing the 8886 microprocessor state

estimator algorithm on an analog computer model are shown.

Appendix F: The partial state feedback method for one optimal
control strategy used in Chapter 7 is described.

Appendix G: The main non-linearities of the hydraulic system used

in this work are considered.

Appendix H: The specifications of the hydraulic equipment

discussed in Chapter 7.

From the outline above, it can be seen that the work covers an
extensive field. While the practicality main objectives has been
demonstrated as described in Chapters 7 and 8, it has not been
possible in the time available to tie all the strands together. In
particular, the microprocessor hardware has not been applied to
the experimental equipment, nor have the strategies been
thoroughly tested using the Kalman filters. Further work is thus
indicated, but it is claimed that useful basic ideas have been
established.
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CHAPTER 2
THE NATURE AND REQUIREMENTS OF VEHICLE SUSPENSION SYSTEMS

2.1 INTRODUCTION:

The behaviour of a ground vehicle represents the results of
interaction between the driver, the vehicle and the environment,
as illustrated in Fig. 2.1, so in the end we can determine the
suspension system demands of "safety” and the "comfort” of +the
vehicle for different conditions of driving. Some understanding
of the behaviour of the human driver, the characteristics of +the
vehicle, and the physical and geometric properties of the ground
are, therefore, necessary to the design and evaluation of ground

vehicle systems.

Many workers in this field are +trying to find +the optimal
-parameters of the suspension system to achieve “"optimal” riding
and handling properties [1,2,3,4]. It may be said that there is no
universally accepted set of criteria which can be taken to measure
these.

One of the major factors in +the study of ground vehicles is
certainly riding "comfort”. This is concerned with the sensation
or feel of the passenger in the vehicle. In this work we
concentrate on this feature, at the expense of road holding which

is not considered in any depth.

Ride comfort problems mainly arise from vibration of the wvehicle,
which are induced by surface irregularities, aerodynamic forces
and vibrations of the engine and transmission. Usually surface

irregularity is the major source of vibration.

In the next paragraph we consider human response to vibration.



e

==

15




2.2 HUuMAN RESPONSE TO VIBRATION:

In general, passenger comfort boundaries are difficult +to
determine. Various methods for assessing human response to
vibration have been developed [1]. They include subjective ride
assessments, shake table tests, ride simulator experiments and
ride measurements in vehicle [1].

In general these methods attempt to correlate the response of the
test subjects in gqualitative terms, such as “uncomfortable” and
"extremely uncomfortable”, with vibrational wvariables such as
displacement, velocity, acceleration and jerk over +the frequency
range of interest.

At present there is little consensus on how to evaluate human
response to whole body vibration. An International Standard (IS0)
[12] has been published which uses rms acceleration. Various
levels are proposed with time durations at each level. This guide
is recommended for the evaluation of vibrational environments in
transport vehicles as well as in industry, and defines three
distinct limits for whole-body vibration in +the frequency range
1-80 Hz. |

Another method which is widely accepted as more promising than
the 150 method has been proposed by Lee & Pradko in 18966 [2]. This
is based on the assumption that comfort is a ‘function of power
absorbed by the human body. The measure of comfort is defined as
the sum of the power absorbed by the body from all the components
of imposed vibration. This method has been confirmed as useful by

extensive testing.

The total absorbed power in frequency domain is:

2
P = 2? gKi'Ai(rms)

l:
where
2 . PR
Ai rms = mean square acceleration at frequency ‘i
Ki = conversion constant, which is frequency and body

orientation dependent.



The power absorbed depends on the physical attributes of +the
person. A muscular, trim person generally absorbs less power than
an obese person of +the same weight when subjected to same

vibrational input.

2.3 VEHICLE SUSPENSION SYSTEM MODELS:

To study the behaviour of vehicle suspension system, various
models have been developed. For a passenger car with independent
front suspension, a seven-degree-of-freedom model as indicated in
Fig.(2.2) may be used. In this model, the pitch, bounce, and roll
of the vehicle body, and each wheel bounce are taken into
consideration.

For a military tank as shown in Fig.(2.3), a fifteen degree of
freedom model may be used, which includes the pitch, bounce, and
roll of the vehicle body and the bounce of each wheel, these being
typically twelve in number.

To construct such a model, the equations of motion for each mass
are formulated, or Lagrangian mechanics are used, and a set of
differential equations is formulated. Digital computer simulations
are usually employed to determine +the responses, when the
excitation of the system is known, by solving these equations. The
models become very complex as the degrees of freedom of the system
increase. |

The mass of the vehicle body is usually referred to as the sprung
mass, whereas the mass of the axle with its associated éomponents
is referred to as the unsprung mass. To obtain a qualitative
insight into the functions of +the suspension, particularly the
effects on the sprung and unsprung masses of vehicle vibration, a
linear model with two degrees of freedom as indicated in Fig.(2.4)
is usually used. On the other hand to reach a better understanding
of the pitch and bounce vibration of the vehicle body, a 1linear
two-degree~-of-freedom model as indicated in Fig.(2.5) can be used.
Such linear models can not of course be used if the tyres, springs
and the valves of the hydraulic actuators (in case of active
suspension) are severely non-linear, but this is generally not the

case, and the models considered in this work are linear.
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2.4 TYPES OF VEHICLE SUSPENSION SYSTEM:

Various types of suspension system are commonly used as follows

[71:

» Passive systems; These contain only springs and dampers with the
possible addition of self 1leveling systems which typically
involve delays of several seconds and are designed to compensate

for variations in static load, (Fig 2.6a).

» Active systems; the springs and dampers of passive systems are
replaced by or connected in combination with hydraulic
actuators. Various transducers provide feedback signals to these
actuators which apply the force required according to some
control law. This control law may use information obtained from
anywhere in the system, and the determination of a control law
which gives good performance is clearly of great importance,
(Fig 2.6c).

» Semi-active systems; are closely related to the active systems
just described, the main difference being that the actuators are

replaced by controllable dampers, (Fig 2.6Db).

Because of the limitations of passive suspensions, there are
currently a number of activities to develop active suspensions
[5-11], using various sensing devices and feedback controllers
(Figs. 2.6, 2.7). They also require a suitable power source,

usually hydraulic.
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In this thesis, only active suspension system is considered.

The advantages of active hydraulic suspension can be summarized as

followsz

® small sprung mass dynamic deflections under transient

excitation.
® suspension characteristics maintained regardless of loading.
® high speed of response.
® improved ground holding and handling.

® possibility of adaptive control to suit various ground

conditions.

An active suspension system is shown in block diagram form in

Figure 2.7.
DISTURBANCES
— 1 ACTUATOR|——{ VEHICLE ] SENSORS
ENERGY STATE
SOURCE ESTIMATOR
CONTROL LAW
COMMAND SIGNAL (FEEDBACK) "STATE VECTOR

Fig. 2.7 Main Compoﬁents of an Active Suspension System.
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The above advantages of active suspensions are derived from two

basic features:

1. Control forces can be generated which do not depend upon energy

previously stored by the suspension.

2. The control law can generate forces which are functions of many
variables, some of them remotely measured.

Some disadvantages of active systems are their complexity, their
installation and maintenance costs and the consequently reduced
robustness and reliability. However there are many efforts to

overcome these drawbacks.
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CHAPTER 3
ROAD SURFACES

3.1 INTRODUCTION :

It is commonly assumed that a track over rough ground may be
regarded as a sample from a stationary random process [1,2] and
so, for a vehicle travelling'at constant velocity, its response is
a stationary random process assuming any initial transient to have
died away. In practice, the vehicle motion is usually
non-stationary, due either to variation in its wvelocity or to
inhomogeneity in the surface profile, or both [3], but for purpose

of analysis, these difficulties are not usually considered.

- The statistical distribution of +the ground height can be
considered to assume a ZEero mean Gaussian probability
distribution, and there is empirical evidence to suggest that this
is reasonable [4-7]. This means +that a complete statistical
description can be obtained from the autocorrelation or power
spectral density of the stationary random process. Together with a
knowledge of the traverse velocity and (linear) dynamic properties
of the vehicle, this_allow a response analysis of the system to be
undertaken. '

Some properties of roads and the modelling of their
characteristics are considered in this chapter. For military and
agricultural vehicles, the properties of rough ground must also be

explored, but this is beyond the scope of the present work.

3.2 THE ROAD AS A HOMOGENEOUS AND ISOTROFIC RANDOM PROCESS :

Two important properties, homogeneity and isotropy are considered

here.
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3.2.1 HOMOGENEITY :

Homogeneouvs random surfaces have statistical properties which are
independent of co-ordinate translations [4]. Thus if the random
variable z(x,y) is homogeneous, where =z represents vertical
displacement (Fig. 3.2}, it follows that:

(a) The expected value of z, E[z(x,y)], is independent of x,y.
Without loss of generality, it is assumed to be zero
throughout this analysis, i.e. E[z(x,y)] = @.

(b) The two dimensional correlation function R(x1,y1;x2,y2)
depends only on the differences 41 = (x2-x1), 42 = (y2-y1)

and not on the individual values of x1,yl,x2,y2.

Because of homogeneity +the autocorrelation function of the
profile along any straight line is identical to that taken along
any other parallel straight line.

The autocorrelations from homogeneity of the suriaoe,»equal:

E(z(x,y).z(xt+Al,y)) = E(z(x,y+A2).z(x+Al,y+A2))

which is also equal to;

E(z(x,y).z2(x-41,y)) = E(z(x,y+42).z(x-41,y+22))

Ra(Al) say ... (3.1)

ji.e. from the definition of the homogeneous surface this is equal
to the one-dimensional autocorrelation R(41) along any 1line

parallel to the longitudinal track (x-axis in this case).

3.2.2 [SOTROPY :

A homogeneous Gaussian random surface is said to be tisctropic
when the cross correlation function R(Al1,42) is independent of the
direction of the vector separating the two points (x,y) and
(x+Al1,y+A2). The statistics of the plotted surface of R(41,42)
will therefore have circular symmetry about the origin. In other
words, statistical properties of isotropic random surfaces are

independent of co-ordinate rotations [4,7].
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The cross correlations of an isotropic surface equal:

E(z(x,y).z2(xtAl,y+A2))

E(z(x,y).z(x-41,y-42))
R (¢) say ... (3.2)

where;

o = 14;12 + A2%)

An auto-spectrum (also called "power spectral density") Sx(n) and
cross—-spectrum Sxy(n) (where n is the wave number of +the surface
in cycle/m), are defined as the Fourier transforms of the auto and
cross correlations (Egns 3.1 and 3.2) respectively [5]. These are

calculated using various techniques [5,6].

Two parallel profiles separated by a distance TA2M are
considered, as shown in Figs. 3.3 and 3.4 in analyzing the
behaviour of four wheeled vehicle. In this thesis, however, we are
concerned mainly with quarter car models and the cross
correlation/spectrum terms are not relevant. However, further
development of the research to deal with more elaborate models

would require consideration of these.

As a conclusion, typical rbad surface are usually considered as
homogeneous and isotropic two dimensional Gaussian random process.
Complete description of any such process is provided by a single
autocorrelation or spectral density function evaluated along any
longitudinal track, and thus a single direct spectral density
function provides a road surface description. This hypothesis is
justified by agreement between theoretical and experimental

results presented in the literature [1,2,4,7].



A2 - ‘ ......................... _)x

Fig. 3.1 Four-wheel vehicle layout

where;

x2 = x1 + Al

y2:y1+A2

Fig. 3.2 Height (z) of surface in the x-y plane
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Fig 3.3 Specification of homogeneous road surface
(two tracks)

Fig. 3.4 Tﬁo—dimensional road surface parameters



3.3 THE SprecTrRAL DENSITY OF A RoaD SURFACE:

Having assumed +that +the road surface 1is a homogeneous and
isotropic stochastic process with 2zero mean Gaussian amplitude

distribution, it is necessary to specify its spectral density.

It is suggested by Dodds [1] and Kamash & Robson [7], that the one
sided spectral density S(r7) can be approximated by a simple

analytical form for different types of road wusing +the following

formula:
. -W = .
S(n,).-(n/fn,) "t noE N,
S(m) = — _ ... (3.3)
S(n,).(nfa ) "2 n N,
where;

S(no) is a "roughness coefficient” (value of the spectral density
at the discontinuity frequency no), Mg is a datum wave number, v,
and v, are positive constants which are functions of +the road

surface characteristics.
From tests carried out by MIRA [8], L is found:

n, = 1/2n (cycle/m)
S(no) provides a basic roughness coefficient, and a measure of
the comparative roughness of two roads is given by the square root

of the ratio of their respective S(no) values.

For a given S(no) a high value of v, indicates a road which
increases in roughness at longer wavelengths. Conversely a road
with high v, suggests a road which increases in roughness at

shorter wavelengths.[1]

The variance of the process is given by;
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+c0

o4 = 2 J S(n) dn ... (3.4)
1%}

Although Egn.(3.3) defines road roughness by using a simple
mathematical expression and is ideal for computational or design
purposes, it does not allow easy mathematical amnalysis, as 5(n)
becomes infinite as v » @. This inconvenience can be overcome in
various ways. In ref.[1] it 1is suggested to filter +the road
spectrum with a high pass filter with transfer function:

Jramy
G(jn) = ... (3.5)
1 4+ jr2ny

where *» is chosen to be a length greater than any wave length of
interest (wave length = 1/7).

The road spectral density, Egn 3.3, becomes:

[(2r)%n°2% 1 . gy e
S(n. Y. (n/n. ) "1 nE N
[1+2%(2r)%%% 1 © © o
S5(n) = A ... (3.6)
' 2 z. 2 .
[(22) 4 2 2 S(n, )-(n/n,) Y2 L
[1+x"(2r) 0 ]

Using the above roughness coefficients, road surfaces can be
classified. From extensive data gathered by MIRA[8] the parameters
given in Table 3.1 have been published for typical road types.

A wave number range of 9.01 - 19 cycle/m is +typically considered

[15,16]. This range corresponds to a frequency range @.5Hz £ f =
b@Hz for vehicle velocities in the range 5-50 m/s (11-110 mile/h).
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vThe wave length “"A”
wave length of interest,
spectral density (Egqn. 3.

wave numbers of interest

Having found the profile

traverses a surface at a

in Egn.

3.5 is chosen as +twice the maximum
i.e. A = 2/86.01 = 200m, and the profile
6) is assumed zero for higher or lower
[156].

spectral density, and assuming a car

constant speed, U m/s, the excitation

frequency, f Hz, and the wavenumber, 7, are related by [16]:
f = Un (3.7)
S(no) a Yy Y2
Road class lﬂ—§~—~ Mean S. dev. Mean S. dev.
cyce
*Motor way
® Very good 2 -8 :
e Good 8 - 32 1.945 @.464 1.360 ﬁ.221
*»Principal rd
® Very good 2 - 8
#® (Good 8 - 32
e Average 32 - 128 2.05 ?.487 1.440 3.266
® Poor 128 - 512
PMinor roads
& Average 32 - 128
® Poor 128 - 512 2.28 ?.534 1.428 ?.263
¢ Very poor |b12 - 2048 '
Table 3.1

Classification of roads b
n,

ased on road spectra presented by MIRA [8]

1/2n cycle/m
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3.4 COMPUTER SIMULATION OF A RANDOM ROAD DISTURBANCGES:

For a certain road profile (of a type discussed in the previous
paragraph), and assuming the vehicle is travelling at a constant
speed, we simulate the random noise applied +to +the vehicle
suspension using the ISIS simulation package on +the VAX 11-750

computer.

In this thesis typical roads disturbances simulated by the
computer have the properties as shown in Table 3.2 in which two
cases are considered (cf. Table 3.1), good principal road and very
poor minor (paved) road, so, any road type will be in between. The
power spectral density of these roads are shown in Figs. (3.5) and
(3.6).

S(T)o) a W1 wz log o
Road class x18 °-2-| Mean Mean (mm> ) (mm)
cyc
Good principal 13.8 1.945 1.369 9.0 3.9

rocad (motor way)

Very poor 2048 2.28 1.428 300.0 17.32
minor road ‘

Table 3.2
Classification of roads used in this thesis

To simulate this process by the computer, a suitable filter must
be designed using white noise input as discussed in the next

paragraphs.
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3.5 Pspupo-RaNDOM SIGNAL GENERATION :

Pseudo-random signals of various kinds can easily be generated by
the computer. The simplest way to generate random numbers with
Gaussian distribution is to use the central limit +theorem (which
states that; if a random process consists of the sum of a large
number of independent processes, the distribution of the overall
process is Gaussian, or normal) [9,186].

In other words, if a series of samples, of size N, afe taken from
a population {(r)} (not necessary normal), then the sample means
tends to the normal distribution as N increases. Thus, from an
independent, uniformly distributed number (r), an independent,
Gaussianly distributed random number can be generated by taking
the mean of samples of, say, 16 to 20 elements from that

population.

3.5.1 EvENLY DisTRIBUTED RANDOM NUMBERS

Evenly (uniformly) distributed random numbers can easily be

generated by the multiplicative congruential formula [16]:

r(n+l) = [ Ar(n) + @ ] modulo &P ... (3.8)

where 4 is the radix used,
p is the word length,

«,/3 are constants.

The numbers are evenly distributed between @ and pp. To obtain an
even random distribution r“(n) with limits [a,b] the following

formula is used:

r'(n) = r(n).(b-a) / ¢ + a ... (3.9)
in this case the mean and variance of r“(n) are:

Efr (n)] (b-a)/2 ... (3.109)

(b-a)?/12 ... (3.11)

var[r ' (n)]



We use the case of evenly distributed random numbers between @ - 1
(the typical limit used in the NAG library routines). So, Eans.
(3.19) & (3.11) become:

E[lr"(n)]

var[r ' (n)]

2.5 ... (3.12)
1/12 ... (3.13)

I

3.5.2 RaNDOM NUMBERS WITH GAUSsSIAN DISTRIBUTION

A sequence of uniformly distributed numbers r°(n) can conveniently
be converted to a set of Gaussian distributed random numbers by a
formula which depends on the central limit theorem: [18]

N-1

Z(n) = § 5 ] r'( oN - i) .. (3.14)
1= .

N is theoretically large, but N between 10-200, typically, gives a
sufficiently good approximation to a Gaussian distribution. In

this case;

E[Z(n)]

var(Z(n))

1

E[r'(n)] ... (3.15)

1/N[var(r'(n))] ... (3.16)

3.6 GENERATING GAUssIAN WHITE NOISE oN THE COMPUTER :

Equations 3.8 & 3.9 generate a uniformly distributed sequence
between @ and 1 (Fig. 3.7), and from this sequence a white noise
with Gaussian distribution is obtained (Egn. 3.14). Colored noise
of any power spectral density can then be generated using an
appropriate filter.



1.0

w

Fig. (3.7) PDF of a Uniformly Distributed Sequence.

The algorithm producing a sequence of white noise Z(n) with zero

mean and variance 1/12N for a chosen value of N = 20 is:

o1 _ 1

Var(Z(n)) - 12N - 24@ . - - (3.17)
L 19

Z(0) pog g7 = %—Ei:gr (nN-i) - 8.5 . ... (3.18)

Fig.(3.8) shows a plot of white noise sample generated using Eans.
3.17 and 3.18.
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3.7 GENERATING CoOLORED NOISE ON THE COMPUTER :

To generate a random process which has a power

as discussed in Section
the required PSD,

3.3,

spectral density

a digital filter must be used to give

as indicated in Fig. 3.9.

Uk Yk

white noise colored noise
————4 Digital Filter  ——F——F—
(Ow) (OC)

Fig. 3.9 Colored Noise Generation by Computer

A Finite Impulse Response (FIR) filter is considered in this work

[17], which can be represented as Fig 3.14.

53 »E »E »E » Vk
Fig. 3.10 Finite Impulse Response Digital Filter
The transfer function of this filter is:
n
H(z) = Z aiz'l ~ : ... (3.19)
i=
The output is:
n
Yk T z q3Uk-i ... (3.20)
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The impulse response will be Vi for;
{uk} = {1, @, 9, ... @}, namely;
tvi} = {ag: ay, a5, ... a4, 8, 6, 0, ...}

and maust clearly be finite, hence the +title finite impulse
response (FIR). Because there 1is no feedback, +this class of
filters is also known as non-recursive.

To find the filter coefficients (a,, a5 .- an), an Inverse
Fourier Transform is taken of the specified power spectral density
(Egn. 3.6). This is then windowed, to reduce the filter ripples,
using a Hamming window which has a transfer function as [17]:

_ 1 nr
Drh = —5—(1+cos n

) r=94,1,2, ...,n ... (3.21)

This yields the filter coefficients.
A program, COLFIL, has been designed which does all this neatly.

