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Abstract

supension that can give very good ride comfort along with crisp

Desiging a vehicle

handling has been a subject for researchers for the last three decades. Research shows
that active suspension can give superior performance over passive and semi-active
suspension systems. Preview controlled active suspension can further improve the
performance but faces the issue of sensing the road ahead of the vehicle. Previous
applications of preview control have used look-ahead sensors mounted on the front
bumper to measure terrain beneath. Such sensors are vulnerable, potentially confused
by water, snow, or other soft obstacles; and offer a fixed preview time. For convoy
vehicle applications, this thesis proposes using the overall response of the preceding
vehicle(s) to generate preview controller information for follower vehicles. A robust

observer is used to estimate the states of a quarter car vehicle model, from which

road profile is estimated and passed on to the follower vehicle(s) to generate a pre-
view function. The preview-active suspension, implemented in discrete time using a
shift register approach to improve simulation time, reduces sprung mass acceleration

and dynamic tire deflection peaks by more than 50% and 40% respectively. Terrain

can change from one vehicle to the next if a loose obstacle is dislodged, or if the

os a discrete road event.

vehicle paths are sufficiently different so that one vehicle mis
The resulting spurious preview information can give suspension performance worse

than that of a passive or conventional active system. In this thesis, each vehicle can



By comparing

effectively estimate the road profile based on its own state trajecto
its own road estimate with the preview information, preview errors can be detected
and suspension control quickly switched from preview to conventional active control
to preserve performance improvements compared to passive suspensions. Benefits of

preview control for variation in sensor noise and more complex vehicle models must

hias been done to study

also be studied. For that, an estimation accuracy analy:

also developed and discrete

the effect of sensor noise. A half car vehicle model i
optimal control law is implemented to show the performance improvements. A good
overall performance improvement for both the front and rear wheel is observed from

the simulation results,
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Chapter 1

Introduction

The development of suspension systems that can give very good ride comfort along

with ¢

isp handling has been the subject of many theoretical and practical investiga-
tions for the past three decades. These objectives are hard to implement due to the
conflicting nature of the suspension of a vehicle. A brief introduction to the area of

vehicle suspension systems is given in the next section followed by a short description

of the subject of the current thesis in Section 1.2. Section 1.3 describes the objective
of the thesis followed by the contribution of this thesis in Section 1.4 and thesis outline

in Section 1.5.

1.1 Vehicle suspension systems

An automotive suspension supports the vehicle body on the axles and contributes to

the car’s handling, ride comfort for safety and driving pleasure ete. The automotive

suspension on a vehicle typically has the following basic task

s [10]

1. Tsolate the car body from road disturbances in order to provide good ride quality.

Sprung mass acceleration is used to quantif

ride quality.
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Maintain a good road holding. The road holding performance of a vehicle is
generally characterized in terms of its cornering, braking and traction abilities,

and is quantified by dynamic tire force.

3.

. Support the vehicle static weight

Provide good handling and

The major problem in designing the suspension of a vehicle is that the designer has
to deal with these conflicting demands [1]. Ride comfort and required suspension
working space along with dynamic tire forces are important for commercial vehicles.
For passanger vehicles, ride comfort and handling are the main concern.

Active or semi-active suspension can be used to improve ride comfort, suspension

working space requirement and handling properties instead of using a passive suspen-

sion

ystem. An active suspension system has an actuator that can not only dissipate
energy but can also supply energy. The actuator can be either hydraulic, pneumatic

or electric. A semi-active suspension system can rapidly adjust some of its suspension

characteristics, typically the damping factor,as needed in varying road situations.

tive

ispension shows a superior performance over semi-active and pay pension

system but is generally more expensive compared to passive and semi-active suspen-

sion systems,

ons are a sub-

Design of suitable control strategies for active and semi-active suspen
ject of interest for researchers and a lot of effort has been put on this. The majority
of control strategies uses "sky-hook’ damping proposed by Karnopp [39]. The perfor-

mance can be further improved using knowledge of the road surface in front of the

actively or semi-actively suspended vehicles and this knowledge is used in the preview

control strategy [3, 34]. There are generally two preview concepts. One is using a

set of "look-ahead sensors’ at the front bumper of the vehicle to determine the road



"The military have used convoys for thousands of years to transport troops

Figure 1
and equipment during wartime. Convoys are usually groups of vehicles traveling to-

gether for increased protection and mutual support’[The Brigade photo, 2011/Patty]

surface, i.c., the preview information [4]. The preview control using this concept is

available for both the front and the rear suspension. The second concept is to assume
that the road surface at the rear wheels is a delayed version of the front wheels. The
preview is available for the rear wheels [5]. Both these concepts have drawbacks. For

example, the look-ahead sensor might recognize a heap of leaves as a serious obstacle

while a pot-hole filled with water might not be detected at all [34]

1.2 Convoy vehicle preview control

A new concept of preview is introduced in [12] for a convoy of vehicles where the
preview information is generated by the lead vehicle based on its suspension response

The concept is very useful in military convoy vehicles (Figure 1.1) or in an intelligent

vehicle highway system (IVHS) to improve safety and avoid vibration-related driver

fatigue, injury and crashing.