Two 8 th order filters are designed in this way for the two cases

considered in Sect. 3.4 (i.e. good and poor road).

The calculated coefficients by the COLFIL program are:
(1) Good road:

ay= 5.136x10"

a,= 3.916xlﬁ—‘:

a,= 3.531x190 ~

aiz 3.433x19 °
a,= 3.433x10
ag= 3.531x18 °
ag= 3.916x10
a,= 5.136x10

(2) Pobr road:

ag= 1.950
a;= ©.812
a,= @.733
ag= ©.712
a,= @.712
ag= @.733
ag= @.812
a,= 1.050
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Finally, to realize +the filter, convolution of +the filter
coefficients with a white noise sample gives the c¢olored noise
output.

The package MSPECT available on the PDP-11 computer in the signal
processing lab (DESD) is used in this work. Fig 3.11 shows the
first filter operation as follows;

Fig 3.11a : A white noise sample.

Fig 3.11b : The colored noise filter output.

Fig 3.11c : The PSD of the colored noise filter output..

Fig 3.12 shows the second filter operation, as described in Fig
3.11.
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3.8 SIMULATING VARIOUS NOISES:

The IS5IS is used for simulating various road types discussed so
far. The white noise sample signal (Sect. 3.6, using Egqns. 3.17 &
3.18) is shown in Fig. 3.8.

To achieve the right variance for the selected road type
(according to Table 3.2), the filter output (see Fig. 3.9) must be
multiplied by the right scale factor as follows:

let;

03 = variance of the white noise input.

og = standard deviation of the white noise input.

Gz = variance of the colored noise output.

Yo = standard deviation of the colored noise output.
Fg = filter gain (or attenuation).

To find (Fg) for the filters designed in Sect. 3.7, the variances
of the input and output of the data sample to/from the filter are
calculated using the following formula [18]:

it
I

E(ul) - (E(uy))®
k k (3.22)

Q
"

i 2 2
E(vy) - (E(vy))

and the filter gain 1is +the standard deviation of +the output
divided by the standard deviation of the input, as shown in the

following results;

Caze [: Good read test.

Filter output "Z = @.495x10 2, o= @.7935x1@ "
Filter input af, = @.401, o = 8.633
jog
Filter gain F, = S = §.7935x10 '/0.633 = B.1111
W



Case I]: cor reoad test.

Filter output e 2.104, o= 1.451

NON

Filter input o ?.401, sz ?.633

t 3

It

Filter gain F

g 1.451/0.633 = 2.292

To get the right variances from +the ISIS for the +two cases
considered in this work, the scale factor will be as follows:

Using the random number generator RAND(R) available in +the 1ISIS
2

for N=20 (Eaqns. 3.17, 3.18), ow = 1/240, Ow: ©.96455 so for,;

Good road, az = 9mm, o= 3mm (see Table 3.2)

3
scale factor = = 418.282
?.1111x02.06455

Poor road, oz 30@mm’ , v = 17.32mm
17.32
scale factor = = 117.0677
' 2.292x@ . 06455

Fig. 3.13 simulates a good road, while Fig. 3.14 simulates a poor
‘road for a constant vehicle speed. Various speeds can be chosen
in the run time of the ISIS by changing the sampling rate (number
of output communication interval NOCI), but we will consider one

constant vehicle speed (ROCI=1¢ in this work).

These generated signals are used as the road disturbances in

simulations of the vehicle’s suspension system as discussed in
Chapters 6 & 7.



REFERENCES :

[1]

[2]

[31]

[4]

[51

(6]

£71

[8]

[sl

C. J. Dodds and J. D. Robson, "The Description of Road
Surface Roughness”, Journal of Sound and Vibration (1973)
vol.31 no.2 175-183.

C. J. Dodds and J. D. Robson, "“Stochastic Road Inputs and
Vehicle Response”, Vehicle System Dynamics, vol.5 (1975/76),
pp.1-13.

R.. F. Harrison, “The Non-stationary Response of Vehicles on
Rough Grounds”, Institute of Sound and Vibration Research,
Faculty of Engineering and applied science, University of
Southampton, Ph.D. Thesis sept.1983.

A. N. Heath, " Application of The Isotropic Road Roughness
Assumption”, Journal of Sound and Vibration (1887) 115(1),
pp.131-144.

J. S. Bendat, and A. G. Piesol, "Random Data: Analysis and

Measurement Procedures”, Wiley-Interscience, New York 1971.

J. H. Cooley, P. A. W. Lewis & P.YD. Welch, "The Fast Fourier
Transform Algorithm”, J. of Sound and Vibration vol.12, 1879
315-338.

K. M. A. Kamash and J. D. Robson, “Implication of Isotropy In

Random Surfaces”, Journal of Sound and Vibration (1977)

" vol.b54(1), 131-145.

R. P. LaBarre, R. T. Forbes and S. Andrew "Motor Industry
Research Association Report” No,1878/5. The measurement and

analysis of road surface roughness ,(1968).
K. Kafadar, ~"Gaussian White-Noise Generation for Digital

Signal Synthesis”, IEEE Trans. on Instrumentation and
Measurement, Vol. IM_35, No.4, Dec.1986.

3-23



[12]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

J. A. Borrie, "Modern Control Systems, A Manual of Design
Methods”, Prentice/Hall International 1986.

VAX NAG_library manual NAGFLIB:1443/0:MK6:MAY77

Dr. Russell Lecture notes, SESD, Cranfield Institute of
Technology, 1987.

Yassine Saeed Al-Masri, "Adaptive State Estimation Compared
With Proportional Navigation for Bearing Only Missile
Guidance”, Phd thesis, CIT August 1986.

A. Hac, "Suspension Optimization of a 2-DOF vehicle Model
Using a Stochastic Optimal Control Technique”, Journal of
Sound and Vibration (1985) 196(3).

K. M. A. Kamash and J. D. Robson, “The Application of
Isotropy in Road Surface Modelling”, Journal of Sound and
Vibration (1978) 57(1),89-19¢

R. S. Sharp and D. A. Corolla, " Road Vehicle Suspension
System Design - a review”, Vehicle System Dynamics, 16(1987),
167-192.

Signal Processing MSc course Lecture Notes (1986-7), DESD,
CIT. ' ’

Stochastic Systems MSc course Lecture notes (1986-7), DESD,
CIT.

3-24



CHAPTER 4

STATE ESTIMATION AND OPTIMAL FILTERING
WITH LINEAR SYSTEM MODELS

4.1 INTRODUCTION:

In many practical processes it is not possible to apply modern
feedback control laws directly, either because all the state
variables are not accessible for direct measurement or because the
number of measuring devices is limited [5]. In the case of ground
vehicles, as considered in this thesis, this problem does appear
because all the vehicle states, in particular the height above the
mean ground level, are not available. In this situation, the
states of the system are estimated by a “state estimator”
(Fig.4.1) where w(t) and v(t) are process and measurement noise
respectively, x(t) is the system states vector, y(t) is the system

output (measurements) vector and u(t) is the system input vector.

v(t)
(t) U
— | —
SYSTEM > ESTIMATOR
s S
u(t)————-———> 163) >

x(t) x(t)

Fig. 4.1 Block Diagram of a System and an Estimator.



A Kalman filter is a state estimator designed +to estimate the
states of a stochastic system using the system input and output as
data, in the presence of process and measurement noise (Fig. 4.1)
[2]. Various forms of Kalman filter exist; the basic optimal form
applies to linear time variant systems while suboptimal forms
apply to linear time invariant (LTI) systems and various extended

forms have been successfully designed for non linear systems.[2]

We are suggesting here that the forms of Kalman filter best suited

to active vehicle suspension using a microprocessor are:

(1) The sub-optimal Kalman filter, which is an asymptotic state
estimator (for LTI systems) after calculating the optimal gain
matrix off-line, using the conventional Kalman filter

algorithm shown in the next paragraphs of this chapter.

(2) The optimal Kalman filter, with updated gain matrix to deal

with changing road conditions.
(3) To avoid a matrix inversion in type (2), the UD method of

Kalman filter is suitable for on-line use of a microprocessor

to calculate this gain matrix, and this is proposed.

4.2 THE AsSYMPTOTIC STATE ESTIMATOR:

An observable (LTI) system (S) can be modeled by the m-
dimensional dynamical equations:

S : (a continuous time system)

x(t) = Ax(t) + Bu(t) | .. (4.1)
y(t) = Cx(t) + Du(t) ... (4.2)

also for a discrete system :

E : (a discrete time system)



x(n+l) = ¢x(n) + yu(n) ... (4.3)
y(n) = Cx(n) + Du(n) ... (4.4)
where:

A, = (mxm) state matrix, or state transition matrix

B,y = (mxs) input matrix

C = (rxm) output matrix

D = (rxs) direct matrix

is the number of states (system order)
s 1is the number of inputs

is the number of outputs

The estimator equations are [5];

For S

x(t) = Ax(t) + Bu(t) + H[y(£) - Cx(t) - Du(t)] ... (4.5)
For z :
x(n+t1) = ¢x(n) + va(n) + M[y(n) - Cx(n) - Du(n)] .. (4.8)
i(n) =

= Cx(n) + Du(n) . (4.T)

where M(mxr) is an estimator gain matrix chosen to drive +the
estimator states x(n) into coincidence with the system states

x(n).

Because the computer is of discrete time nature, the second form
of the estimator (Egns. 4.6 & 4.7) is considered through out this
thesis for discrete systems represented by Eqns. 4.3 & 4.4.

The continuous time form represented by Equations 4.1 & 4.2 are
used for the simulation on +the VAX computer (using ISIS
continuous/discrete time computer simulation packages) to conpare

the actual and the estimated states.
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Considering the discrete case, and defining the error in the

states as:
x(n) = x(n) - x(n) ... (4.8)
then the estimator is said to be an Asymptotic State Estimator if;

Limit x(n) — @ .. (4.9)

n—w

where u(n) is constant.

4.2.1 CHoOICE OoF EsTIMATOR GAIN MATRIX M

Consider the behaviour of the error x;

-~

x(n) = x(n) - x(n)

H

"

¢§_(n)+'wg(n)—{¢:;(n)—'wg(n)+M(C§(n)+Dg(n)—(C;_c(n)*ng(n) )}

(¢ - MC)x(n) .. (4.19)

1

Equation (4.19) is asymptotically stable if and only if the eigen
values of (¢#-MC) are inside the unit circle of the z-plane.

In order for M to be able to affect all the eigen values of
(¢-MC), (¢,C) must be an observable pair, that is;

rank [CT ¢TCT ¢2TCT ...... ¢(m—1)T

c’1 = m oo (4.11)

The estimator gain M may be designed to ensure that the eigen
values of (¢-MC) correspond to a rapid well behaved decay of any
estimator error [2]. In general, the nearer to the z-plane origin
we place these eigenvalues, the faster the response, but this has
the effect of corrupting the estimated states with noise if

measurement noise is present, which is the case in this work.
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Eigenvalues closer to the z-plane unit circle remove more
measurement noise at a cost of slower estimator response,
particularly to process noise. This leads to a compromise on the
value of M to give an optimal solution. The larger the measurement
noise variance, the closer the eigen values must be +to the unit
circle, while the smaller this variance the nearer the origin we
can place them, and vice versa for the process noise variance. An
“optimal” choice of M, given system and noise characteristics, is
provided by the Kalman filter [1,2].

The Kalman Filter is a stochastic state estimator which estimates
the states of an observable stochastic system in such away that it
minimizes a measure of the expected error between +the estimated
and the actual state(s). It thus allows the adverse effects of
process noise and measurement noise on state estimation to be
optimally reduced provided these noises are uncorrelated, white

and Gaussian, and their variances are known.

4.3 LINEAR STOCHASTIC MODELS:

Consider a linear continuous time system, and 1let +the state

process x(t) of the system model satisfy +the 1linear stochastic

equation:

dx(t) = A(t)x(t)dt + B(t)u(t)dt + G(t)dp ... (4.12a)
or, in the less rigorous white noise notation;
x(t) = A(t)x(t) + B(tlu(t) + G(t)w(t) ... (4.12b)

where x(t) is an m-vector state process, one sample of which would
generate a state time history. u(t) 1is an s-vector of control
input functions. A(t) is an m-by-m system dynamic matrix, B(t) is
an m-by-s deterministic input matrix, and G(t) is an m-by-m noise
input matrix. {3(t) in (4.12a) is an m-vector Brownian motion with

statistics:



E{#(t)} = 0

t
E{[@(t)—é(t')][ﬁ(t)-é(t')]T} = J Q(7) dr
t

With Q(t) an m-by-m matrix of piecewise continuoﬁs functions such
that Q(t) is symmetric and positive semidefinite. This implies
that at least some states are influenced by process noise. Thus,
in (4.12b) which is the form used in +this +thesis, the u(t) is

nm-vector white Gaussian noise with statistics;

1]

E{w(t)}

E{w(t).w(t )T} = Q(t)&(t-t")

with the same description of Q(t) as Jjust given. The state
differential Equation (4.12b) is propagated forward from +the
initial condition x(tcv). The whole system model can be described

by Equations (4.13 a&b) as follows:

x(t)

A(t)x(t) + B(t)u(t) + G(t)w(t) ... (4.13a)

C(t)x(t) + D(t)u(t) + v(t) ... (4.13b)

y(t)

For an LTI system, the matrices A, B, C, D are constant matrices.
The direct matrix D is usually zero when the output vector y(t)

does not depend directly on the input vector u(t).

The measurement noise vector y(t) is an r-dimensional white

Gaussian noise with statistics -

E{v(t)} o

E{v(t).v(t ) }

R(t)&(t-t )
Here R(t) is an r-by-r, symmetric, positive definite matrix.

Positive definiteness of R(t) implies that all components of +the

measurement vector are corrupted by noise. [1]
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Throughout this thesis, as a microprocessor is used, we will use

the discrete equivalent of equations (4.13) as follows:

x(n+l) ¢(n)x(n) + w(n)u(n) + G(n)u(n) ... (4.14a)

C(n)x(n) + D(n)u(n) + w(n) ... (4.14b)

y(n)

Again, for (LTI) .systems (which is the case dealt in +this work),
the matrices ¢,v%,G,C & D are constant.

4.4 KALMAN FILTERING FOR DISCRETE TIME SYSTEMS :

4.4.1 THE BASIC KALMAN FILTER:

He consider a discrete system 2 which is completely controllable
(to be used later in the optimal feedback control problem) and
completely observable and has state equations (4.14).

Assuming knowledge of ¢, v, G, C, D and the variances of w and v,
it is required to find the “"best” estimate (in a mean square

sense) of the present value of X given u and y.

More prec1se1y to flnd x(n) where xin) is such that;
E[ (x(n) x(n)) (x(n) x(n))] is minimum.

The error covariance matrix P is defined as:

P(n) = E[(x(n)-x(n))(x(n)-x(n))T] .. (4.15)

The problem is to find x(n) which minimizes trace P(n).

Let

E(w) = E(v) = 0 ( w & v have zero mean value )
E[u(i)z{j)T] = @ ({ ¥ & ¥ uncorrelated with each other )
E[E(i)g(j)T] = Qdéij (Qd is positive semi definite )
E[g(i)z(j)T] = Rdéij (Rd is positive definite )



where © is Kronecker delta function defined as:
$ij = 1 for i=j
&ij = @ for i=j

The corresponding state estimator system to that used in Kalman

filtering is:

~

D

x(n+1) = #(m)x(@) + Ke(m){zm)-Cm)xm)-Dmum} + v(n)um)
) (4.186)
¥(n) = C(n)x(n) + D(n)u(n) - L. (4.17)

where Kf(n) is the optimal Kalman filter gain matrix which is
calculated from [1,2];

1 (4.18)

Ke(n) = ¢(n)P(n)C(n) [Ry(n) + C(n)P(n)C(n)T1”

P(n+1)

[¢(n) - Kp(n)C(n)IP(n)¢(n)" + G(n)Qy(n)G(n)T ... (4.19)

where P(@) is chosen arbitrarily.

The discrete algorithm above is suitable to the discrete nature
of the digital computer. The basic relations, which are of a
recursive nature, are given by Egns. (4.18), (4.16), (4.19) in
that order repeated for;

n =@6,1,2,...,0.
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This algorithm has the following properties; [2]

1. The filter gain Kf(n) is affected by Qd(n) and Rd(n) which are
basically measures of the amplitudes of noise affecting the
system. The algorithm fails if Qd = @ or Rd =9

2. Provided the system z is LTI, the filter gain settles down
after an initial transient to values of Kf(n)' independent of
P(@), the elements of which may in principle be set to any
value (typically zero). In this case the constant Kf may Dbe
calculated off line and simply used in Eqn (4.16), which then

becomes a state estimator (cf Eaqn 4.6).

The structure of the optimal filter, and the 1linear system with

which it is associated, is shown in Fig 4.2.
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4.4.2 THE SPLIT FORM OF KALMAN FILTER :

In a2 "split” form of the algorithm, which is commonly used, +the
optimal state estimate is propagated from time (n) to time (n+1) by
the relation [1];

¢(n);z(n) + w(n)u(n) ... (4.20)
¢(m)P(@ )em)T + G n)em)” .. (4.21)

x(n+17)
P(n+1")

At méasurement time (n+l1) when the estimate x(n+l1 ) is available,
the measurement y(nt+l) becomes available. The estimate is wupdated
to x1n+1+) by defining the Kalman filter gain matrix Kf(n+1) as:

-1
Kf(n+1) = P(n+1_)C(n)T[Rd(n) + C(n)P(n+1_)C(n)T] ... (4.22)
x(n+1%) = X(a+17) + Re(n+1) [2(n+1)-C(n)x(n+17)-Din)u(n+1) | (4.23)
P(n+1+) = P(n+l ) - Kf(n+1)C(n)P(n+1—) ... (4.24)

The initial conditions for the recursion are x(@)+, P(ﬁ)+, usually

chosen arbitrarily.

Eans (4.22), (4.23), (4.24) are usually called measurement update
sequence, realized immediately after a sampling instant, while
Eans (4.20), (4.21) are the time update sequence, realized at any

time before the next sampling instant.

4.5 COVARIANCE FACTORISATION FILTER :

It has been found [1,8] that on-line (optimal) Kalman filtering
presents several problems, for example:
a- Significant computational burden because of a high data rate.
b- Round-off errors inherent in any recursive algorithm.
c- Ill-conditioned problems may result if +the covariance matrix
P(n) becomes non-positive semi~definite. This can occur due to

numerical computation errors and can lead to filter divergence.
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In particular, the matrix inversion of Egqn (4.18) or Egqn. (4.22)

can cause these problems.

In order to resolve these problems, more attractive algorithms
have been developed which do the same task as +the conventional
Kalman filter. Two method is based on “"factorising" the covariance
matrix [1]. These are the "Covariance square root filter"”, and the
"UD method”. Both are developed from the split Kalman filter
algorithm of Sect 4.4.2. In the first case the covariance matrix
P(n) is factorised into its "roots" (P:fP.fPT). This method was
developed by "Potter”™ in 1964 for space navigation applications
[1], using the Cholesky lower or upper triangular square root
method for factorising the covariance matrix. In the second
method, the covariance matrix P(n) is factorised, again using a
Cholesky decomposition method, into a unit upper triangular matrix
U and a diagonal matrix D, so that P = U.D.UT [1].

In this work the UD covariance factorising method is proposed,

and this is described in Section 4.5.1.

4.5.1 UD MeTHOD OF KALMAN FILTERING :

Referring to Eans (4.21) and (4.24), this method expresses +the

covariance before and after measurement incorporation as;

1

P(n”) = U(n )D(n )0 (n") .. (4.25)

P(nt) = taH)pHoT () .. (4.26)

Where the U matrices are upper triangular and wunity (with ones

along the diagonal) and the D matrices are diagonal.

Considering a given P as m-by-m symmetric, positive semi-definite
matrix, a unit upper triangular factor U and diagonal factor D
such that P:U.D.UT can always be generated. Although such U and D
matrices are not unique, one such defined pair can be generated
through an algorithm closely related to +the backward running
Cholesky decomposition algorithm [1].
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First for the m"th column :

D =P
mm mm
U _ { 1 i=m
im P. /D izm-1, m-2,..... 1
im o mm ... (4.27)a
Then for the remaining columns, for j = m-1,m-2,...,1
m
D..=P, .- .02
JJ JJ 2 Dkk UJk
k=j+1
@ i>3
1 i=3
U.. = A
ij m
[P, ; -E Dise-Usxe-Usie 17D i=j-1, 3-2,...., 1
k =j+1 ...(4.27)b

This generates the U-D factors of P(®), and the Kalman filter

algorithm can be started. It proceeds as follows.

Ca) The Measurement Update Sequence:

The scalar measuréensnt update for the U-D covariance
factorisation filter can now be specified. At sampling n, U(n )
and D{n ) are available from a previous time propagation (to be
discussed). Using the measurement value y(n) and the known 1-by-m
C(n), the following can be calculated:[1]

£ = 0 @)ch(n)
Vj = Djj(n )fj Jj=1,2,...,m
a, = ryy i=1,2,...,r ... (4.28)

where rii is the 1i"th element in the measurement noise covariance

matrix Rd, which is assumed to be diagonal.
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Then for k = 1,2...,m

= a + £V

A~ K1 k'k

+_ -—
Dkk(n )= Dkk(n ) ak—l/ak
bk «— Vk

P = ~fp/a

+ -
Ujk(n ) = 0O(n ) + bjpk

_ j = 1,2,...,(k“1)
bj - bj + Ujk(n )Vk

... (4.29)
In Egn. (4.29) <« denotes replacement.
After m iterations (Egn(4.29)), U(n+) and D(n+) have been
computed, and the filter gain Kf(n) is calculated in terms of the

m-vector b made up of components bl’b .,bm computed in the last

2°°°
iteration of (4.29). The state updated as;

Ko(n) =b / a_
x(n') = x(n7) + K(n)[y(n) - C(n).x(n")] ... (4.39)

Vector measurement updates are performed component by component
"r" times to complete the whole sequence at each iteration. A
transformation of variables [1]1, if Rd is not originally diagonal,
is required, but in this work Rd is assumed diagonal which is

usually the case.

C(b) The Time Update Sequence:
The time propagation of the U-D factors employs a generalized
Gram-Schmidt orthogonalization +to preserve numerical accuracy

while attaining high computation efficiency [3].

Given the covariance time propagation relation;

P(n+17) = ¢(n+l,n).P(n') .0 (n+1,n) + G(n).Qd(n).GT(n) (4.31)
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and the U-D factors of P(n+), we desire the factors U(n+l ) and
D(n+1”) such that [U(n+17).D(n+17).0U (n+17)] equals the right hand
side of Egn (4.26). Qd is Tassumed diagonal, since, given the
m-by-m matrix [G(n).Qd(n).G {(n)], (4.27) can be used to generate

G(n) as its U-factors and Qd(n) as its D-factors.

An m-by-(m+s) matrix Y(n+l ) and an (mt+s)-by-(mts) diagonal

matrix D(n+1”) are defined as

Y(n+17) = [¢(n+1,n).U(n") ! G(n)] ... (4.32a)
L D(n") ! @
D(n+1”) = | ... (4.32b)
) ! Qy(n)

The actual computational algorithm is the modified weighted Grahm
Schmidt (MWGS)[11 method. Thus the time propagation relations are

to compute §1n+1—) and ﬁfn+1—) as in Eagn.(4.32), and initialize

m-vectors, each of dimension (mts), through

{al a, L am] = ?(n+1-)
and then to iterate on the following relations for k=m,m-1,...,1
ck: D(n+1).ak

Dkk(n+1 ) = ak.ck

dk = ¢y /Dkk(n+1 )

- T
U..(ntl ) = a,. d
ik ik j=1,2,...,k-1
aj < az - Ugelntl ).ay .. (4.33)

The time update state estimate is then given by;

x(n+17) = #(n).x(n") + w(n)u(n) ... (4.34)
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4.6 FACTORS INFLUENCING THE CHOICE OF A SUTABLE MICROPROCESSOR:

To implement the Kalman filter algorithm in a microprocessor, the

following points should be considered [7]:

1. Input/Output:

Since the Kalman filter is a real-time algorithm often used in
direct,control applications, the microprocessor must be able +to
communicate effectively with the system. The transfer of data
must be sufficiently fast with respect to the speed of computation
to ensure that input and output do not take a significant portion
of the iteration time.

2. Calculations:

A relatively high speed of operation is necessary. In order +to
secure this, hardware multiplication and division facilities are
advantageous, since performing considerable number of multip-
lications and particularly divisions can limit the FKalman filter

iteration rate.

3. Memory:
The microprocessor should be able to communicate with memory in a
versatile way to enable data to be processed rapidly without the

need for much swapping in and out of workspace or accumulator.

These points can be concluded as follows;

1. The microprocessor software must be written in a form which
suits the real-time application.

2. To achieve fast algorithm execution, maths co-processor could
be used to do the mathematical operations.

3. A suitable choice of +the microprocessor (CPU) and the

peripherals (converters, decoders, ...etc) must be made.

In Chapter 5 we consider these in more detail.
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CHAPTER S5

8086-MICROPROCESSOR HARDWARE anD SOFTWARE

5.1 INTRODUCTION :

An electronic circuit based on an 8086 Inte1® 16-bit
microprocessor was designed to run the Kalman filter algorithms
described in Chapter 4, and the control strategies in Chapter 7.

The circuit is on two boards (and an auxiliary board) and
consists of an 8886 microprocessor, an A/D converter with 8
maltiplexed inputs, D/A converter with 8 multiplexed outputs, a
key board, a display and associated support hardware. A schematic

is shown in Fig. (5.1).

RAM ROM
K, /
\S 'S

.—.}: —
—] —
—{ Mux. »4 A/D |— 8086 CPU *1 D/A —4 Mux. —
—_— s
I Y
—3 —>

IS NG - -

I , I

‘ Keyboard Display l

Fig. 5.1 Schematic of Equipment

The components are mounted on three boards which can be described

briefly as follows:



- Board 1; includes the microprocessor, memory (4K Bytes RAMs and
64 K Bytes EPROM), clock generator, Programmable Counter Timer
(PCT), Programmable Interrupt Controller (PIC), and a number of

digital components (decoders, gates,...etc.).

- Board 2; includes all the analogue components which are treated
as peripherals of the microprocessor (A/D & D/A converters,

mualtiplexers, operational amplifiers,...etc.).

- Board 3; includes a 2x2@-character DOT-MATRIX LCD-display, and
4x4 keypad with +the controlling chips. This board is for
experimental and monitoring purposes.

A stabilized power supply unit is used to supply +5 volts for the
digital board, and +15, -15 volts for the analogue board.

Fig. 5.2 shows the circuit diagram of Board 1 and Fig.5.3 shows
the circuit diagram of Boards 2 and 3. Parts 1list of the
components used are shown in Appendix-B. The boards are considered

in some detail in the following sections.

5-2



O N T
WEo Uy HOO
H34414 - HOvOOS
LR .1

PIWL IVAWUN
UNOY UdNyETiM
ss7ycay oy
$$I¥GaY Wy

Mvd. ssiyaay

2

SIS

kK
g

-~

e .\ud_éi-lln.i.“!.l-l'n— ... ceee s v .1..... — .n_.cul‘..qla . q.N _..1... I........ . 1.1- .—..lﬂr e ci_ a...!J.. m 3 - ..l@t:ﬂ.!._‘aa”,..i—..d-.uhl ~n J.NJI. ..Jﬂ..-wlqlliz.is.w.l .m. 11‘.1.14.4..0” iv\..... 1111‘1111 .m...q.:.du,rdul,_lm:aaiga;i.ud
SLIne 0 ‘i ! ‘AININYYD NG MO aBA| SNHL NMOHS NIHA INIHDYR V- . . Vet . 4.0
F *_ OTONHOI3L 40 ILNLILSNI Q1HINYYD B T S0N1 NAOHS MWD O o o
[Sr— 4 Y/IAL/ S [T ™ QYIS SY SHOISNINIO VIUO \ ]
T LA QINHIVI . .
QINmovm '
ANQQ@ QQ U < IVLLL o Tonaw (0w oo s .c.ﬂm_ﬂm oN @or SNOSNIMIG NO JINVVIIOL WUINID ' =
PRYNN ‘08 | fuvw 110 o NO1INE K oM lwvd | ul
“ “ e NOILD3IO¥d TIONV QUIHL e
. ks r AN
MR d
b an !
. * . _ X m
: b, N
. ¥ (o]
X 17 -
g !
. a :
. N [
] :
. o 2
ord B
_ [
@ + d
Homo Iv s/ H &
g 7 3 $
roL vjq  advis oq $ ﬂ r [¢] H
oo ‘niy Qv Qviy/ivas V) E r B
M3 'POT ‘Nvg 'HES ‘N3S ‘Mo S Mg ‘Nog WYINTT I Y[ ¥ r ;
LT P TT A T T T I T A T WIRDILW Yy [ o L 4
HES ‘WO Aviesiq 0 &) ﬁ
noz Qyveq AIm €N
ST vavg
9 !
=
B~
N
.
T2
g
ord
=

iff

R A® | i
w71
Heusa |2
[T — @ u
U= 54
— e gyt L,

3¢90

w o =]

g

sy

BEEEEFE Ry

«
@]

o sasTy

15t | *
—W«
e
[yiteran "

vy

]

= Eeferiysielal

e
<X
srmerisieia

INE R LD T

o
-

EESEEC]
vt

ry 2367y

1070 T

D
O

7 &

-7

619
- s (7]
(. = =
I
3 |ﬁ|~|
i
- ]
) il
ot (e [ it
" g
3
0] Py
o[ ¢
@ w 0wy 210
L)
]
-
- d
o 0
Age
=

34

e v

Lree & e

Al et e @ e o abe” o

N




gy e gt Moo " ol . .
s LY ‘1M ‘A13HNYYED W MO OBN| $OHL NAOHS DUl INIIOVW
Z A9OTONHI3L 4O ILNLILSNI Q13EINVYD 1 YISl NAGIS NI 0L
P DN JITHGHI & U wons| o UVIE TY INOKNING VIHIO
s i il GINHO YRR
e BINIVIVR
= 30LL toart Londev [ amd Navea v .c.__... ..._.", N %or SHOISNIMIO NO 1DNWVI10L TWINID
. PNV i g — sivm | 430 ON NOILINIS D ‘oN luvd | Ml
o fom [ iy NOILDIOY¥d I1ONY QYIHL

¥/Q 1hwvis

ajv tuvis

B 31’1 o
@ =
a

=¥ Std wos ANNYIIN
$ A3 S

Hetr g bOs
QIAVISIY §1 SNIPI

~[
<
a

A50a

o o [l donts
Fil e
:.. LG

T i reie
AsS

3
Ty 5 Ty
[\ $ 1
et I
v ¢l
ase

rn—lm.lmh..

ASe

vjais’

]
wvltoor x2
Aviesia

Hox )
: 3 @ ..nu L2 o
. —— ¥ ris oa ®
. b1 g TN
. LU BTtV Aati ¥ 3 ;
9% ... 7 ] -
r3e ta _

Fig 5.3 The Circuit Diagram of Boards 2 & 3




5.2 THE 8086 CPU BoarD (BoArRD D Fic B2:

This board holds the digital devices and the associated circuitry.

5.2.1 (CLOCK GENERATOR:

The clock generator circuit is an Intel® 8284 clock generator.
This incorporates a crystal oscillator which operates at 12 MH=z.

The clock generator divides the crystal frequency by three to
produce a 4 MHz (MOS 1level) signal required by the CPU.
Additionally, the clock generator performs a further divide by two
output called PCLK (peripheral clock) which is primary TTL level
clock signal used by the remainder of the circuits.

5.2.2 THE MICROPROCESSOR (CPU) -

The heart of the board is the 8086 microprocessor chip. This chip
has 40 pins where 20 of them are used as an Address Bus of which
16 are multiplexed with a 16 bit Data Bus. The Bus decoders 8282
and 8286 are used to de-multiplex these. In this thesis, because -
we are using one (main) processor and one system Bus, we used the
minimum mode configuration where the MN/MX (8986 chip pin 33)
input is held high.

The 8986 Microprocessor is one of the 16 bit Microprocessors
family introduced by the Intel® company. The device can address up
to 1 M-bytes of memory and/or Input/Output ports (using the first
addressable 64 K byte).

The CPU has a powerful array of 16 bit registers allowing a
versatile order code and rapid operation.



5.2.3 SysTEM BUSES

To servicevthe system Buses, i.e. the 20 bit Address Bus and 16
bit Data Bus, the 8282 and 8286 chips are used.
The 8282 8-bit INPUT/OUTPUT latches are unidirectional 8-bit latch
buffers with three-state outputs; when not selected their outputs
are floated.
The 8286 8 bit Bi-directional Bus Transceivers are used to buffer
bi-directional lines on a system Bus. When not selected, their

inputs and outputs are floated.

5.2.4 RAM® & EPROM® MemMorY CHIPS:

These are;
- Two static RAMs (6116), each chip contains 2 K-byte of Random
Access Memory (access time 15@ns maximum).

- Two EPROMs (ultra-violate-light Erasable Programmable Read
Only Memory "27C256Q") of 32 K-byte per chip (access time

200ns maximum).

- Memory Address Decoders (2521) for accessing the RAMs and
EPROMs, via the address and data buses.

Since the 8886 CPU requires 16-bit word memory access, RAM and
EPROM devices are used in pairs. One device is connected +to the
low-order Data (D@-D7) highway, and the other device is connected
to the high-order Data highway (D8-D15). A decoding circuit uses
BHE (from the CPU) and A@ (from the Address Bus) for memory block
selection as shown in Table 1.
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Decode input
Byte Accessed
AQ BHE
%] %] Both Bytes (D@-D15)
1 1] High Byte (D8 - D15)
1] 1 Low Byte (D@ - D7)
1 1 None

Table 1 Memory Byte Decoding

The microprocessor internal sequence sorts out the details of the

addressing operations.

5.2.5 I/0 DEeEcCODE :

The peripherals (i.e. the I/0 ports) have even addresses only.
The M/I0 CPU signal indicates whether a memory 1location or an
Input/Output port is to be serviced. The decoding circuitry for
the peripheral devices consists of two 8 bit decoders (2521),
using (A7-A19) on the Address Bus, and (LS138) which uses the
lower bits (A4,A5,A6).

All the peripherals (i.e. A/D & D/A converters, multiplexers,
keyboard, display,...) are addressed within the lower 64 K bytes.

5.2.6 INTERRUPT CONTROLLER AND INTERVAL TIMER:

The CPU is interrupted by an interrupt controller chip (82538A)
which processes interrupts from the relevant peripherals, in +this
case the keyboard, and the interval timer. The interval timer chip
(8253) can be set by software to generates interrupts at any
intervals required.

Table 2 shows the peripheral devices and their addresses as used
in this project.
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Enabled

Lower Address Bus

Ls138 | Device selected port
output A6 A5 A4 A3 A2 Al AD hex code
Yg 8259A g 0 O |x g |0 AGP = POH (OUT)
p g 0 |x x 1 APl = @2H (0OUT)
Yl 8253 B 8 1 (x 6 0 |0 counter#id = 10H (0OUT)
x 0 1 i@ counter#l = 12H (OUT)
x 1 6 |06 counter#2 = 14H (OUT)
x 1 1|8 controlWord= 16H (0OUT)
Y2 key- |16 1 @ |0 g D = 20H (IN)
Board
Y3 Displayi®@ 1 1 |0 @ O |0 = 30H Instr. code (IN)
g @ 1 |@ = 32H Char. code (IN)
Y4 A/Dmuxi{l1 © O |0 O @ |0 CH#@ = 4@H (IN)
g @ 1 |0 CH#1 = 42H (IN)
g 1 0 |0 CH#2 = 44H (IN)
g 1 1 \@ CH#3 = 46H (IN)
1 6 @ |9 CH#4 = 48H (IN)
1 g 1 9 CH#5 = 4AH {IN)
1 1 @ (@ CH#6 = 4CH (IN)
1 1 1 |2 CH#7 = 4EH (IN)
Y5 D/Amuxjl1 @ 1 |6 @ @ @ CH#® = 50H (OUT)
g ¥ 11|10 CH#1 = 52H (0UT)
g 1 © |9 CH#2 = 54H (0UT)
g 1 1 |6 CH#3 = 56H (0U0T)
1 @6 0 |0 CH#4 - = 58H (0UT)
1 ¢ 1|9 CH#5 = BAH (0UT)
1 1 9 |2 CH#6 = 5CH (OUT)
1 1 1|0 CH#7 = BEH (OUT)
Y6 A/D 1 1 @ |x 1 a2 READ-AD = 62H (IN)
g |9 START = 64H (IN)
Y7 D/A 1 1 1 |jx x x |@ START = 76H (OUT)

Table 2 1I/0 Ports Addresses
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5.3 THE ANALOGUE BoarD (BOARD 2) FiG B.3:

This board carries the analogue devices. These are :

» An A/D Reference voltage generator (584).

P A 10 bit analogue to digital converter (AD 7570).

> A 19 bit digital to analogue converter (AD 7522).

» Two 8-way multiplexers (DG 508).

» Various operational amplifiers (311 and 741). They work with
the D/A and A/D converters and as buffers on 8 input and 8
output analogue channels.

» All required passive components (resistors, capacitors,
diodes,...).

Fig. 5.3 shows the circuit digram. The parts 1list is shown in
" Appendix B.

5.3.1 THE A/D aAaND D/A CONVERTERS :

The sampling of the analogue input signals and binary coding of
the result is done by the AD7570 Analogue to Digital Converter and
its associated circuitry. The Digital to Analogue Converter AD7522
has the opposite job, it converts the binary numbers calculated by

the microprocessor to analogue voltages.

The input(s) and output(s) to and from the plant undef control
can make up a total of up to 8 channels of analogue inputs, and 8
channels of analogue outputs. A quadruple latch (7475), circuit is
used to maintain a selected multiplexer channel as indicated in
Fig 5.4.



IN1 . INS8

Saasy |

CH1 CHBS cs D6
L)
DG5@8 AouT }—> —
>
L
cs AO A1 A2 —> | DATA
Agggm L[ BUS
s ) .
Al »—p1 a1 AP - S
' . —>
A2 »>—ip2 . a2z Al = D1‘5
A3 »>—ipsa a3 A2 »
T4LST5
D6
A4 »>—Da Q4 . < 1
—
a4 —
S—_—
— DATA
AD7522 <1
cs A0 A1 A2 — ¢« BUS
DAC .
DG598 AIN [ —e <
—
.—-e J
cH1 cHB8 cs D15
0OUT1 ... OUT8

Fig. 5.4 Multiplexers Converters Circuit

The Analogue to Digital Converter AD7579 and the Digital to
Analogue Converter AD7522 are 18-bit monolithic devices. A 1@-bit
data in Bipolar mode of operation gives a resolution of 20 nv
using Vref = 10V.

The "AD75780" A/D uses successive appfoximation technique for
conversion at a clock frequency of 550 KHz (using external RC
circuit, 39K, 1#6Gp¥, as shown in Fig 5.3).



5.4

THE KEYBOARD AND DisPLAY BoArRD (BoARD 3) Fic 5.3:

This board contains;

»

A 4x4 key-board (labelled & to 9 and A to F) and its
associated chip (74C9982), together with a 3 state buffer
(74LS244).

When a key is pressed, an interrupt is generated, and a 4 bit
binary code, corresponding to the key pressed, is applied +to
the Data Bus when an IN statement is executed by the CPU.

A 2x20 character (5x7 dot matrix) LCD display and its driving
chip (74LS574).

The display used in this project 1is +the Dot Matrix LCD
"EPSON" EX-20027AR, which has high~contrast and wide- viewing
angle, and has a "Character Generator” and "Data RAM" on

board.

This board is intended for experimentation and development work

and will not appear in the final system.

5.5

THE SOFTWARE OPERATING SYSTEM :

Each time the supply power is switched ON the operating system

will

Disable all maskable interrupts.

Clear RAM. ‘

Initialize the 8253 counter/timer.
Initialize the 8259A interrupt controller.

Enable interrupts.

Loop and wait for interrupts.

In the experimental phase of the equipment, the routine will also;

This

® Reset the display.