I'he idea is to generate the preview information for the follower vehicles based on the



Preview control of convoy vehicles with lead follower communication as

Figure 1
in [12]
suspension response of the lead vehicle as shown in Figure 1.2 [12]. The lead vehicle

has active suspension and the followers use preview-active suspension

The drawbacks of the system proposed in [12] are,

¢ the lead vehicle is erroncous then this

1. if the generated preview information t

error will propagate throughout the convoy vehicle system and consequently the

performance of the suspension system will be poor;

the lead vehicle estimates the road profile but uses the derivative of the road
profile which is impractical because the lead vehicle must have some sort of

sensor to deterimine the road for its own use. Moreover, derivative of a noisy

signal may generate unusually high signal to noise ratio which may practically

lead to instabilty of the model.

1.3 Research objectives

The main objective of this research is to investigate and design an observer suitable

for practical use in a convoy vehicle preview system. The observer must be able to

estimate the states along with the unknown input (road profile) for use as preview
information and must also be implementable practically. For that purpose, an observer

must be designed to reconstruct the road profile irresepective of the suspension system
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(active, passive or preview-active) employed on the vehicle. The secondary objectives

are to improve the simulation efficiency of preview-active control by decreasing the

simulation time requirement. This has been done by implementing a shift register
approach with the use of exponential functions as will be described. The research
also focuses on the development of control alogorithms to design a robust observer

for the convoy vehicle preview system so that the effect of the spurious information

may be reduced to achieve good performance for the convoy preview-actve suspension

system.

All results in this thesis are obtained from computer simulations as it was

to do the experiments but this will be done in future works.

1.4 Contribution

The contributions of this thesis can be listed as follows

1. A new observer design for a vehicle is proposed and developed that requires no
integration or differentiation of the measurements

2. A discrete preview control algorithm is developed by the use of shift register ap-
proach for the continuous time preview function in [2). This approach increases
the simulation efficiency by decreasing the simulation time requirements.

3. A method for robust control for the preview control of convoy vehicles is sug-
gested

1. Discrete optimal control algorithm is developed for both quarter car and half
car mode

5. BEffect of variation in measurement noise on the performance of the observer is

studied.



6. Simulation is carried out using MATLAB/SIMULINK for the developed ob-

server and control alogorithm and the results have been published.

1.5 Thesis outline

This thesis paper is organized as follows. The next chapter provides a brief literature
review of preview-active and active suspension research. Chapter 3 describes the vehi-

cle models and their corresponding state space representation used in the simulation.

Chapter 4 develops the continuous and discrete optimal control law for a quarter car
model and shows the discrete preview-active simulation results. Chapter 5 designs the,

proposed observer along with a brief background of designing an observer. Chapter

ible

G shows the general problems associated with convoy vehicle preview and a pos

remedy to overcome poor performances by using a switching approach, Chapter 7

studies the effect of variation of measurement noise on the performance of the ob-

server followed by the discrete optimal preview control law for a half car model in

Chapter 8. Conclusion and future works are dis

cussed in Chapter 9.



Chapter 2

Literature Review

2.1 Background

Performance of a vehicle suspension system is generally assessed in terms of the com-
peting objectives of sprung mass acceleration (ride quality), suspension deflection

(rattle space), and tire deflection (roadholding)[1]. Active suspension systems can

em, and even further im-

manage these tradeoffs better than a passive suspension s

provements can be attained by the use of preview of the road input [2, 3, 4, 5. [2] used

a quarter car model and showed improvements both in ride quality and road holding

performance upon using the preview. Preview-active systems suffer from the practical
difficultics involved in measuring the road surfaces by a body-mounted road sensor,

since the control law needs information on the road input some distance ahead of the

~based dis-

vehicle. Look-ahead sensors on the front bumper, ¢.g., ultrasonic or lasc

tance sensors, suffer from several limitations like vulnerability to damage and spurious
bump detection. For example, a heap of leaves could be shown as a serious obstacle
whereas a pothole filled with water may not be detected at all [6, 7). Furthermore

these sensors may not be cost-effective, and mounting them at a fixed distance ahead