® Display a starting message, requesting data.

sequence is illustrated in Fig 5.5.
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Fig 5.5 8086 System

Initialization:

‘ START ]

CLEAR ALL MASKABLE
INTERRUPTS

Initialize Regs
DS & ES to O00ZH
SP to 9100H

Initialize Base-
Address-Counter
BX to OFFFH

Clear [BX] location

DEC BX

»

LXES

Initialize 8253 PCT

Counters #1 & #2
in mode 3 operation

Initialize 8259A
PIC (ICW 1&2)

Initialize Display

Y

continued next page
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L

DISPLAY THE MESSAGE
"PROGRAM ON

mode ? Data or Edit"

IN KEY

OTHERS D-KEY

E-KEY

CLEAR DATA AREA

DISPLAY MESSAGE

"No. of states =

DISPLAY THE NUMBER
OF STATES
IN KEY
l AN
N
OTHERS C-KEY! CLEAR STATES BYTE
\ D,E-KEY
@-9 KEYS
AV

continued next page
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L

ENTER AND DISPLAY
NUMBER OF STATES

DISPLAY MESSAGE

"No. of inputs =

DISPLAY NUMBER OF

CLEAR INPUTS BYTE

INPUTS
IN KEY
A '
.
OTHERS KEY 2 C-KEY
\\\ D,E-KEY

-9 KEYS ‘

A 74

ENTER AND DISPLAY
NUMBER OF INPUTS

DISPLAY MESSAGE

outputs =

DISPLAY NUMBER OF
OUTPUTS

l

v
continued next page
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IN KEY

OTHERS

ENTER AND DISPLAY
NUMBER OF OUTPUTS Y

ENTER DATA OF ¢,y
C,D,M, SAMPLING T
AND DISPLAY THE

REQUIRED MESSAGES

SEND CONTROL WORDS
TO

8253 TIMER, AND

8259A INT CONTR'LR

Vi
ENABLE INTERRUPTS

AV

Loop
wait for hardware
interrupts
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The Interrupt Service Routines:

F-KEY ISR TIMER ISR
L 7
DISABLE INTERRUPTS DISABLE INTERRUPTS
4 | )
DISPLAY DATA FROM A/D CONV
RE-START MESSAGE ' |
N

EXECUTE ESTM ALGO.
Y I

JUMP TO BEGINNING M

DATA TO D/A CONV

|

ALY

ENABLE INTERRUPTS

|
Vv

RETURN FROM INTERRUPT

5.5.1 DaTta INPUT :

The data required by the program are as follows :-
NUMBER OF STATES.

NUMBER OF INPUTS.

NUMBER OF OUTPUTS.

MATRIX ¢
MATRIX v
MATRIX C.
MATRIX D.
MATRIX M.
SAMPLING TIME.

v ¥ Vv Vv Vv Vv Vv wv w

The user is prompted to specify the number of states, number of
inputs and number of outputs of the system in use before entering
the elements of the matrices.

The data describing +the various matrices required by  the
estimator are entered via the keyboard. They are stored as arrays
of (16-bit "word"”) binary numbers and addressed by pointers. The
first WORD of each array at the pointer represents the matrix size
(dimension), i.e. number of rows "m"” and number of columns "n", as
shown in Fig 5.6.



16-bit "WORD"

e matrix A(mxn) offset address

>

11

o>

12

4
td

1n

>

21

.4

2n

Fig. 5.6 HMatrix Format in the Memory

Each matrix element is displayed before being saved, including
the minus sign and decimal points. If an element is entered
incorrectly it is possible to change it by pressing +the keyboard
C-KEY (CORRECTION) before the element is saved by pressing D-KEY
(DATA) or E-KEY (ENTER). Each element comprises 4 decimal digits
and sign (A-KEY), these digits are €& - 89 only. F-key can be
pressed any time to re-start +the program again, allowing data
editing.

The range @2.00 to 99.99 only is allowed so the system accepts
only numbers with a decimal point after +two entries and only

allows two entries after the decimal point.
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The program, when it starts, can work in either of two “MODES":
— Data mode.
— Edit mode.

In DATA mode all the data previously saved in RAM are erased
waiting for a new system operation.
The EDIT mode is used for checking the data saved in the RAM which

can be modified or corrected.

To reset the program, the user can use SYSTEM RESET by pressing
the reset push button, in this case all the RAM area is cleared
and the program re-starts, or by pressing F-KEY on the keyboard in
which case the program re-starts but the contents of the RAM are
not changed.

A number of subroutines are used by the program, and these are now

briefly described.

5.5.2 DeEciMAL TOo BiNARY DATA CONVERSION

The numerical data entered from the keyboard are in signed
decimal format. The subroutine CONV (see source file) is used to
change them into appropriate 16-bit scaled 2°s complement binary

format.
The routine operation is:-—

The +tens digit (DIGIT1, or the first keyboard entry) is
multiplied by OAH (the Hex equivalent of 16), add the units digit
(DIGIT2). This is multiplied by ©@AH again, add +to the first
decimal digit (DIGIT3). After one more multiplication by GAH +the
second decimal digit (DIGIT4) is added. Finally, the minus sign is
checked, if present the 2°s complement of the binary number is

calculated then saved at the appropriate memory location.

Fig 5.7 shows the flow chart of this subroutine.



Fig 5.7 The Subroutine CONV (Decimal to Binary Conversion):

MULT. DIGIT1 BY TEN

ADD DIGIT2 TO BUFF.

MULT. BUFF. BY TEN

ADD DIGIT3 TO BUFF.

MULT. BUFF. BY TEN

ADD DIGIT4 TO BUFF.

Yes

NEGATE BUFFER
(2°s COMPLEMENT)

l RETURN
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5.5.3. BINARY TO DeciMaL Data CONVERSION:

During data checking (i.e. using EDIT mode after interrupting
the system by the keyboard F-KEY), the data saved in the memory
from a previous run are in a 2°s complement format. To display the
decimal number (in ASCII code) +the inverse of +the procedure
explained above should be followed. This wunscales the element

number and convert it to decimal form (sign plus 4 digits).

The flow chart in Fig 5.8 is for UNCONV subroutine to do these
calculations. '



Fig 5.8 The Subroutine UNCONV (Binary to Decimal Conversion):

t

|
CLEAR SIGN BYTE

LOAD ACCUMULATOR
AX WITH NUMBER
CLEAR DX(remainder)

SIGNED DIVISION
AX BY TEN

DISPLAY REMAINDER

CLEAR REMAINDER DX

SIGNED DIVISION
AX BY TEN

MOVE REMAINDER DX
TO DIGIT3

CLEAR REMAINDER DX

SIGNED DIVISION
AX BY TEN

MOVE REMAINDER DX
TO DIGIT2

CLEAR REMAINDER DX

L

SIGRED DIVISION
AX BY TEN

MOVE REMAINDER DX
TO DIGIT1 (MSD)

VvV RETURN
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5.5.4 PROGRAMMING THE SAMPLE TIME:

The 8253 Programmable Counter Timer chip is used to interrupt the
CPU each sampling time T, requesting an Interrupt Service Routine

ISR (contains the estimator algorithm in this case).

Two counters CNTR#1 and CRTR#2 are used in cascaded mode 3
operation (square wave cutput). Counter CNTR#1 is programmed at a
fixed value of 1 msec time interval during the initialization
process of the 8253 PCT by the operating system. Counter CNTR#2 is

then programmed according to the operator instructions.
To progfam CNTR#2 for the required sampling period (minimum 1

msec), the user enters the decimal number from the keyboard in 4

digits, when prompted on the display.

The flow chart in Fig 5.9 shows the procedure of programming the
8253 PCT.
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Fig 5.9 The Subroutine INIT_8253 (Programming 8253 PCT chip):

v
DISPLAY MESSAGE

“T(msec)=

UNCONV BIN TO DEC
PREVIOUS VALUE
AND DISPLAY

IN KEY

OTHERS C-KEY |

KEY ? CLEAR SAMPLE WORD

~
™\ D- E-KEY
@ - 9) l

ENTER AND DISPLAY
SAMPLING TIME Y

CONV (DEC TO BIN)

Y

SEND SAMPLE WORD
TO 8253 O/P PORT
CNTRi#2

———
Vv RETURN
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When the elements of all the matrices are entered satisfactorily,
the program enables Interrupt Request 1&2 (IR1 for keyboard
"F-KEY" and IR2 "timer") by sending Output Control Word (OCW2) +to
the Programmable Interrupt Controller device 8259A PIC.

At this stage the CPU waits in a base 1load program for an
interrupt from a peripheral (the keyboard or the +timer). Each
time the CPU receives an interrupt signal from +the timer at
sampling interval T, the Interrupt Service Routine which includes
the estimator algorithm is executed.

Appendix-C gives more details about the software and the hardware

discussed in this chapter.

The program described above was developed on the 81286
microprocessor rig as described above, and this was separately
developed for another project. The resulting circuit and program
can now be used for the sub-optimal filters described later in
this thesis. A photograph of the rig and the developed version is
shown in Fig 5.10.

However, it was found that the inconvenience of repeatedly
burning ROMs could be avoided by using an LSI11 microcomputer
available in this department, and to save +time, this was used
during much of the work.

The on-board software of +the LSI11 provides facilities for
editing, compiling and running the program straight away. The
programs (for the three forms of the Kalman filter described in
Chapter 4) are written in MACRO-11 assembly language which is
fully compatible with the PDP1l1 macro-assembler.

The sub-optimal Kalman filter (or the state estimator) using the
8086 microprocessor described in this chapter was tested on the
analog computer (see Appendix D), and the other forms, the split
and the UD methods, (also the sub-optimal form) were designed and
tested using the LSI11l. Unfortunately, there has been insufficient
time to test +the Kalman filters on +the hydraulic equipment
described in Chapter 7.

.We are confident that the software can all be realized without

real trouble using the 8086 configuration described above.
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Fig. 5.10 Photograph of the Rig and the Developed Version.
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CHAPTER 6
A 2 DOF QUARTER CAR MODEL

6.1 INTRODUCTION:

In Sects 6.2, 6.3 of this chapter, the traditional single wheel
station, or "quarter car model” (refs 1-6), is considered. A basic
optimal control strategy suited to it is examined in Sects 6.4,
6.5. '

Important features of the quarter car model are that it includes
a proper representation of the problem of controlling wheel load
variations and contains suspension system forces which are applied
between wheel mass and body mass (sprung and unsprung masses). It
is the simplest model which has these features and possesses
advantages over more complex models in terms of [1]:

(a) being described by relatively few design parameters,

(b) having only a single input, leading to ease of application of
optimal control laws,

(c) ease of understanding of the relationships between design and
performance.

Disadvantages of this model are that it does not +take proper
account of the hydraulic unit behaviour, or of +the systen
behaviour when the wheel leaves the ground, or of non-linearities.

Some of these problems are tackled in Sect 6.6.

6.2 THE QUARTER CAR MODEL:

A traditional, simple linear 2-DOF quarter car model [6] is
shown in Fig. 6.1. In the model rigid bodies of masses m, (Kg) and
m, (Kg) representing vehicle body (the sprung mass) and axle (the
unsprung mass), perform only motion described by vertical

displacements Xy and X, respectively.



_—
™
E; |
klé IS
T2
k

Fig. 6.1 2-DOF Quarter Car Model

Passive spring and damping elements of the suspension are modeled
as a linear spring element (stiffness k1 Nm—i) and linear dampef
(damping constant Ly Nsm ‘). £(t) (N) denotes the active
suspension force (if applied). k2 (Nm_i) is the tyre stiffness,
while the +tyre damping is neglected. w(t) (m) denotes road
irregularities. The vehicle is moving horizontally with constant

velocity v (ms ‘).

The equations of vertical motion of the system considered are;

m, Xy + Ll(xb—xa) +k1(xb~xa) -f =6, ... (6.1a)
a

m,X + Ll(xa—xb) +k1(xa—xb) + kz(xa~w) + £ =0 ... (6.1b)

By dividing the first equation by o, the second by m, and

introducing the state space notation;



M
]
[

1 b
X, =k = R
Xg = X
xg = kg = %
u = f ... (6.2)

a system of first order differential equations is obtained;

-

X = X,
k L k L 1
. 1 1 1 1
X, = —x, - —x, + —x,_. + ——x, + —u
2 m1 1 m1 2 m1 3 1 4 m1
Xy = X, (6.3)
. k1 L1 k1+k2 L1 kz 1
4 w1t ¥ " . X3 X%t BT m
2 2 2 2 2 2
This can be written in matrix form as;
X = Ax + By + Gw ...(6.4)
where;
’kl' [ @ 1 1} 14} i
N ] IR e T T U ky/my Ly/my
X3 @ @ ] 1
x
| ©4 i kl/mz L1/m2 —(k1+k2)/m2 —Ll/mz‘
@ ] T 9
1/m1 1] ; :
B = , G = ...(6.5)
] @ '
-—1/m2- L#z/m2

For a typical vehicle, the following numerical values are used [1]:

my, = 500 Kg

m, = 199 Kg

k1 = 60,000 N/m

kz = 200,000 N/m
Ll = 6,000 Ns/m



The parameters in Egns.(6.5) become for this case:

! 9 @ g ] R
~1280 -12 1206 12 ?.002 2
A=1 g g g 10 B=| g | G=|g¢g --- (6.6)
600 60 -2600 -60 -2.01 2000

This system is simulated with a view to illustrating its
behaviour using a typical optimal control strategy [2,6].

6.3 THE OPEN LooP SYSTEM RESPONSE:

The step response of the system 1is considered first, and the
simulated results using ISIS are shown in Figs 6.2 to 6.6 using;
w = 10mnm (@.01m). Naturally, since the system is linear, larger
road disturbances produce proportionally larger step function
responses.

It can be seen that the natural modes of the system are generally

of a damped oscillatory nature, corresponding to the eigen values
of A (Egn 6.6):

-3.975 * j9.934 (dominant)
~-32.616 j32.826 (non-dominant)

I+
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The maximum sprung mass acceleration (Fig 6.4) is about 2.5 m/sz,
and the +transient lasts for about 1 second. This leaves
considerable room for improvement. Other features of interest,
such as the unsprung mass behaviour (Fig 6.5) and relative
positions of sprung and unsprung mass (Figs 6.2 and 6.5) could

also, hopefully, be improved by a suitable active control
strategy.

6.4 CLoOseED Loor SYSTEM RESPONSE:

In many studies concerned. with active sdspensions a control
theory approach has been used so that the problem becomes that of
minimizing a weighted sum of quadratic state variables and control
forces [2,3,4]. In +this minimization problem, linear state
feedback is used as the strategy for the active suspensions. In
this work it 1is proposed +that the states are replaced by
estimates, taken as the output from a Kalman filter [6].

The variables selected as a performance index are +typically
suspension space (or clearance between sprung and unsprung
masses), road holding (which 1is proportional to relative
displacement between road and unsprung mass), and the acceleration

of the sprung mass relating to the ride quality.

In terms of the system states, the performance index to be

e e s . . . X .
minimized for the derivation of optimal control u is given by:

Tf
qs = T = T
Jd = 1lim K XQ x +u Ru jdt ... (6.7)
Tf+w - c c

where the matrices ﬁc and ﬁc are defined to be positive semi
definite and positive definite respectively. They are of the form
[2,6]:
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9 %] 1] 1]

_ 1%} a, 1] 7] _
) {77} @ qa,

where o, Qy - q4 are constants.

© is chosen to limit the control input to what is achievable in
practice. ql .. q4 are chosen according to the states whose
variance is to be minimized by the optimal control strategy.

Tf—+ w is taken to mean a time which is "long” compared with the
natural dynamics' of the system - in this case, about 1.5 sec (Figs

6.2 - 6.4).

From optimal control theory [8], the optimal control input u*(t)
is derived as:

* _ - _ =1.T,
u (t) = -K x(t) = -R_"B'P_x(t) ... (6.9)

where PC is the positive definite solution of +the algebraic
matrix Riccati equation;

T

P A+ AP - P BR 1BV
c” c c ¢

B PC + Qc =@ ... (6.19)

The VAX computer Fortran program AREl is used in this work for
solving Equations (6.1 & 6.9) to find KC (the optimal feedback
gain vector). This gain vector is then used by the ISIS to

simulate system response driven by the optimal input u*(t).

The active suspension is shown in Fig. 6.7 (cf. Fig 6.1).
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Fig. 6.7 Quarter Car Active Suspension System

6.5 DIGITAL SIMULATION:

Assuming the 4th order model of Egns 6.4, 6.6 and that the
actuator dynamics are “"fast”, various optimal control strategies

can fairly easily be designed.

To achieve ride comfort demand, a major control requirement is +to
reduce the sprung mass acceleration. However, the 4th order model
of Egqn. 6.4, 6.6 does not include acceleration terms and it is
proposed, for illustration purposes, to try cost functions which
limit the sprung mass positions Xqs and. velocity xz; and these
will of course affect the acceleration X, via Egqns 6.3, 6.4.

Choosing ﬁc, ﬁc (Eqn. 6.8) as:

16 8 © @
_ ¢ 1 @8 @ _ »
% lg @ @ ol R, = [1.@::1@ ] .. (6.11)
¢ © @ o



In this case the cost function is;

@

J = E| (18x% + x% + 0x° + Bx> + 1.0x10 %) dt
1t X 3 4
@

This has the effect of}limiting the position x
Solution of Egns.(6.10 & 6.9) give:

1 more than the

velocity X, -

5 5

K_= [ﬂ.5662x1ﬁ @.2853x10° -1.4229x10

0.0184x1ﬂ5] .. (6.12)

The eigen values of A matrix (Egn 6.6) are:
-32.616 * j32.826
-3.975 * j9.834

The eigen values of (A—BKC) are:
-3.7743 + j2.9
-14.5475 * j37.1
-77.8388 + jB.@

Figs. 6.8 to 6.14 show step response computer simulation of +this
optimal system compared with the passive system (for sprung mass
position Xy velocity X, acceleration iz and unsprung mass

position Xq and velocity x4).
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It can be seen (Fig 6.8) that the sprung mass position of the
active suspension is considerably affected by the control
strategy, not least in that it has a dc content of about 17mm. In
a practical control strategy, this must be dealt with, and this is

explored in Chapter 7.

The maximum acceleration (Fig. 6.18) is reduced from 2.5 m/s2 to
about 1.8 m/sz, showing some improvement. Clearly by altering the
cost function (Eqn 6.8) different performances can be achieved.
This is not pursued further here, since +the objective in this
chapter is merely to describe +the application of the optimal
control strategy to this problem. The road holding (x3—w) and the
suspension working space (xl—xs) are also affected as  shown in
Fig. 6.13 and Fig 6.14 respectively. The improvements here are not
great, but as before, better cost functions could no doubt be

found.

Figs 6.16 to 6.18 show the sprung mass position, velocity and
acceleration response to random disturbance shown in Fig. 6.15,
for wuncontrolled and controlled systems. Again, some modest

improvements are obtained from the controlled system.
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6.5 MoRE DEVELOPED QUARTER CAR MODELS:

The main drawback of the model of Egn (6.3) is that no account is
taken of the behaviour of +the hydraulic system providing the
control force u(t). The model also fails to represent the system
behaviour when the tyre leaves the ground - with the result that
road holding is not propérly considered.

As shown in Chapter 7, the force generated by a hydraulic actuator
driven by an amplifier and valve, can be modeled by an equation of
the form:

* & -

f+af + 3f = yu

where u is the input to the amplifier (volts).
f is the force generated by the actuator (N).

o,f3,y are constants.

Using this, the model of Ean 6.1(a) can be augmented to account

for the hydraulic system behaviour:

my Xy + Ll(xb—xa) + kl(xb—xa) ~-f =0 ... (6.13)

. »*

f + aof + Bf = ru , ... (6.14)

where the symbols of Sect 6.2 retain their meanings except u,
which is redefined as the amplifier input.

Together with Egn 6.1(b), Eans (6.13), (6.14) vield +the state
space model (cf Egns (6.4),(6.5)):

r E r - r .
(4] 1 (] o 7] o o o
—kl/m1 —Ll/m1 1/m1 1} kl/m1 Ll/m1 1] [}
(%) 13 7] 1 . @ 7} o 14}
x=| 9 2 - -« 2 2 x| ¥ fur| @ |w
(7] (7] @ (%) 4] 1 1] 7]
kl/m2 Ll/m2 —l/m1 o —(k1+k2)/m2 —Ll/m2 L 1] J kz/m2
... (6.15)



1 b

X2 =% "%
xg = £

X, = f = is
x5:xa
x6:xa2x5

Egns (6.13) to (6.15) apply to the situation where the tyre is in
contact with the ground - ie X, = W.

If this is not so, ie X, > W, Eqn (6.13), (6.14), (6.1b) must be
respecified:

m, Xy + Ll(xb_xa) +k1(xb~xa) - £ + m,g = 1] ... (6.16)
f+ af + Bf = pu ... (6.17)
myX + Ll(xa~xb) + kl(xa—xb) + £ + n,g = ] ... (6.18)

where g = 9.81 ms ~

Eqns (6.16) to (6.18) yield the state space model:

@ 1 ? @ @ @ 2 2
-kl/m1 —Ll/ml 1/m1 %] kl/m1 Ll/m1 1] -1
2 ? @ 1 2 2 2 @
x =| @ @ -3 - ) 2 x| 7 |lut| @ |e
@ 2 @ @ ] 1 2 2
k /m, L,/m, -1/m; 8 -k;/m, -L,/m, 2 -1
L R L o L o

(6.19)
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The models of Egns (6.15) and (5.19) are different in some

important respects;

(a) Ean (6.15), represents a theoretically controllable, but in
practice almost uncontrollable system, since the effect of u on
Xgs Xg is very small (k2 >> kl, k2 >> Ll) compared with that of w.
This reflects the fact that the control input has little effect on
the unsprung mass behaviour compared with the ground surface, when

the tyre is in contact with that surface.

{b) Ean (6.19), represents a controllable system, though the effect
of gravity (treated as "noise”, g) is important on both the sprung
and unsprung masses. '

In this case, while there is no escaping downward acceleration of
the whole system, one control objective is to force +the unsprung
mass downwards quickly to re-establish +tyre contact with the

ground.

In this thesis, tyre contact with the ground is generally assumed
in the design of the Kalman filter and and control strategies.
However, behaviour of these must eventually be checked against the
model of Egn (6.19) to ensure satisfactory road holding

performance.

Further elaboration of these models may also eventually prove
necessary and some work has been done on representing the main
nonlinearities of hydraulic actuators. This is outlined in

Appendix—G.

These models are not pursued further here, but they must in the
long term be proved valid against suitable experimental equipment,
and the Kalman filter and control strategies of Chapter 7
(modified if necessary) must finally be checked using these models

and that equipment.
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6.7 CONCLUSION:

Comparing the step responses of the passive and the active
suspension system shown in the previous paragraphs, it can be
concluded that in the active suspension the body motions are
improved to some extent. Work on the cost function parameters (Egn

6.8) could no doubt yield improved performance.

The value of ﬁc in the Qost function (Eaqn. 6.7) is related to the
control force available from the actuator, and is a function of
the power consumption of the active suspension, while ﬁé is chosen
to meet the suspension system demands. A proper choice of QC and
Rc can only be made by a combination of theoretical considerations

and practical experiment.

More elaborate models, which may also be required later in the

project have also been considered.

In this work an experimental model representing the main features
of a quarter car model is constructed and the practical effects of
various cost functions are examined. This is discussed in detail
in Chapter 7. Our eventual objective is to suggest Kalman filters
and associated optimal control strategies so that measurements of

the sprung and the unsprung mass positions are avoided.
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CHAPTER 7
ACTIVE SUSPENSION VEHICLE EXPERIMENTAL MODEL

7.1 INTRODUCTION:

It was decided to build a laboratory model of a simplified
quarter car active suspension system to gain insight into the
operation of hydraulic servomechanisms and practical optimal
control strategies in this context. It was expected that the model
would also be useful in examining realizations of Kalman filters
using on-line microprocessors and in pointing the way to practical
combinations of Kalman filter and control strategies. No attempt
was made to build a damped suspension system or to simulate tyre

behaviour.

The laboratory model is scaled with respect to the quarter car
model of Chapter 6 at 1:182 (rather roughly) for masses and

forces, and 1:1 for displacements, velocities and accelerations.

The laboratory model is shown in block form in Fig 7.1la.
photographs are shown in Figs 7.1b and 7.1c.
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Fig. 7.l1la Laboratory Quarter Car Suspension Model

Fig. 7.1b Photograph of the Laboratory Equipment



Fig. 7.1lc Photograph of the Laboratory Equipment
(The Hydraulic Equipment and the Controllers)



As shown in Fig. 7.la, two hydraulic actuators are used. The
actuator Al (double stroke, 6.6 cm double acting, 190@psi
electro-hydraulic) is part of a local servo loop. Random signals
(w) can be fed to this so that the actuator output represents road

disturbance as seen by the unsprung mass.

The ram of Al drives the actuator A2 (single stroke, 6.0 cm
double acting, 199@psi electro-hydraulic), which represents the
unsprung mass of the quarter car. The ram of A2 is attached to a
mass M representing the sprung mass (5 Kg total sprung mass). Both
A2 and M are mounted on horizontal slides, so that they can move

horizontally without undue friction.

An accelerometer is mounted on the mass block (M) to measure its
acceleration. The absolute position of the unsprung mass (chassis
of A2) is monitored by a potentiometer "Pl" (12cm, *15V).

The position of the sprung mass (M) relative to the unsprung mass
is monitored by a second potentiometer “Pz" (20 cm, *15V).

The displacement voltages are scaled to 1.8 volts/cm and Dbiased

using the circuit shown in Fig. 7.2.

Figs 7.1 and 7.2 indicate the electro-hydraulic equipment and its
associated electronics, which includes a local control amplifier
closing a local control loop incorporating the actuator Al.

It is of interest to feedback the system states according +to
various optimal control strategies (Sect 7.3) and this is done in
an analog controller as shown in Fig. 7.3a. The states are taken
from the various outputs (Figs 7.1, 7.2), or generated from these
where necessary. Further processing networks are described in the
text where appropriate. It is also of interest to consider various
Kalman filters which are required to generate the state estimates
needed by these control strategies (since all the states will not
be available directly in a practical system), and +this is
illustrated in block form in Fig. 7.3b.
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Section 7.2 describes the identification and modelling of the
laboratory system, and Section 7.3 the behaviour of the system
under one illustrative straightforward optimal control strategy,
Section 7.4 examines some Kalman filter designs, and in Section
7.5 three practical optimal control strategies using the
conclusions reached in Sections 7.3, 7.4 are examined. Some

overall conclusions are drawn in Section 7.6.

7.2 SYSTEM STATES EQUATIONS:

To represent the laboratory system model in state equation form,
the open loop transfer function (OLTF) of the "suspension unit”
has to be found first (between u(t) and (xb—xa), Fig. 7.1a).

Finding the open loop transfer function directly is impractical,

so a temporary closed loop was built as shown in Fig. 7.4.

| e e et e _t
’ amplifier K2 |
u(t) - actuator A2 g(t)=(x,_-x_)
| 1y ult) K >4 load M | , b2
; - pot. P2
{ F(s)
! !
la(s) |

Fig. 7.4 The actuator A2 and load closed-loop.

3



let:

F(s) = the O.L.T.F.
G(s) = the C.L.T.F.
e(t) = (xb—xa) (volts) represents the mass position.

u(t) (volts) represents the amplifier input.

u(t) (volts) represents the temporary closed loop input.

F(s) can then be found from G(s) as [3];

1l G(s)
F(s) = — eo. (7.1)
K 1 - G(s)

where K = 8.2, and K2 was set to Kz = 1 (Fig T7.4), after some
experimentation to find a reasonably well behaved temporary closed

loop.

Using the Transfer Function Analyzer (TFA) and setting xazﬁ for
the purpose of the experiment, the Bode plot shown in Fig. 7.5 was

developed.

With the help of the CAD package on the PDPl1l1 computer, the Bode
plot for a third order model which has (nearly) similar phase and

gain characteristics is shown in (Fig. 7.6).
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7.7 The Axle Bode Plot
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In this case, the transfer function (in Fig 7.6) is:

8.88x1@°

G(s) = >
(s+12) (s +1900s+T74090)

and this is taken to represent the temporary closed loop.

From Egn. (7.1), the OLTF is:

4 5
B(s) _ 10 8.88x10 _ 4.44x10

=G(s) - =

F(S) 3 2
2 s°+112s°+8600s s(s+56%373.9)

where 6(s) = £{(xb—xa)}, xa:B
U(s) L{u(t)}

Egqn. 7.3 can be written in differential equation form as:

S + 1125 + 86005 = 4.44x1@ u

let

Xy = = )
x, = @.1x; = ©.18 or x,= 10x, i
Xy = B.1x, = o.015 or x,= 10x,

Substituting Egns (7.5) in (7.4);

x3 112x3 86@®x2 5
S A v - R N | = 4.44x10 0
i.e.

xg = 4440u - 86@x, - 112x,

The state equation model is therefore;

(7.2)

(7.3)

(7.4)

(7.5)



2 10 2 @

x(t) = |@ @ 18{x(t) + | 8 |u(e) | .. (7.8)a
g -862 -112 4449

and

¥(t) = [z 1 ]x(t) .. (7.6)b

Egns (7.5) models +the laboratory equipment behaviour if the
actuator Al ram is stationary. The first task is to extend +the

model to accommodate movement of this ram.

The transfer function of the closed loop actuator Al following
the same procedure described above using the TFA (Figs. 7.7 and
7.8 show the Bode plots and CAD results) is:

Xa(s) 136500

W(s) (s+15)(st78)(s+130)

which can be approximated by a second order transfer function as:

X (s) 1050 1950
a - . ~ : ... (T.7T7)

W(s) (s+15) (s+70) s + 855 + 1050

i.e.

x_ + 85x + 105@0x = 1850w ... (7.8)
a a a

This differs in structure from Egn (6.1b) (which it supposed +to
represent) in various ways, of which the most significant is that
X, is not affected by the contreol input, u(t) ( "f" in Egqns 6.1).
Clearly, circuitry could be built to accommodate these
differences, but it was felt that since Eagn 7.8 represents
generally harsher unsprung mass behaviour +than Egn 6.1b, such
complications were perhaps best avoided, at 1least in the first
place.

Egn. 7.4 can now be rewritten to take account of Al as;

-
* * *

Xy, + 112(xb—xa) + SBQZ(Xb—xa) = 4.44x10% u ... (7.9)
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This models the behaviour of the hydraulic system, but not of

course of the suspension spring modeled in Egqn 6.1(a).

let

X4 T X, .. (7.10)
X

5 ﬁ.lxa = @.1x4 or x4 = lﬁx5

From (7.9), using (7.5) and (7.19);

- ia) + 8603(10x = 4.44x10°u  (7.11)

100x 5) =

+ 112(100x - 10x

3 3 2

from (7.8) and using (7.10);

X, = 1@x5 = 16(105w - 1ﬂ5x4 - 8b5x (7.12)

5)

Substituting Egn (7.12) in (7.11);

Xq + 112x3 - 1176w + 1176x4 + 952x5 + 86@x2 - 86@x5 = 4440
i.e.

Xq = —86@x2— 112x3 - 1176x4 - 92x5 + 444@Fa + 1176w eo. (7.13)
The extended model becomes;

~ - - - . -

g 19 @ @ 7] (7] @

¢ o 18 8 @ % 2
i(t) = |@ -86@ -112 -1176 -92|x(t)+]|4440ju(t)+{1176}iw(t)

@ @ @ @ 16| @ @

7} (] 7] -125 -85 1%} 145

e wl e - - -

(7.14a)

and
yv(t) = {? g 1 @ G]x(t) + v(t) ... (7.14b)



where;

w(t) (volts) is band limited white noise of variance chosen %o
represent random road displacement.

v(t) (volts) is band limited white noise of variance chosen to
represent the accelerometer/ charge amplifier noise.

v(t) (volts) is the suitably scaled output of the accelerometer

charge amplifier.

The eigen values of this system are:
2.0 |

-56.0 * j73.9

-15.9

-710.9

On the laboratory model, the following states are directly
available for measurement (Fig. 7.3a):

x ; (xb) as shown in Fig. 7.2.

1
Xg ; (ig) the scaled accelerometer/charge amplifier output.
X, ; (xa) as shown in Fig. 7.2.

(x1~x4); (xb—xa) as shown in Fig. 7.2.

The sprung mass velocity state X, is indirectly generated by
differentiating and filtering the position state X4, as indicated

in Fig. 7.9. Xg is generated similarly from Xy where necessary.
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C2 = @.01uF

Fig. 7.9 Generation of Velocity State from Position.

7.3 SysTEM OPTiMAL CONTROL:

In this work the underlying active suspension problem is +treated
from the view point of optimal control theory [4], which involves

state feedback as indicated in block diagram form in Fig. 7.10.
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Fig. 7.19 Optimal State Feedback

The performance index to be minimized for the derivation of
*
optimal control u is assumed to be of a form (6.7) which can be

re-written as;

Tf :
_ = T = T »
d = E[@J[}g ch + u Rcu ]dt} .. (7.15)

in which ﬁé and ﬁc are chosen to give some desirable behaviour,
and KC is then calculated by solving a Riccati equation (as
discussed in Chapter 6, Section 6.4).

The term “Tf" in the cost function (Egn 7.15) is taken to be that
at which the natural dynamics of a single disturbance - say a step
function - have died away. This is 1less +than 59@Pms on this

equipment.

To derive an optimal control for any system, the system must be

controllablel. Testing the controllability of the system described

(1) A system is controllable if all the modes can be excited, or
controlled by the input. For a system to be controllable, the rank
of:

[B AB A’B AmniB] = m ,where m is the number of states.
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by Egqns. 7.14, it was found uncontrollable reflecting a difference
between the laboratory equipment (Egqns 7.8, and 7.9) and_ the
standard quarter car model (Eqns 6.1) discussed earlier.

However, on closer inspection, it was found that x, and x

4 5
the unsprung mass states) are the uncontrollable states and these

(i.e.

are not of major interest in our control strategy which must
concentrate on xl, xz & x3 (the sprung mass states). These are
controllable. Since no attempt here is made to control X, and Xg s
QC is chosen accordingly, to influence X5 Xy and Xq.

We consider, for example, the solution of the Riccati Equation
(6.10) minimizing the cost function (7.15) for ﬁc and ﬁc as:

19 0 @0 0 @
9 1 9 90 @
Q=2 2 1 0 0 |, ﬁc:[ 100 ] ...(7.186)
2 0 0 9 @
2 9 9 9 ©

The corresponding control strategy will +try +to minimize the
performance index;
Te

2 2 2z 2 b4 2
Ef[l@.xl +1.x5 + 1.xy + O.x; + B.x; + 100u ]dt,

attempting particularly to reduce the position variance E(xi).

The optimal input u*(t) is 1limited by the choice of ﬁc
corresponding to Egqn. (7.15), where it can be seen that increasing
ﬁc reduces u* and vice versa. This is chosen so that ut stays
within the operating limits of the amplifiers, hydraulic valves
and hydraulic power supply.

It should also be observed at +this stage that the optimal
strategy takes no account of the requirement that the mean sprung
mass position must lie at the mean value of (xl—x4) - not at zero
with respect to the frame of reference (i.e. xy = @) - so that the
suspension system can recover when the vehicle goes up a hill, or
is disturbed by a "step”, etc. This +topic is ignored in this

section, but is taken into account in Section 7.5.
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Using (7.16), the program AREl on the VAX computer gives:
9.316
P.145
K = @.8811, » ee. (7.17)a
-8.179
| -0 .015 |

The eigen values of this closed loop system are:
-16.8 £ j6.2
-438.2
-15.0
-719.9

Step function responses using this strategy are shown in Figs.
7.11 to 7.13.
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Optimal input ux
0.05 . ._

~0.05 -
PO I N SR SRR N B )

-0.35

Optimal position x1

1 1 t

0.2 0.3 0.4 0.5

Fig. 7.11 Step Response Simulation Cu* and x1) Using (7.17ad>
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Optimal velocity x2

Optimal acceleration x3

N
Py

[y

—ZQ 0.1 0.2 0.3 0.4 0.5

Fig. 7.12 Step Response Simulation Cxa and x3) Using (7.17ad

7-22



axle position x4

0.2 0.3 0.4 0.5

axle velocity x5

0 o~ i ‘
0 0.1 0.2 0.3 0.4 03

Fig. 7.13 Step Response Sim i
| ulation Cx4 and xs) Using (7.17a>
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It is of interest here to consider the strategy;
©.316
P.145
K = @¢.9811}, ... (7.17)b
0.9
| 7.9

The closed loop system in this case has exactly the same eigen
values as that using the feedback 6f Egn 7.17a. Examination shows
that this is due to the structure of the open loop model (Ean
7.14) which is such that any feedback of X5 Xg has no effect on
the closed loop system eigen values. This could be taken +to mean
that there is no great advantage in feeding back these states, but

this will be examined in more detail in Sect 7.5.

Figs. 7.14, 7.15 & 7.16 show computer simulations for this
system s response to a step input (w=2 volt).

These show dynamics which are very similar to those in Fig 7.11 to
7.13. This is natural since the eigen values of the system are the

same, but detailed differences appear in the dc level of Xy and

in the shape of u*.

Applying these control strategies to +the equipment, Fig. 7.17
shows the laboratory system step responses using Egn 7.17a, and
Fig 7.18 using Egn 7.17b. It can be seen that +these match the
computer simulations fairly well, including the dc content of X4
in Figs. 7.11 and 7.18. Generally, the experimental system results
are less damped than the computer simulations, owing, perhaps, +to

non-linearities and unmodeled system noise.
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Optimal input ux
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-0.15

-0.25

-0.35

Optimal position x1
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0.5+

0.4

T

{

0.1 0.2 0.3

Fig. 7.14 Step Response Simulation Cu*
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Optimal velocity x2

1.2

0.1 0.2 0.3 - 04 0.5

Optimal occeleration x3

C 0.1 0.2 0.3 0.4 0.5

Fig. 7.15 Step Response Simulation Cx2 and x3) Using (7.17bD
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axle position x4

T
i .
i { {

0.2 0.3 0.4 0.5

axie velocity x5

{ i

0 0.1 0.2 0.3 0.4 0.5

and x_ ) Using (7.17b)

Fig. 7.16 Step Response Simulation Cx4 5
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Fig. 7.17 Equipment Step Responses Using the Strategy (7.17ad
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Fig. 7.18 Equipment Step Responses Using the Strategy (7.17b)
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By experiment on the system, another good control strategy, +this:

time ignoring feedback of X, and Xg, Was found using:

Fl.7ﬁ
B.70
K = |8.12]}, ‘ ... (7.18)
2
]

The eigen values of this closed loop system are:
-33.2 * j14.3

-578.5 |

-15.0

-70.9

Step function responses taken from the experimental equipment
using this strategy is shown in Fig 7.19 and +the equivalent
computer simulation results are shown in Figs 7.20, 7.21 & 7.22.
It can be seen that +the computer results again match the
experimental one reasonably well, from which we can conclude that
the mathematical model is adequate.

We can also conclude that feedback of Xgs Xg does not greatly
affect the closed loop eigenvalues, and so, does not have a
radical effect on closed loop behaviour. This will almost be true
for true quarter car model, since the axle behaviour is clearly
dominated by the random road disturbances and not the control

input.

Various strategies can clearly be developed, by varying 60 and ﬁc’
and by experimentation, but they all depend on +the states being
available. While this is true on the laboratory equipment, it is
certainly not so in the practical vehicle, nor in the quarter car
model. The design of a state estimator, or Kalman filter, is
therefore the next task to be undertaken and this is the subject
of Section 7.4. The influence of any implementations of the Kalman
filter on +the practical control strategies, and relevant

experiments and results are also examined in Sect. 7.5.
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Fig. 7.19 Equipment Step Responses Using the Strategy (7.18)
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Optimal input ux

-0.05f -
~0.1}
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Optima! position x1

0.14 i
0.12 7
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o
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Fig. 7.20 Step Response Simulation Cu* and xl) Using (7.18>
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Optimal velocity x2

0.2 0.3 0.4 0.5

Optima! acceleration x3

1 1 1

0.2 0.3 C.4 0.5

Fig. 7.21 Step Response Simulation Cxa and x3) Using (7.18)
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axle position x4
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Fig. 7.22 Step Res i i
P pPonse Simulation (x4 and xs) Using (7.18>
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7.4 THE STATE ESTIMATION PROBLEM:

To design a state estimator (Kalman filter in this case) for any
system, that system must be observablez. Testing the observability
of the system represented by Eaquations (7.14), we found one
unobservable mode related to the sprung mass position state, X4
where the sprung mass acceleration is +the only output (Ean.
7.14b).

Clearly, some way round this difficﬁlty muast be found if a Kalman
filter is to form the basis of a control strategy. The underlying
problem is of course that the sprung mass absolute position and
velocity are not directly available - which in turn is a major
reason for the presence of the Kalman filter.

Three distinct lines of attack were developed to deal with this
problem, and in each case the suggested solution affects the
control strategy which can be implemented.

The structure of the problem also suggests the possibility of
designing reduced order Kalman filters, since it seems (Sect 7.3)
there might be a good prospect in feeding back only some states.

This topic is explored in Sect 7.4.4.

7.4.1  APPROXIMATE KALMAN FILTER:

The first solution involves approximating the system model - at
least as far as the Kalman filter is concerned - so that the
unobservable mode disappears. The model of the actuator A2 and
load M (Egqn 7.3) is replaced in the Kalman filter design with;

(2) A system is observable if all the modes affect the outputs.
For a system to be observable, the rank of;

[CT Ayl eahT (cahT ... (CA”"‘)T] = m

7-35



4_44x10@°
F(s) =

... (7.19)

(sts,)(s+56%373.9)

g)
i.e. as far as the Kalman filter is concerned, the actuator pole
at the origin is slightly shifted to ~Sg in the The

actual system of course is still represented by Equation (7.14);

s-plane.