-



of the wheel means that the optimal preview time [8, 9] can only be achieved at a sin-
gle vehicle speed. Wheelbase preview control has also been studied [10, 7, 11] where
rear wheel road input is considered to be the same as the front wheel road input and

assumed to be a delayed version of that of the front. Rear suspension performance

can be improved through wheelbase preview even if no look-ahead sensors are used;

however, front suspension performance is not improved and preview time limitations

persist. A convoy, or platoon, of vehicles provides a unique opportunity for preview
control of the individual vehicle suspensions. The vehicles travel in close proximity

on a similar path, meaning that each should see the same road profile. A scheme is

proposed in [12] where the lead vehicle’s dynamic responses are used to estimate the

road input, which is sent to the follower vehicles in a convoy as the preview infor-

mation for their suspension controllers. The approach in [12] eliminates the use of
look-ahcad sensors for vehicles following cach other closely. In the military, convoys
are used to carry soldiers, weapons and supplies. Many military drivers are young

and inexperienced, and driver error has caused many fatal accidents in both peace-

time and wartime. Also, the development of an Intelligent Vehicle Highway Sy

(IVHS) with autonomous vehicle platoon remains an active research arca. Improving

ride quality of closely-spaced vehicles will reduce vibration-related driver fatigue and

injury, and improving roadholding and handling during evasive maneuvers will pre-
vent accidents. This thesis reviews the system originally proposed in [12] and presents
a new and improved estimator to reconstruct road profiles with a wide range of dis-

crete bumps. The estimator works for vehicles with passive, active, or preview-active

suspensions. Any vehicle in the platoon, not just the leader, can estimate the road
profile for use by vehicles behind. A given vehicle can then use preview information
from the convoy leader, the vehicle immediately preceding it, or any combination of

preceding vehicles. Multiple sources of preview information allow variation in effective



ion on an individual

preview time, while also increasing robustness to sensor malfunct
vehicle, or to changes in terrain due to obstacles being dislodged mid-convoy. If a

vehicle compares its own terrain estimate to that from the preview information, and

detects discrepancy, then its suspension control can revert to conventional active and

that vehicle can initiate new preview information for its followers.

2.2 Literature review

Bender (3], followed by many others, such as [2, 5, 7], showed significant improve-

ments in ride quality (as indicated by body acceleration) when using preview of the
upcoming terrain in the suspension controller design. Hac [2] reported reduction in

tire deflection, and suggested that a primary benefit of preview suspension could be

in reducing dynamic tire deflection as the suspension “anticipates™ upcoming discrete

road events. References[2, 5] report the presence of an optimal preview time. [5] sug-
gested that performance improvements can be done for high frequency road inputs
even with shorter preview time. [5] considered both quarter car and half car model

and showed that improvements can be achieved with a step type road input. More

recent works on preview control such as [13, 14, 15, 16, 9, 17] report. performance

improvements in the three competing suspension control objectives mentioned in the
introduction. [13] implemented a composite-sensor system to sense the road for pre-
view and suggested preview control algorithm for a full car model. [14] considered the
sensors to be mounted in the front bumper and use the delayed version of the sensed

road in rear wheels and suggested improvements along with reduction in energy con-

sumption. [15] simulated output feedback Hy preview control where constrain on

ociated in the control algorithm. Actuator dynamics

suspension wor

ing space is as

provide a practical limitation on preview suspension performance. El Madany et al
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18] and Pilbeam and Sharp 8] studied slow active suspension systems with preview,
with [18] showing that good performance can be achieved using low-bandwidth ac-
tuation. Pilbeam [8] also observed an optimal preview time and showed that lower

s les

bandwidth requires more preview time but u s energy than that of higher band-

widih systems. References [6, 19, 20, 21] showed that the use of preview can effectively
overcome actuator delay, thereby improving performance. [21] implemented preview
control on an experimental vehicle with sensor mounted on fron bumper and showed
that vertical acceleration of the experimental preview controlled vehicle is decreased

by 25% than a non-preview controlled one on a downgrade road. Al Akbari et al.[15]

also compared different preview control methods. Vahidi and Es

andarian [22] stud-
ied the effect of uncertainties in preview-active suspension system, showing limits on
preview uncertainty beyond which the benefits of preview are negated. Types of un-

certainties

studied by [22] are preview sensor noise and presence of false objects on
the road. The issuc of preview information timing was not considered. This thesis

does a small parametric

study of the effect of timing error: such error:

: are unique
to the proposed convoy implementation where look-ahead sensors are not mounted to
cach vehicle.

Power consumption is an important consideration when considering practical feas

bil-

it

of preview suspensions. Hac [2] and Marzbanrad et al. [14] showed lower power

consumption for preview-active suspensions compared to conventional active suspen-

sions.