Sg is chosen so that the frequency content of Xy is reasonably
accurately estimated for “"high" frequencies, while the low
frequency behaviour will be accommodated by a separate strategy
(Sect 7.5.1).

Following the procedure of Section 7.2 for 50:3 (Ean 7.19)
(minimum frequency of interest is about @.5 Hz), the system’s
continuous time state equations become (c¢f Egn 7.14a):

3 b i T T 1.
1%} 19 ] 15} ) 1} [}
] (4] 19 %] [} %] 1]
i(t): -258 -893.6 -115 -949.5 -83.9 |x(t)+|4440ju(t)+}1207.5|w(t)
1%} 1} 1] o 10 1%} 1%}
1} 1] & -185 -85 @ 185
(7.28a)
y(t) = [ g 0 1 @ @ ]x(t) + v(t) (7.20b)
The eigen values of this system are:
-3.9
-56.8 * 373.9
-15.0
~-70.0
This is observable. In discrete form and using 5 msec sampling
time, the model becomes;
Xx(n+1l)= ¢x(n) + wu(n)
v(n) = Cx(n) (7.21)



where

@.199E+01
-@.264E-01
-0 .946E+00

@ . OO0E+00

@ . OODE+DD

Fb.792E~@2
@ .454E+00
@.163E+092
@ . OPDE+OS
@ . ODPE+00

L.

@.484E-01
@.908E+20
-@.330E+21
0 . OPPOE+O0
@ . OOOE+O0

The control system is the

cascade

?.192E-92
B.367E-01
@.487TE+00

. O.900E+20

0 . OOOE+00

-@.167E-822
-@.954E-01
-@.339E+91

@.989EK+00
-@.426E+00

arrangement of +the

filter (Kalman filter) and optimal controller shown
(cf to Fig. 7.3b);

-@.156E-83
-0 .892E-82
-@.32TE+20
@.405E-01
©.644E+00

in Fig 7.23

W
r~ } Dynamic system ]

| | |

! G I

| l

l + |

l + \‘L' 5 x.\ + l

{ > B -;Z T4 J‘ 7 C m"‘)z ’—l
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< Controller ¢ g?i?:?
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Fig. 7.23 Configuration of Active Suspension System.
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Since the system is linear time inVariant, a sub-optimal Kalman
filter can be designed which has a constant “"optimal” filter gain
matrix by solving the Kalman filter algorithm (Sect. 4.4) off line
[31. '

The process and measurement noise variances are described by Q and
R (Chapter 4), and for road variance of 3 cmF and a typical
accelerometer/charge amplifier noise content at 1 volt2 variance,
this translates (at 1.8 v/cm, Sect 7.1) to;

Q = 1@, R = [1]
for a sampling period T = 0.095 sec, this yields;
Q = 8.05, Ry [ 1 ]

The sub-optimal Kalman filter gain matrix and the sub-optimal

error covariance matrix are as follows:

-0 .5428E-02
B.37T79E-21
Kf(w) = @ .5215E+00
- |-9.8868E-02
-@.2121E-91

™ ]

0.4660E+00 O.24T1E+00 -0.4323E+00 -@.2654E+00 ©.3129E+090
@.24T7T1E+P0 ©.2858E+00 ©.2979E-01 -0.3471E+00 ©.2254E+60
P(w)=|-0.4323E+008 @.2979E-01 @_636TE+02 -@.4762E+80 -0.2451E+01
~0.2654E+00 -0.34T1E+00 -@.4T62E+00 ©.5063E+20 ©.3130E-01
@.3128E+00 @.2254E+00 -@.2451E+01 ©.3130E-01 ©.9045E+01

where;
Kf(w) is the sub-optimal KF gain wvector.

P(») is the sub-optimal error covariance matrix.

The open loop system response to a unit step disturbance and its
estimation (sprung mass states) are shown in Figs 7.24 to 7.26. It
can be seen that the Kalman filter estimations well match the
actual states, although some drift is shown in Fig 7.24, this is
to be expected and being low frequency should not affect any
reasonable strategy.

7-38



1818 : Open Loop: Bpruns w388 pofition
.20 7

0.80 7

0.40

§.00

e T olseo olese 0LEa

Fig 7.24 Approximate Kalman Filter (x1 and xl)
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Fig 7.25 Approximate Kalman Filter Cx2 and ; >
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Fig 7.26 Approximate Kalman Filter Cx3 and ;3)
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For a random input sequence shown in Fig. 7.27, the “optimal”
Sprung mass position (xl& ;1), velocity (xz& ;2) and acceleration
(x3& x3) states of the actual and the (discrete) estimated states
are shown in Figs. 7.28 to 7.3 respectively using the control

strategy (Egn 7.18). Again, the Kalman filter estimates are all
acceptably good.

A control strategy using the states estimated by this Kalman

filter is considered in Sect 7.5.1.
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Fig 7.27 Random Disturbance
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Fig 7.28 Approximate Kalman Filter Cx1 and Xy -
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7.4.2 AUGMENTED OQUTPUTS:

A second possible strategy to overcome the system unobservability
problem is to use more system outputs as Kalman filter inputs.
In this case, considering the sprung-unsprung relative position.
(xl—x4) as another measured system output, the system model Eagn

(7.14) can be re-written as:

s 10 6 o o] (o ] (o ]
] 7] 16 0 ) ] 7]

i(t) = |8 -8608 -112 -1176 -92|x(t)+]|444B0|u(t)+|1176|w(t) (7.22a)
1) 1%/ 1] %] 19 ) 17/
7] 1] g -165 -85 @ 195

vty = (20 10 Olycey + ye) ... (7.22b)
1 9 6-1 @

Testing the observability of the system represented by Egns
(7.22), it was found observable and a Kalman filter can therefore

be designed.

In discrete form (Egns 7.21) using b msec sampling time, using
Eans (7.22);

rb.l@@Fﬁll @.485E-11 @.103E-22 -@.208E-22 -@.175E-33
@ .900E+01 @.S12E+08 ©.370E-11 -0.119E+01 -0.100E-12
¢ = |@.00PE+00 -@.318E+01 @.498E+00 -0.424E+01 -@.3T4E+00
0 .OO0E+00 O.000E+00 O.OO0E+00 @.989E+00 ©O.405E-11
0 .000E+00 O.000E+00 O.OOPE+00 -0 .426E+00 ©.644E+00
@.795E-02
B.456E+00
y = |@.164E+02
0 . OODE+O0D
0 . ODOE+00
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A typicai Kalman filter is designed for
the case as before (Sect 7.4.1), and with

(x1~x4) of 9.1 (volts)z;

Q

Ke ()

14,

@.6926E-03
@.37T7TTE-01
@.5126E+00
-3 .4585E-@2
-@.1596E-@1

Qd = 0.95,

@.2476E-01
@.2031E+00
@.1785E+21
-@.4458E+00
-0 .9446E+00

this system

a noise

considering

variance on

-

@.5958E-082 @.6845E-03 -0.1763E-81 ©.3365E-02 -0.1831E-02
@.6845E-03 @.2065E-81 @.9625E-@1 -0.2517E-01 -0.6819E-01
P(w)={-@.1763E-91 @.9625E-@1 @.6119E+82 -@.3429E+00 -0.2245E+01
#.3365E-02 -@.2517TE-P1 -0.3429E+08 ©.6819E-01 @.2946E+00
-@.1931E-02 -@.6819E-@1 -@.2245E+01 @.2946E+00 ©.8416E+01

L

The open loop system responses to a unit step disturbance and its
7.31 to T.33,
7.37. 1In

reasonably

estimation (sprung mass states) are shown in Figs
and response to the noise of Fig 7.34 in Fig 7.35 +to
the Kalman filter can be seen to

every case, generate

good state estimates.

A control strategy assuming all the system states to be available,

as estimated by this Kalman filter, is considered in Sect 7.5.2.
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Fig 7.31 Augmented Outputs Kalman Filter Cx1 and x1)
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7.4.3 LimTED STATE ESTIMATION:

A third strategy to overcome the unobservability problem, is based
on limited state estimation. Essentially, the unobservable state
(xl) is simply ignored as far as the Kalman filter and the optimal
control strategy are concerned, and the problems caused by this
are dealt with otherwise (Sect 7.5.3). This strategy is
represented in Fig 7.38. ‘

u : | )4
z > System .
— : S
NN T—_—J. J__:]
y

s
Limited state

 Controller Estimator S

\’+

)

o

e S

(x,—x

17%4)

Fig. 7.38 Limited State Feedback Scheme

Recall the "A", "B" & "G" matrices in (7.14):

6| 186 o @ @ @ @
0 I 6 18 o o ) o
p=|0! 866 -112 -1176 -92 |, B = |asss|, @=|1176
@ : g o @ 10 @ o
6| © © -185 -85 @ 105

The @°s in the 1st row and column of A allow us to consider the
sub-system;

xs(t) = Asxs(t) + Bsu(t) + GSW ... (7.23)a
Xs(t) = Csxs(t) t v “en (7.2§)b
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- | T
X, = X, Xg X, Xg ], and
[ (7] 19 15} @ ]
-860 -112 -117s6 -92
A =
S @ @ 2 10
| O 7} -1@5 -85
C_ = g 1 9 B]
S b

The eigen values of this are: -56.8 *

In this case the 4°th order sub-system is observable and a

filter can be designed.

In discrete form using 5 msec

4440

9 |

J73.9,

76

5

@
11
, 6=
2
10
~15.8, -7

sampling time;

B.9.

0.9117E+00 ©.3696E-01 —0.1189E+@0 -3. 1004E-@1
o = |B-3178E+@1 @.4978E+00 -0.4241E+01 -0.3736E+00
®  |0.0000E+00 ©.0000E+00 ©.9886E+00 O 4@55E-01
0. 0000E+00 O.0000E+00 -0.4258E+00  ©.6439E+00

| 5. 45608400

w_ = | 9-1641E+02

0 . OPOGE+00

| 0.0000E+00 |

The sub-optimal Kalman filter is used for this system considering

the case as before:

Q 19, Qd = 0.05,

The optimal Kalman filter gain and error covariance matrices are:
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@.3979E-01

@.5464E+00
-0.1249E-01
-0.2159E-01

1

Ke(®)

@_.5342E+900 @_.1122E+00 -0.4226E+00 O.3009E+00
@.1122E+00 ©.6469E+02 -0.T171E+00 —-0.2682E+01
-@.4226E+00 -0 _T17T1E+00 ©.4447TE+00 O.8026E-01
@.3009E+00 -@.2682E+01 @.8026E-01 .8978E+01 |

P(w)

For the random disturbance shown in Fig 7.39, Figs. 7.40 to 7.41
show the actual and estimated states of the sprung mass. The
Kalman filter clearly generates acceptably good estimates of +the

states.

A control strategy using these states 1is considered in Sect
7.5.3.
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7.4.4 ReEpDUCED ORDER KALMAN FILTER:

The structure of the models used in Sects 7.4.1, 7.4.2 and 7.4.3
suggests that reduced order Kalman filters could be designed to
estimate Xy Xy and Xgs fairly easily.

The model in Sect 7.4.1 (Egns 7.29) could be regarded as a third
order system representing (xl, Xg5s x3) with input u(t), and a
non-white noise disturbance w(t) corresponding to the effects of

x, and x5.

4
@ 10 @ @ @
x(t) = g o 18 |x(t)+] @ |lu(t)+| @ w(t) ... (7.24)a
-258 -893.6 -115 4440 L122:7.5
y(t) = g 2 1 ]x,(t) + v(t) ' ... (7.24b)

The eigen values of this are: -3.80, —-56.6 = j73.9.

This gives us the opportunity to design a reduced order Kalman
filter by treating w(t) as white noise.

This can not be done for the policy of Sect 7.4.2 (Ean 7.22) since

X4 is required by the Kalman filter, and this affects x,_.

5
However, the policy of Sect 7.4.3 can lead a second order Kalman
filter, since X5, Xg only are to be estimated. From Egn 7.23, the

reduced second order system is;

. [ g 16 g B

x(t) = x(t) + u(t) + w(t) ... (7.25)a
-860 -112 4440 1176

y(t) = | 8 1 ]x(t) + V(L) . (7.25)b

The eigen values of this are: -56.8 % j73.9.

'This topic has not been developed further here.
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7.5 OPTIMAL CONTROL STRATEGIES:

We now consider the various optimal control strategies which can
practically be based on the Kalman filter designs of Sect 7.4.
These are realized on the laboratory equipment using the relevant
states directly (not generated by Kalman filter). The three
strategies examined in Sects 7.5.1, 7.5.2. 7.5.3 correspond to the
Kalman filters developed in Sects 7.4.1, 7T7.4.2 and 7.4.3
respectively.

7.5.1 CONTROL STRATEGY BASED ON APPROXIMATE KaLMAN FILTER:

The Kalman filter of Sect 7.4.1 generates estimates of the system
states with approximation to x4y which is accurate at "high"”

frequencies but not at "low"” frequencies.

Any practical control strategy must also include a low frequency
recovery feature so that the unsprung mass position retains a mean
value E(xl—x4) = @. This can be achieved by measuring (xl—x4) with
a potentiometer - which is quite practical on the laboratory
equipment and in a quarter car model - filtering the "low"
frequency content out of it, and using the result in the overall

control strategy. This arrangement is shown in Fig 7.42.

l (xl—x4)
*
] Low-pass |k + - u Laboratory
filter f :m System
(or Integrator) y
X
K x! optimal control
c
strategy
Kc

Fig. 7.42 Approximate State Control Strategy
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After some experimentation, the low pass filter of Fig 7.43 was

el

constructed.
C

1

i T

r“?l

| S
(xl—x4) R2

. -
+ Rsﬂ

—Ej—l
where NN
S N

R, = 330KQ

1 +
R2 = 330K
01 = 1uF
R3 = 10¢K RN
R4 = 16K

Fig. 7.43 Low Pass Filter Used in Outer F/B Loop

The effect of choosing such a filter is +o treat frequency
components below about 3 rad/sec as "low”, and not within the
authority of the optimal strategy. Those above 3 rad/sec are
treated as "high" and are subject to the 'effect of +the optimal

strategy. This was confirmed by experiment to be reasonable.

The control strategy, ignoring X, and Xg as explained in Sect

7.3, used here is:

r.6.46

1.85

K = |8.75], K. =0.21 ... (7.24)
@ :

| 9

where Kc and Kf were found by experiment on the equipment to yield
good results. Step function responses for the laboratory equipment

are shown in Fig. 7.44.
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Using Control Strategy Based on Approximate KF
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" It can be seen in Fig 7.44 that the sprung mass position e does
recover to E(xl—x4):@ after about 1.6sec - which may be slightly
slow - but can easily be altered by altering the feedback filter
gain (Fig 7.43). The results are quite good with a maximum
acceleration of 1.5v equivalent to @.27ms-2. This compares with

about 281115_2 for the uncontrolled system (taken from Fig 7.13).

7.5.2 CONTROL STRATEGY BASED ON AUGMENTED QUTPUTS:

In this case, the Kalman filter outputs are taken to include an
estimate of Xy at the cost of a somewhat more complex Kalman

filter using (xl—x4), Xg as system outputs (Sect 7.4.2).

The idea of Sect 7.4.2, must be combined with a 1low frequency
strategy designed to ensure that E(xl—x4)=Q. This is shown in Fig
7.38, though in this case Xy and not approximation to it, is fed
to the optimal control strategy, and the filter of Fig 7.42 must
be replaced with an integrator with a low gain to remove the dc
content of the X -

Using the control strategy, found by experiment +to give good

results, as:

-1.471
2.67
K =- |9.85], K. =0.78, K; = 6 : ... (7.25)
]
| o ]
where KI is the integrator gain (volts/sec/volt).

Step function responses for this are shown in Fig 7.45.

The results shown here are promising and show a distinct reduction
in the sprung mass acceleration. Compared with Fig 7.44, the

maximum being equivalent to 6.18ms_2.
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7.5.3 CONTROL STRATEGY BASED ON LIMITED STATE ESTIMATION:

The reduced order Kalman filter of Sect 7.4.3 generate estimates
of Xo, Xg; X4 ,» Xg (not xl), and a corresponding optimal control
strategy is designed to minimize a cost function of X, and Xg- As
with the previous strategies, an outer low frequency 1loop is
required to ensure that E(x 4)—9 The overall strategy is like
that shown in Fig 7.42 w1th X replaced with X, = [x2 3 X4 5]

The feedback strategy is found in this case using the partial state
feedback algorithm (Appendix-F). Let;

16 90 ¥ ©

_ 2 1 0 @ _

Q= . Ro=[1]
] o 0 0
7] o 0 @

This limits the variances of the velocity and acceleration of the

sprung mass, leaving the unsprung mass uncontrolled as before.

The optimal feedback gain vector is:

_ K, 3.2
K, = ky| = |o.85|" K =0.29 . (T.26)

Fig. 7.46 shows the closed loop system responses.
Again these results looks promising, with the sprung mass states
well controlled, and the maximum acceleration being about ﬁ.gms—2
This is still good compared with the uncontrolled 28ms—2, but is

not as good as the previous cases.
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7.6 CONCLUSION:

In this chapter a laboratory equipment is used as an experimental
model. This is represented by a 5 °th order model using sprung mass
acceleration as the only output. A problem of observability
appears when a Kalman filter is designed to estimate +the system
states to be used for the optimal controel strategy and different
suggestions for solving this problem are examined. Sub-optimal
control strategies corresponding to these strategies are also
examined and compared. Measurement of the relative sprung and
unsprung mass positions is found to be necessary for all control
strategies. The results in all these cases look quite promising,
with the best results being achieved using the most elaborate
strategy.

It has proved impossible in the time available to realize all the
Kalman filters and implement the entire strategies based on their
estimates. This clearly is the next step as far as the laboratory

equipment is concerned.
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CHAPTER 8
SUMMARY. CONCLUSION AND SUGGESTION FOR FURTHER WORK

8.1 INTRODUCTION:

In this project, a number of models and control strategies based
on Kalman filters have been suggested for vehicle active
suspension systems. Problems of unobservability and
uncontrollability have been exposed, and solutions suggested.

A number of conclusions can now be drawn and further work
specified to complete the project.
The project is summarized in Sect 8.2 and conclusions are drawn in

Sect 8.3. Suggestions for further work are outlined in Sect 8.4.

8.2 SumMMAaRY OF Work TO DATE:

The work to date may be summarized as follows:
(1) Some investigation of road surface modelling have been
undertaken, and some filters prepared (in software form) for

simulating various road surfaces.

(2) An electro-hydraulic laboratory equipment for simulating +the
main features of a quarter car suspension system has been designed
and built. The behaviour of this has been modeled using a linear

model, and this model has been realized on the computer.

(3) An electronic circuit, incorporating an 8286 microprocessor
has been built. This is designed +to allow +the proposed Kalman

filters and control strategies to be realized.

(4) Various computer models of suspension systems have been
examined with a view to implementing active control strategies
based on Kalman filters. Problems of unobservability and

uncontrollability have been exposed.



(5) Various Kalman filter strategies which take account of the
unobservability problem have been proposed and examined using
computer simulations. These are sub-optimal Kalman filters, some
of reduced order. However, some attention has been paid to optimal
filters (with variable gains) which may be needed in some final

versions of the filters.

(6) Various optimal control strategies suited to the Kalman filter
outputs have been suggested and tested by computer simulation and

on the laboratory equipment. Three of these seem quite promising.

(7) It has not been possible in the time available to test the
Kalman filters on the laboratory equipment, or, consequently to
test the control strategies using them. Nor have rigorous computer
models of guarter car suspension systems with +the Kalman filter
designs and control strategies been tested. These are clearly the

next step to the work.

B. 3 CONCLUSIONGS:

It can reasonably be concluded from the work:

(1) That it is feasible to construct fairly simple Kalman filters
for active suspension systems, the transducers required being an
accelerometer and 1linear potentiometer for each quarter car

system. Suitable Kalman filter structures have been proposed.

(2) That it is feasible +to realize reasonable simple optimal
control strategies using the Kalman filter outputs, the actuators
required being one hydraulic ram per quarter car, connected in
parallel with a spring-damper arrangement. Suitable control
strategies have been proposed.

(3) The necessary filter and control strategies can be realized
in a fairly simple microprocessor circuit, incorporating an Intel
8386 microprocessor. This seems adequate for the suspension of a

whole vehicle. A suitable electronic circuit has been proposed.



8.4 FURTHER WORK:

Clearly, more work 1is needed to bring this project +to a
successful conclusion; the nature of this has been revealed by the

work to date. The project is seen to proceed further as follows.

(1) The Kalman filters are tested on the laboratory eaquipment - to

confirm the simulation results.

(2) The control strategies on the laboratory equipment are tested
using the Kalman filter outputs.

(3) The more elaborate quarter car computer models of Chapter 6
are developed and the Kalman filter and control strategies tested
against them.

(4) Either the laboratory equipment 1is enhanced +to suit these
quarter car model features more accurately, or a new equipment,
jdeally using a vehicle, is constructed. This is used to test the

designs, including the electronics.

(5) More elaborate ideas, involving whole vehicle suspension

systems, and dealing with their non-linearities, can be tried.



APPENDIX A
CONTINUOUS AND DiscrReTE TiIME DYNAMIC SYSTEMS REPRESENTATION

As described in Chapter 4, a Linear Time Invariant dynamic system

can be described in vector differential equations form as:

dx/dt

H

Ax(t) + Bu(t)

Cx(t) + Du(t)

(A.1)

"

¥(t)

where A, B, C, D are constant.

Throughout this thesis, we deal mainly with discrete (or sampled)

dynamic systems,;

x(n+l)

#x(n) + yu(n)
(A.2)

¥(n) Cx(n) + Du(n)

where ¢, v, C, D are constant.

A1 SamMrPLED DATA SysTEMS:

One type of discrete system of particular interest is the sampled
data system. This is a continuous time system buffered with
analogue-to-digital and digital-to-analogue converters (ADCs and
DACs) as shown in Fig. A.1l.



T i |
|
u(n) | u(t) v(t) _ Iz(n)
—>| DACs > G(s) >| ADCs >

| s |

I |

| 1 |

I . !

i ADCs l

| l

i |

Fig. A.1 Sampled Data System.

If the state equations of S are known and the DACs and ADCs are
clocked simultaneocusly, discrete state equations for z may
readily be found from the solution of +the continuous time
equations for +the time ((nt+1)T), taking x(nT) as initial

conditions and u(nT) as the input:

(n+1)T
x((n+1)T) = ePTx(nT) + J eA"Bu(nT)dr
nT (A.3)
= Cx(nT) + Du(nT)

y(nT)

Rewriting this in the standard form of equation (A.2), where;



AT

¢ = e

T ... (A.4)
¥ o= J eATB dr (u(nT) is constant, nT < 7 = (n+1)T)

& .

C and D matrices are unchanged.

¢ and ¥ in Egn (A.4) can be found either by the direct use of
series expansions for the required numbers of terms depending on
the accuracy needed, or using Runge—Kutta method. In this project
the 4 th order Runge-Kutta method is used as described in Sect A.2.

A2 RUNGE-KUTTA METHOD:

This method is usually used for solving differential equations
based on the Taylor expansion series:

2 3
x((n+1)h) = x(nh)+hx(nh)+——h——x2(nh)+——hT—x3(nh)+... (A.5)

21 3
Commonly, four terms in this series are used +to derive the

fourth-order Runge-Kutta algorithm;

k1=hf(x(nh),nh)

_ 1 i
kz—hf(x(nh)+—§—kl,nh+—§—h)

- 1 1
k3—hf {x(nh) +'2—k2 R nh+Th)

k4=hf(x(nh)+k3,nh+h)

Then:

x(n+1)h) = x(nh)+—%~(k1+2k2+2k3+k4) ... (A.6)

In the algorithm above, since x((n+l)h) is found from x(nh), the
starting data x(8) are sufficient to allow the algorithm to

proceed.



In this way, ¢ and ¥ matrices in Egn. (A.4) are calculated using
the 4°th order Runge-Kutta integrator algorithm (A.6), using the

following differential equations:

d¢/dt = A¢ At (AT
dg¢/dt = ¢B = e B
The algorithm starts from initial values for ¢ = wunity matrix,

and » = @, for “"h" represents the calculation interval.

The Fortran program DISCR is used to calculate ¢ and ¥ matrices,
using the algorithm described above, given A, B matrices and T

sampling time.

REFERENCES :

[1] J. A. Borrie, "Modern Control Systems"”, Prentice/Hall
International, 1986.



APPENDIX B

PARTS LIST FOR THE MICROPROCESSOR HARDWARE

Table B.1

- ParTts LisT FOR THE 8086 CPU CaArD :

Device name |Qty Function Comments
» 80386 CPU 16-bit Microprocessor
> 8284 Clock generator/driver 3 clock outputs;
1) CLK, MOS level.
2) PCLK, TTL level.
3) 08C, Osc. output.
> 8282 3 Un-idirectional 8-bit|Address Bus Controller
I/0 latch buffers
> 8286 2 Bi-directional Bus Data Bus Controller
Transever ‘
P 6116 2 RAM Size 2048 words x8bits
Access time 150ns max.
* Memory
» NMC27C256Q| 2 EPROM Size 32768 x 8
/20 J CMOS 20Pns access time
»y 2521 4 decoders High speed TTL
» 8258A 1 Programmable Interrupt| 8 Maskable Interrupts
Controller Controller
» 8253 1 Programmable Interval 3 software
Timer programmable counters
» 7415138 1 8-Line decoder High speed Schottky
TTL
» T7T4LS32 1 logic OR gates 6 gates per chip

2 input for gate




Table B.2- PARTS LIST FOR THE ANALOGUE BoARD :

Device name|Qty Function Comments
» 7579 1 Analogue to Digital CMOS 10-Bit
Converter 20 us Conversion time
» 7522 1 Digital to Analogue CMOS 1@9-bit
Converter ‘
* DGHO8 2 Multiplexers 8 channels
» 584 1 ADC voltage reference +10V. ref.
P 311 1 Comparater Op-Amp.
P 741 16 Amplifiers
» TALS27 1 Logic NOR gates 3 input for gate
4 gate per chip
» TALS@4 1 Logic NOT gates 6 gates per chip
PMiscellane- Resistors, Capacitors as shown in
ous Diodes, . .. Figs. 5.2, 5.3




Table B.3- PARTS LIST FOR THE KEYBOARD DISPLAY BOARD :

Device name |Qty Function Conmments
PEAXZ200B2T7AR 1 2x20 Dot Matrix LCD display
» Keypad 1 4x4 keys g -9 &A-F
» T74C992 1 Keyboard Driver
P TALST74 1 divide by 2 Dual-D-type Flip-Flop
P 7415244 1 3 state Buffer
» T4L.508 1 Logic AND gate 2 inputs for gate




APPENDIX C

THE 8086 2P AND THE PERIPHERALS
As UsED IN THIsS PROJECT

This appendix gives a brief description of the main devices and
their operation used for the hardware discussed in Chapter 5.

For full details, devices data sheets should be referred to.

C1 8086 N MiNMUM MODE:

In the minimum mode, as used in this project, (MN/MX pin strapped
to +5V), the CPU supports small, single-processor systems that
consist of a few devices and that use the system Bus rather than
support the Multibus" architecture. In the minimum mode, the CPU
itself generates all Bus control signals (DT/R, DEN, ALE and M/I0)
“and the command output signal (RD, WR or INTA).

C2 EXTERNAL MEMORY ADDRESSING:

The 8686 CPU has a 20-bit Address Bus and is capable of accessing
1 megabyte of memory in which any two consecutive bytes can be
accessed as a 16-bit data word. As shown in Figure C.1 the memory

address space is physically divided into two banks of up to 512K
bytes each.



ADDRESS BUS

CA19-A1 S ™
AG
BAE
SEL AG-A18 SEL  AD-A18
UPPER (ODD) LOWER (EVEN)
BANK BANK
512K*8 512K*8
D@-D7 DF-DT7
D15-D8.~ II by

UPPER HALF OF DATA BUS

D7-D@ ~ -
LOWER HALF OF DATA BUS

Figure C.1 8086 Memory Interface

One bank of memory is associated with the lower half of the CPU’'s
16-bit Data Bus (data bits D7-D@), and the other bank is
associated with the upper half of the Data Bus (data bits D15-D8).

Address bits Al through Al9 are used to address a specific byte‘
location in both the upper and lower banks, and the A@ is used in
memory bank selection (i.e. in the memory decoding circuitry). The
lower bank, which contains even address bytes, is selected when
A@=@ . The upper bank, containing odd address bytes (A@=1), is
selected by a separate signal, Bus High Enable (BHE) from the CPU.

Fig. C.2 shows the logic circuit design of the EPROMs. The same
circuit can be applied for the RAMs case by adding WR, CPU control

signal for writing access to the memory.



0o 07 :> D@-DT
EPROM
A1-A11 > Aoc-A10
AO — S .
, CE OE
7432 ) T L
Oo 0~ :> D8-D1b
— EPROM
s :> Ao-Aio0
CE OE
T ]
BHE ——————;]IIEE" '
RD =

Fig C.2 EPROM Interface with the CPU

C3 8259A PROGRAMMABLE INTERRUPT CONTROLLER :

The "8259A" IC is programmed to interrupt the CPU on the
interrupt request from “8253" Timer or keyboard, etc, and also to
generate interrupt vectors for the "8886" uP to indicate the start
addresses of interrupt service routines. 8 interrupts can be used,

of which 2 are used in our circuit.



The "8259A" generates an interrupt request signal on its "INT"
pin after one or more of its IR@, 1IR1,...,IR7 1lines are pulled
high by an interrupting device after interrupt priority checks.
IR@® is programmed to have +the highest priority. "82593A" after
requesting for interrupt, waits for negative pulse +to appear on
its "INTA" input pin after which it resets its registers and waits
for a second negative interrupt acknowledge pulse from +the CPU,
then it releases an 8 bit interrupt vector code onto the Data Bus,
which sets a pointer to the interrupt table in +the (RAM) from
which 8086 »P can read the start address of the Interrupt Service
Routine associated with the interrupting device.

In this case, the IRl is connected to OUT2 of the 8253 Timer.

\\\\ ADDRESS BUS \\\\

\\\\ CONTROL BUS \\\\
| 1/0R I/0 |INT |INTA
\\\\ DATA BUS \\\X
AN -
i
s A D-D Ry WR INT TNTA
——{CAS @
CASCADE
LINES |7 ]CAS 1 8259A
+——4CAS 2
SP/EN IR7 IR6 IR5 IR4 IR3 IR2 IR1 IR

IR EERERN

SLAVE !
PROG/ENABLE INTERRUPT REQUESTS
BUFFER

Fig. C.3 The 82b9A Programmable Interrupt Controller



C4 THe ReaL TiME CLock 8253 :

The Intel 8253 is a Programmable Interval Counter/Timer chip.b
It is organized as 3 independent 16-bit counters, each with a
count rate of up to 2 MHz. All modes of operation are software
programmable. Each counter may be programmed in one of five
possible modes of counting and generates a  pulse at the

termination of its count on its "OUT” pin.

The clock signal used is the Peripheral Clock (PCLK) from the
clock generator "8284" device. The frequency of PCLK is 2MHz, so
this clock can be applied directly to the CLK input signal of the
"8253" device.

\\ ADDRESS BUS \-\
\\\, CONTROL BUS \\\
~ .
RD |WR
\ DATA BUS \
7
. B b
_g_t_ A A D\:\I/)/ i o
CS o 1 7 o RD WR
8253 PCT
counter counter counter
@ 1 2
—Ll L SN L N
OUT GT CLK OUT GT CLK OUT GT CLK

R

Fig. C.4 PCT 8253 System Interface



DATA BUS \
Do-7 Do-7
PCLK
__WR —
RD T T——-
RD ¥R RD WR
— e +5V
INTA INTA IRG |- CLK1 —a
INT INT IR] e 0UT2 ogﬁ
IR2 |—-«F-KEY j
IR3 | CLK2
IR4A | GT2
IR5 |—
IR6 |— CLK®
IRT — GTQ®
PIC pcr OUT@—
8259A 8253
Ao Ao
- A1 —
CS CS
A1
A2
A4
As A A
As
|
Az A1 Ao Yo
Y1
| Y2
ga
Y4
Y!S
| Yo |
Y=
———s
L5138
cs

Fig. C.5 The PIC and the PCT Connection As Used in This Project



C5 AD7570 A/D CONVERTER:

The AD757@ is a monolithic CMOS 10-bit successive approximation
A/D converter requiring only an external comparator, reference and
passive clocking components.

A functional diagram of AD7579 is shown in Fig C.6.

l
|
[ 16-BIT DAC [
|
I

|

| Il | 1*° o DB9
| » ' )
l i —12% o DB1
| 1 THREE- 12 o ppg
| 1 STATE 28 o BUSY
|

|

|

l

|

il LOGIC ‘a SR

COMP o—Tf— L 427 - BSEN
25 SUCCESSIVE :
.___.t___

STRT o 1*>o HBEN
CLK o-2%y | APPROXIMATION 121 o LBEN
508 o2t | LOGIC "o SYNC

- — - .___.._ —_ — - —_ — — — —_—
22 23! 11 dl
: Vobp

Vece DGND AGND

Fig. €.6 AD757T® Functional Diagram



AD7570 BIPOLAR COFFSET BINARY) OPERATION:

Fig. C.7 shows the AD757@8 configured for offset binary (modified

2°s complement) operation as used in this project.

Input voltage/output codes are shown in Table C.1.

VREF Voo ' Vcé

+1@Vo +15Va  +5Vn TO +15V
‘ 1
+15V
1 22 oUT1 2] 3K
311
K 1Ko 1
(_;:>%S & VREF | 3 [
, ouT |2 i DGND
% 15K | 185V
1@ AD7570
~ AGND
o~ —sQ
18K. ——i—* —1s
COMP
GAIN ADJ. va
AGND [
AGND

Fig. C.7 Bipolar Operation



ANALOG INPUT| DIGITAL OUTPUT CODE
(AIN) MSB LSB
+(FS-1LS) 1111111111
+(FS-2LSB) 1111111110
+(1/2 FS) 1100000208
+(1LSB) 1000000001
L] 19000000000
-(1LSB) 9111111111
-(1/2 FS) 9100000000
-(FS-1LSB) 27,555, % 1B
-FS BODOODODND

FS is full scale i.e. Vref

Table C.1 AD7579 Bipolar Operation

Ct AD7522 D/A CONVERTER:

The AD7522 is a monolithic CMOS 1@-bit multiplying D/A converter,
with an input buffer and a holding register, allowing direct
interface with microprocessors, requires the addition of only an

operational amplifier and a reference voltage.



Vecc DGND Voo VR AGND

Q ] Q
27 TZQ Ti 3 E8
LDTR o 2
RFB1 o—
RFB2 o— 19 BIT MULTIPLYING D/A CONVERTER
JouTio
JouTzo 2
MSB | _ LSB
DAC REGISTER < 22 5 LDAC
SPC o2 —_ I
HBS o221 . 2-BIT SR 8-BIT SHIFT REG. L« 24 o LBS
SRO o—2 (SERIAL MODE)/ |« 2% & SRI
LATCH (PARALLEL) Le 2° 5 scs
140 11 12 10
o o s T T s O s O s T . O . T
DB9 DBS DB7T  ....... DB@
(MSB) (LSB)

Fig. C.8 7522 Functional Diagram

AD7522 BIPOLAR OPERATION:

Fig.C.9 shows +the analog circuit connections required for
bipolar operation {(as used in this project).

The input code/output voltage relationship is shown in Table C.2.

C-10



Voo (+5V)

1

—

1

27

AD7522

DAC

28

Vec (5 TO +15V)

rrB2 NC

RFB4 :><:R2

JouT1
T 1|
ANALOG
B I — OUTPUT
AGND

- R4(5K)

DGND

-
mi

AGND

Fig. C.9 Bipolar Operation.

DIGITAL INPUT

ANALOG OUTPUT

1111111111
1800000001
1000000000
£111111111
10,%7%%.%.% % X
PO 000

-VREF
-VREF
)
VREF
VREF

VREF

(1 - 27
(2™%)
(27
(1-27°

)

1<

)

Table C.2 ADT522 Bipolar Code Table

C-11



APPENDIX D

THE STATE EstimATOR. SuB-0OrTIMAL KALMAN FIiLTER
MICROPROCESSOR SOFTWARE

D.1 INTRODUCTION:

The estimator algorithm is executed each sampling time when the
CPU receives an interrupt from the timer. The structure of this

interrupt service routine can be summarized as follows:

® Digital input: converts the analog input signals (using the A/D
converter) into a suitable digital form and saves them in the
appropriate memory iocations.

® Estimator algorithm: executes +the estimator algofithm using
matrix multiplication, addition, subtraction routines. These
require matrices dimension preparation using wvalidity checking
routines.

® Digital output: outputs the calculated state estimates +to the

D/A converter.

These are described in the following sections.

D.2 DigitaL INPUT :

Digital input from each analogue input signal is achieved via the
analogue to digital converter. The program first sets up the
address latch to enable the multiplexer device for the first port
address. Once the line has been latched in (after a few micro
seconds calling a short delay routine), the A to D is started and
a delay loop waits for conversion (at least 2@usec is needed by
calling a DELAY routine). The digital value is then saved in the
appropriate memory location after changing into the 2°s compliment

form. This process is repeated for the number of inputs required.

Fig D.1 shows the flow chart of this subroutine. Fig D.2 shows

the flow chart of converting binary to 2°s complement notation.



Fig D.1 DIGITAL INPUT:

L

SET UP INPUT
INDEX

SET UP MEMORY
ADDRESS INPUT

SET UP A COUNTER
(NO OF INPUTS)

SEND INPUT ADDRESS
& LATCH

A

Y
i /41‘1:.\
Delay

“SDELAY"
z2u

l

START A TO D

CONTINUED NEXT PAGE




L

READ A TO D

CONVERT TO 2°S
COMPLIMENT

SAVE IN THE RIGHTI
(INDEXED)
MEMORY LOCATION

DECREMENT COUNTER
INCREMENT INDEX

|

{

IS
COUNTER

82

YES

\'%
RETURN



Fig D.2 CONVERTING OFFSET BINARY TO TWO'S COMPLEMENT ROUTINE:

4

Toggle MSB

CLEAR DX(remainder)

SIGNED DIVISION BY
FORTY
" SRL 4 BITS *

Vv
RETURN

D.3 ESTIMATOR ALGORITHM:

The algorithm required is:

x(n+1) = ¢x(n) + yu(n) + M(y(n) - Cx(n) - Du(n)) ... (D.1)
All the matrices and vectors shown in the algorithm above have
the appropriate size in the memory. To achieve the final result
three intermediate stores are used; WORK, ANS and INTER (see

source file).

Table D.1 shows the algorithm sequence.



Table D.1 The Estimator Algorithm Sequence

OPERATION OPERATION TO DATE sggggggégE
WORK =D U Du Multiply
ANS =CX Cx Multiply
INTER = Y - ANS y-Cx o Subtract
ANS = INTER-WORK ~ y-Cx-Du Subtract
WORK = M x ANS ~ M(y-Cx-Du) Multiply
ANS =y U yua Multiply
INTER = WORK+ANS M(y-Cx-Du)+yu Add
ANS = ¢ X &% | Multiply
X = ANS + INTER|x(n+l1)=¢x(n)+M(y-Cx-Du)+tyvu Add

In matrix addition, subtraction and multiplication a check is
made for matrix validity (i.e. the selected matrices are of proper
size for +the required operation) and an error is shown if
incorrect. When multiplication of elements is done, the result is
re-scaled, that is, the answer is divided by the scaling factor.

An overflow check is made after each division, and the message
DIVISION ERROR is displayed if an overflow occurs using the
OVERFLOW Interrupt Service Routine.

D. 3.1 VALDITY CHECK FOR MULTIPLICATION :

This routine checks that the number of columns of the multiplicand
is equal to the number of the multiplier. If not so an error
message MATRIX SIZE ERROR is displayed and the program will halt.
Otherwise, the size of +the matrix containing the result is
determined, to be saved in +the reserved "word” for matrix

definition.



The routine also saves number of the multiplicand columns in the
memory word COLZ2 and number of the result matrix columns in COL3,

to be used by +the MAMUL (matrix multiplication) routine as

counters.

At entry to this routine:
MTR1 (MATRIX 1): RAM memory word contains offset address
| of the multiplicand matrix dimension.
MTR2 (MATRIX 2): RAM memory word contains offset address
of the multiplier matrix dimension.
MTR3 (MATRIX 3): RAM memory word contains offset address
of the result matrix dimcnsion.

Fig D.3 shows the flow chart of this subroutine.



Fig D.3 VALM ROUTINE (testing matrices for valid multiplication):

d

DETERMINE BASE
ADDRESSES OF
MTR1 & MTR2

READ IN ROW & COL.
MATRICES SIZES

MOVE ROW1 & COL2 TO DISPLAY MESSAGE
DEFINE NEW MATRIX MATRIX SIZE ERROR
L
WAIT UNTIL KEYBOARD
SAVE COL2 F—KEY
SAVE COL3 IS PRESSED
v Y
RETURN JUMP TO START AGAIN

- D.3.2 MATRIX MULTIPLICATION ROUTINE :

The heart of the matrix multiplication routine is the system of
indexing which enables +the elements to be indexed for each
operation in the appropriate manner. Each element of +the result
matrix requires a sub-index to change multiplicand columns and
multiplier rows. Following multiplication and re-scaling, these
are summed into the appropriate element.

Fig D.4 shows the flow chart of this subroutine.



Fig D.4 MATRIX MULTIPLICATION ROUTINE (MAMUL):

4

CLEAR BUFFER,
SET UP MTR1&MTR2
BASE ADDRESSES

C >
SET UP COLUMN
INDICES
B -»
SET UP ROW
INDICES
A ~»

SET UP ELEMENT
COUNTER

PREPARE
MULTIPLICAND
ELEMENT

PREPARE
MULTIPLIER
ELEMENT

SIGNED MULTIPLY
RESULT IN 32 BITS
DOUBLE WORD

DIVIDE BY SCALE

\
CONTINUED NEXT PAGE
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OVERFLOW JYES .
29

DISPLAY
OVERFLOW ERROR
MESSAGE

-

ADD TO BUFFER

DECREMENT ELEMENT
COUNTER

IS
ELEMENT

YES

AV

PREPARE
RESULT
ELEMENT

SAVE ELEMENT
INTO RESULT
MATRIX

DECREMENT ROW
COUNTER

Vv
CONTINUED NEXT PAGE

v
STOP




IS

COUNTER
2?

YESL ‘
DECREMENT COLUMN
COUNTER

IS
COLUMN
COUNTE

RETURN

D. 3.3 ADDITION/SUBTRACTION VALIDITY:

A validity check is carried out on matrices before addition or
subtraction is performed. This ensures that +the matrices +to be
added/subtracted have both the same number of rows and the same
number of columns, if not, the message MATRIX SIZE ERROR will be
displayed on the display and the program' will halt waiting an
interrupt from keyboard F-KEY or system RESET.

At entry to this routine ;

MTR1 contains first matrix offset address.
MTR2 contains second matrix offset address.

MTR3 contains result matrix offset address.

The number of rows and columns of the matrix storing the result
is also recorded at this stage.

Fig D.5 shows the flow chart of this subroutine.
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Fig D.5 VALA/VALS ROUTINE

|

DETERMINE BASE
ADDRESSES OF
MTR1 & MTR2

READ IN ROW & COL.
MATRICES SIZES

MOVE ROW1 & COL1 TO DISPLAY MESSAGE
DEFINE NEW MATRIX MATRIX SIZE ERROR
!
SAVE ROW1,COL1 & WAIT UNTIL KEYBOARD
ROWZ2,COL2 IN F-KEY
SIZE1,S51ZE2&SIZE3 IS PRESSED
I T
v
JUMP TO START AGAIN
Vv
RETURN

D. 3.4 ADDITION/SUBTRACTION ROUTINE:

This routine requires simple indexing for +the source matrices
(MTR1 & MTR2) and the destination matrix (MTR3) which is +the
result matrix. MADD (matrix addition subroutine) and MSUB (matrix
subtraction subroutine) are exactly the same accept in the
mathematical operation ADC (Add with curry) & SBB (subtract with

borrow) commands. Fig. D.6 shows the flow chart of this subroutine.
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Fig D.6 MATRIX ADDITION/SUBTRACTION ROUTINE:

L

SET BASE ADDRESS
POINTER TO OFFSET
MTR1, MTR2, MTR3

" SET COUNTER EQUAL
TO NUMBER OF
ELEMENTS

L 4

ADD WITH CARRY/
SUBTRACT WITH BORROW
THE TWO ELEMENTS
AT POINTER ADDRESS

SAVE RESULT

POINT TO NEXT WORD
OF
MTR1, MTR2, MTR3

DECREMENT COUNTER

NOC coUNTER
@2

YES

\%
EXIT
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D.4 Data OuTPUT :

This routine outputs the digital data calculated by the estimator
algorithm (the estimated states) to the D/A converter and to the
appropriate output port through the 8-channel multiplexer.

The output address is first set up, then latched into the
interface to provide the multiplexer its address, in the same
instruction the multiplexer is enabled using A4 Address bit, then

the D/A is enabled to start conversion.

Fig. D.7 shows the flow chart of this subroutine.
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Fig D.7 DIGITAL OUTPUT SUBROUTINE:

4

SET UP OUTPUT
INDEX

SET UP MEMORY
ADDRESS INDEX

SET UP COUNT
(CNTDA)

SEND OUTPUT ADDRESS
& LATCH

Y

SHORT
DELAY.. !

}

READ DATA FROM
MEMORY LOCATION

ENABLE D TO A
& SEND DATA

DEC. OT &

COUNTER

7
JRETURN
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D.5 PrRoGrRAM ERRORS ROUTINES:

These interrupt service routines are used by the program just in

case of errors during the run time, these are:

® OVER_FLOW:

¢ DIVIDE_ERROR:

¢ SIZE_ERROR:

The main program jumps to this routine in case of
over flow (O0.F. bit of the flag set to 1). The
routine displays on the display first 1line "OVER
FLOW ERROR" and on the second line of the display
"Press F key to restart”. After that +the routine
stays in a waiting loop until keyboard F-KEY (or
SYSTEM RESET) is pressed. In such case the program

restarts again.

If an attempt to divide by zero anywhere in the
program, this routine will be served.

The routine displays the " DIVIDE ERROR " on line
1, and "Press F key to restart” on line 2 of the
display. Also the routine waits F-KEY or SYSTEM
RESET to restart again.

As above but this routine is used by the main
program in case of attempting to add, subtract or

multiply two matrices of unsuitable sizes.

D.6 INTERRUPT TABLE:

The interrupts Table D.2 shows +the Interrupt Service Routines

used by this program. All the interrupt vectors are maskable i.e.

can be enabled or disabled any time by the program as required.
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Table D.2 The Interrupt Vectors Used by the Program

Interrupt type Inteyrupt Service Function
Vector Routine (ISR)
Iv_@ 7/ DIVIDE_ERROR Dividing error
Iv_1 1 START
Iv_2 2 START program top
IV_3 3 START
IV_4 4 OVER_FLOW Over flow error
IV_8 8 SIZE_ERR matrix dimension erri:
IvV_9 9 CALC Estimator algorithm
IV_10 10 F_KEY_ISR F-KEY routine
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APPENDIX E
STATE ESTIMATOR EXPERIMENTAL RESULTS

E1 DiscrReTE STATE ESTIMATOR AND CONTROLLER:

A schematic of a discrete state estimator is shown in Fig. E.1.

r mr—-—-——-=-=-=="===-=-—-—-— == -
e I
u(n) u(t) x(t) ¥(n)
ﬁ> DAC S| G(s) 5| apc | S
i
I i
2 _
L STATE
ESTIMATOR
S| -

x(n)

Fig. E.1 Discrete State Estimator

The behaviour a discrete system 2 is described by the dynamical

equations :-

x(n+l1) ¢x(n) + wu(n)

.. (E.1)
Cx(n) + Du(n)

1

¥(n)

where u(n), x(n) and y{n) are the system inputs, states and
outputs respectively. ¢, ¥, C, and D are constant matrices (LTI

systems).



The equation of the estimator is as follows:-

x(n+1) = (¢-MC)x(n) + wu(n) +My(n) -MDu(n) ... (E.2)

where ;(n) represents the estimated system states and the matrix
M is selected so that the eigenvalues of (¢-MC) have wvalues in
the z-plane corresponding to a rapid decay. 1t is easy to show
that these eigenvalues govern +the behaviour of the estimator

"error” [x(n) e;(n)] and a rapid decay of this naturally ensures
“good"” state estimation.

The poles (or eigenvalues of ¢) of a discrete system z described
by Ean (E.1), may be at undesirable 1locations in the =z-plane.
These may be shifted to desirable locations using state feedback.
However, because the states x(n) are sometimes not easily
available for this purpose, an estimator may be used, and the

control strategy indicated in Figure E.2 is adopted.

T T T T T s s —
() ! v(t)
u(n) M ~ v(t) v(n)
= ‘ DAC R G(s) ADC —J—~——
et
| l
2 __J
STATE ESTIMATOR
Kx(n) K ¢ ;_((n)

Fig. E.2 Discrete State Estimator with State Feedback.



For convenience the input to system 2 is redefined as v(n) while
the closed loop system input is designated u(n). Assuming +that
x(n) = x(n), the dynamical equations of this arrangement are taken

to be as follows;

X(ntl)
y(n)

(¢-vK)x(n) + yvu(n) | ... (E.3)
(C-DK)x(n) + Du(n) ... (E.4)

The matrix K is selected so that the eigenvalues of (¢-¥K) have
values in the z-plane corresponding to'“good" closed loop system

behaviour.

E2 PrROCEDURE AND CALCULATIONS:

The example used to demonstrate the above theory is a third

order continuous time system S with dynamical equations as

follows:
-14 10 1] (]

x(t) = {-18.8 g 18 (x(t) + o u(t) ...(E.b5)
-14.8 0‘ /] 14.8

y(t) = 1 %] 17/] x(t) ... (E.6)

The poles of this system in the s-plane are shown in Fig. E.3.



x + 12 s = -2tj12, s = -10
s-plane
X t »Re
-10 -2
x + -12

Fig. E.3 s-plane for the system S.

The system was simulated on an analogue computer and the analogue
model for the system is shown in Fig. E.4. This was connected up

to the analogue computer as shown in Fig. EK.5.

The eguivalent discrete system for a sampling period of T = ©.082
seconds has the dynamical equations as follows:-

©.723 ©.172 ©0.018 B.002
x(n+l) = -0.351 ©.964 ©.198 |x(n) + ©0.929 ju(n) ... (E.7)
-9.255 -0.268 ©.998 B.296
r~ -l )
¥(n) = 1 7] ] x(n) ... (E.8)

The Eigen values of ¢ matrix for this system are at;
z = @.793, =z = ©.95*xj92.32
To design the asymptotic state estimator given by Eaqn. E.2, M has
to be selected so that the poles of (¢-MC) have values in the
z-plane corresponding to a rapid decay. The values chosen are;

z =@.22 , z=0.22, =z =@0.6



M then found to be as follows:-

1.647
M= |5.592

4.568
L -

As stated above, the pole positions indicate an oscillatory
response, these can be shifted using the arrangement outlined in
Fig E.2. The dynamical equations for this arrangement, as given
by Equation E.3, have to be designed such that the matrix K is
selected so that the poles of (¢#-¥K) have values in the z-plane
corresponding to gscod closed loop system behaviour. The values
chosen are as follows:-

z =0.5, z=0.1, =z =@.1

S0;

K = [ 2.8 7.8 9.9 ]

E3 ReEsuULTS AND OBSERVATIONS:

Fig. E.4 shows the analog model of the system. The system was
set up on an analog computer as Fig. E.b and the step response
obtained as shown in Fig. E.6. The response 1is oscillatory as

expected from the position of the poles.

The actual states and the states estimated by the equipment were
recorded for comparison and are shown in Fig. E.7, Fig. E.8 .and
Fig. E.8. It can be seen that the behaviour of the estimated
states i(n) and their eguivalents x(t) are quite well matched.

Finally, the equipment was connected as outlined by the
arrangement shown in Figure E.2 which provides state feedback to
obtain a response with good behaviour. The values designed for
the feedback matrix K were entered into the equipment and the
closed loop response and states were recorded as shown in Fig.
E.10, Fig. E.11 and Fig. E.12. It can be seen that the poles have
been shifted compared with Fig. E.7, Fig. E.8 and Fig. E.9.
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Fig. £ Y Analogue model for the system S.

G v 100
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—X, (1)
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Fig. £/ 5 Analogue Computer Diagram
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Fig.é’,’é Step response of the system.
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Fig. £.7 Actual and Estimated State 1 of the System
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Fig. £..§ Actual and Estimated State 2 of the System.



Fig. £.9 Actual and Estimated State 3 of the System.



Fig. £./0 Closed Loop Actual and Estimated State 1
for the System.
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Fig. £./9 Closed Loop Actual and Estimated State 3
of the System.



These tests carried out by the microprocessor show satisfactory
behaviour of the hardware and the software, and any system model

can be used later on.



APPENDTIX F

LINEAR STOCHASTIC OPTIMAL CONTROL THEORY
USING PARTIAL STATE FEEDBACK

F.1 INTRODUCTION:

The aim of this Appendix is to find an optimal state feedback
gain vector using partial state feedback for the system described

in Chapter 7.

F.2 LINEAR OPTIMAL CONTROL THEORY:

First, consider a linear system with full state feedback
represented by:
X
Y

H

Ax + Bu + Gwu ... (F.l)a
Cx + v ... (F.1)b

H

with m state variables x, s control inputs u, r controlled

variables y and noise disturbance inputs ¥ & v satisfying:

E[w(t)wT(t+T)] QSE(T) ... (F.2)a

R&(T) ... (F.2)b

H

E[v(t)vT(t+T)]

where E is the expectation operator, & is the Dirac delta function
and Q is positive semi definite and R is positive definite
symmetric matrices.

The steady state, linear stochastic regulator problem consists of

. X . e s s
determining the control u which minimizes:

w

J= E “x(t)ﬁch(t) + u(t)ﬁcuT(t)]dt ... (F.3)
(%]



where ﬁcand ﬁc are positive semi definite and definite symmetric
matrices respectively.

It is well known [2] that the solution of this problem involves
solving the algebraic Riccati equation:

Alp + PA+cCclgc - PBRIBIP -9 .. (F.4)
C C C C C C

The optimal control law is given by:

b 3

- _ - 5 1,T
u = ch— Rc

B ch ' ... (F.b5)

PC is the "optimal” positive semi definite solution to (F.4) and

the resulting closed loop system is stable.

If a system is unobservable it can be transformed into the form;

-

A Bz || B, By "
. = (F.10)
X, | 2 Ao |1 %2 B,
— x—l
r =|¢ O ] x, .. (F.11)

Where the subsystem (AZZ’CZ) is observable, and (All) contains the
unobservable modes. Egqn. (F.5) can then be used to calculate the

optimal input for this subsystem.

Partial state feedback is used [l1], when some of the states are
missing because they can not be measured or estimated

(unobservable system), using a control law as;
u =-Kz ... (F.12)

where K is a constant rxn matrix and the n measurement z defined by;
Zz = Nx ... (F.13)
where N is a square matrix chosen to select the available states

from x.



The elements of K minimize the performance index (F.3) as before.
Substituting (F.12) and (F.13) into (F.la) gives the following
closed loop system:

X = Ax + GE ... (F.14)

A=A-BKN ... (F.15)

The performance index (F.3) may then be determined from [1]:

J = trace[ﬁ (CTQ C - NK'R KN ]] = trace[ﬁ Q] ... (F.16)
c c , c o
where
e - )
AH_ + WA+ Q =0 o (BT
~p ~ T T Te o
AT+ WA + C'GC - NK'RKN = 0 .. (F.18)

The approach to choose K close to optimal is to use a gradient
search technique [2]. For this purpose, the gradient of the
performance index in (F.16) with respect to any element Ki

(i=1,..n) of K can be found from:

aJ
K,
aJ
8K T
aJ
3K
n

1

Z[RCKNWCNT - BTwochT] (F.19)

Hence, the basic algorithm uses the following steps:

(i) Guess an initial value for K.

(ii) Solve (F.17) & (F.18) for WC and Wo (the method described in
Ref 5 is used in this work).

(i1i) Calculate J in (F.16) and -9~ in (F.19) and update K
using a gradient search routine [2].

(iv) Goto step (ii) until satisfactory convergence has been

achieved.



To prove that Equation (F.19) is correct let us assume all the
states are available, "N“ in (F.13) becomes +the (mxm) identity
matrix. Equating the derivative in (F.19) +to zero gives an
expression for "K" which when substituted into (F.18) turns this
last equation into the algebraic Riccati Equation (F.4) with
W_=P_. o
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APPENDIX G

NON-LINEARITIES OF A HYDRAULIC SYSTEM

First consider one hydraulic actuator as shown in Fig. G-1.

A,V

L)

N\

ij
- @ -

o
Ts

Fig. G.1 Typical Hydraulic Actuator Using a Spool Valve

h
O
N

Bulk modulus of Hydraulic fluid (Nm )
Mass (Kg)

Force (N)

Pressure (Nm >)

Effective Area (mz)

Volume (n?)

flow rate (m°s ')

Valve displacement (m)

Valve gain

Damping coefficient (Nsm ')

QWK M O < D> g MHFRX 2

L Leakage coefficient



(I) Actuator flow:

Flow into actuator = Volume flowt+compressibility flowtLeakage flow

.

Q=Ay + =4—P_ + C. P ~ Ay (N— ®, C

N L1, L 9)
...(G.1)
(II) Load equation:
AP = My + By ... (G.2)
Flow equation:
Q = kaV Ps - PL Xv > @
: .(G.3)
Q = kxvf Ps + PL Xv < @
From (G.2); .
£y - e 25
From (G.1) and using (G.3):
. 2 )
_ _ Ay
Py, = Pg { KX X, > @
A ..{(G.5)
. A} 2
Py, =P * [ kX ] X, < ®
v .
Subst. (G.4) in (G.bH);
M: . B ay 12
TY+TY=PS‘[kxv] X, > 0
M-, B- _ 5, [ Ay }2 X <@
SOo;
. _ 2
© L Ay __B: ] A
y = PS - [ kX ] Ay Xv > @
e v -l
...(G.8)
;= [ -p o+ [A2 ]2 S A X <0
y =1 s kX A I v




Clearly the relationship in Egn.(G.6) between y(t) and xv(t),
which is proportional to the input u(t) is non-linear.

If the actuator is lightly loaded, and small perturbations about
steady state values are considered, the model can be linearized as
follows:[1]

if Ps'>> P, ., from Eans (G.3) and (G.1);

Q = kaf Ps = CXv = A§ (where C is a constant)

We now consider the behaviour of the combination of two hydraulic
actuators connected in series as shown in Fig. G.3. This

combination can be modeled as follows (assuming positive inputs);
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Fig. G-3 Hydraulic System of Two Actuators is Series

(I) Force equations:

1= Ang - AlPl = Mlz + Bgz + Bl(z -vy) ... (G.T)

=
1

2 A1P1 = sz + Bl(y - 2) ...(G.8)

where Pg and P1 are differential pressures over pistons.



(II) Flow equations:

_ . Voo _ 3

Qy = Ayz + mm Py = kgugvgs Py ... (G.9)

Q = A(y -2) + 2P =k u VP -P (G.19)
1 1 7N 1 1917 575 -G

where Qg'and Q1 are flows into LHS of cylinders.

Assuming no leakage and as the bulk modulus in Egqns G.9 and G.10

is very large (for a typical hydraulic fluid N:2x1@9), the terms
V *
5 P— @.

2N

Re-writing the above equations in differential equations form:

y = (AP, - B;(y -2))/M, ...(G.11)
2 = (AQPg - A1P1 - Bgz - Bl(z —y))/M1 ...(G.12)
where;
_ z 2 2 2z _ + 2
Pg = [1/k0 ug]*(kg uﬁ PS (Agz) ) ...(G.13)
- 2 4 2 2 . . =
P, = {1/k1 “1]*(k1 B - (A (7 -2))7) . (G.14)

Again, to 1linearize +the model, load pressures are assumed
negligible if +the actuators are 1lightly loaded with small
perturbations about the valve center and assuming the valve has a

square port and no dead zone [1].
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APPENDIX H

SPECIFICATIONS OF THE HYDRAULIC EQUIPMENT

The hydraulic system designed in this project (Chapter 7) has
the following specification:
=2@cm, V = *15V.

Potentiometer P,=12cm, P

Electric-hydraulic valve ii5V. 2

Full stroke 6cm :

Hydraulic pressure (Ps) 1900 psi= 6.9Qx166 Pa (Nm—z)
Hydraulic fluid bulk modulus (N) 2.0x19° Pa

Effective area (A) @.55in” = 3.5485x18 ‘' m"

Max output force (F) 190@psi x ©.55 = 5581b = 2450 N
Load Mass (M) 5Kg

Charge Amplifier Model QM7R (Env. Equipment).
Accelerometer Model AQ48 (Env. Equipment).