Despite the theoretical benefits of preview, practical implementation has been limited.
Hardware implementations of preview are shown in [20, 23, 24], with [20] describing
wheelbase preview in a half car rig with hardware-in-the-loop simulation. Improve-

ments in rms body acceleration at the drive axle were 15

%, 18.2% and 16.2% for

motorway, principal and minor roads respectively. Akbari et al.

24] implemented
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tup and

multi objective H./GH, preview control on an experimental quarter-car
showed an improvement of 22% in ride comfort. Langlois et al. [23] implemented
preview controlled active suspension in an off-road vehicle with ultrasonic look-ahead
sensors in front of the vehicle. Results from [23] showed 15% improvement in ride qual-
ity over passive suspension and 4% over active suspension without preview. The small
improvement over active suspension was likely due to a simplified controller that could
be implemented without significant modifications to their existing hardware. Preview
has not infiltrated the automotive industry as much as conventional active or semi

signed hardware,

active suspension, despite the industry’s potential use of custom-d

ensor cost, durability, and accur It is

1ch ¢

due to aforementioned challeng

s

desirable to replace look-ahead sensors with road estimators as in [12, 7] to generate
the preview information.

imate an unknown input

A number of methods can be found in the literature to es

tion of measurements, which

(25, 26, 27, 28]. However, these require the differenti
poses serious challenges to maintaining an acceptable signal to noise ratio. Integrating
climination of drift. In [12], a continuous

measurements such as accelerations requires,

time Kalman-Bucy observer is designed where a virtual lead car with active suspen-

sion generates the road profile and estimates the vehicle states based on its dynamic

motion and feeds it to a preview-controlled follower car. The implementation in [12]

required differentiating the road estimate, and the continuous-time Matlab simulation

was prohibitively slow. To summarize, prior research motivates the use of preview
suspension if practical implementation issues could be resolved. A road estimator that

requires only practically-available measurements, and no differentiation or integration

cenario in this thesis. The

thereof, is developed and applied to a simulated convoy
estimator replaces the look-ahead sensor. To improve the computational efficiency of

rete time

s implemented in [12], a dis

the continuous time preview function from [2]
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model with a shift register algorithm for preview function generation is formulated
Such preview, without look-ahead sensors and with robustness to mid-convoy ter-
rain changes, would have potential safety benefits to the military and to antomated
highway systems. Eventual improvements in vehicle-to-vehicle communication, ac-
tive cruise control, and global positioning systems could allow discrete road events
estimated through vehicle dynamic response to be useful as preview information for
following vehicles even if they were not part of a formal convoy or fully automated
¢ improves the per-

highway. Preview control of active suspension for convoys not only

formance of individual vehicle but can also increase the fuel efficiency of the convoy

stem. Al Alam et al. [29] showed that use of preview information for adaptive

cruise control system can reduce fuel consumption by 3.8%-7.7% depending on the

vehicle weight

[41] developed a neural network based algorithm for preview semi-active suspension
based on halfcar model. In [41] wheelbase preview control for a semi-active halfear
model is simulated. Simulated results from nural network control is compared to an

adaptive PID preview control algorithm.

2.3 Organization of the report

Chapter 3 will now describe the vehicle model and states, and implement the plant
and preview controller in discrete time using a shift register approach to achieve
significant increases in computational efficiency.

In this thesis both quarter car and half car representation of a vehicle is used as the

model for simulating the convoy-vehicle preview scenario. The quarter car reduces

the dimension of the optimal control problem compared to a half or full car. Quarter

car-based optimal suspension controllers can effectively control pitch and roll in half-
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cars [23, 30]. Half car model is simulated for preview with half car control algorithm

and results will be dis

ssed in a later chapter.



Chapter 3

Vehicle Models and State Space

Representation

Study of the active suspension requires vehicle models in order to illustrate the dy-
namics of the suspension in different types of road irregularities. Generally three types

of vehicle models are used in the study of the suspension. They are
(i) Quarter car model

(i) Half car model

(iii) Full car model

Quarter car models capture the dynamics of the car in the vertical direction only.
So study of the quarter car model is used to improve ride-comfort, road holding and
suspension working space of the vehicle. Half car models capture the dynamics in
longitudinal and vertical direction (pitch and heave motions). Full car models are

used to study piteh, roll and heave motions simultancously



3.1 Vehicle models

Only two-dimensional (2-D) models are used in this thesis to study the dynamic
behavior in longitudinal and vertical directions (heave and pitch). This is because
the benefits of active suspension are supposed to be gained specially in these two

directions. In this chapter, dynamic equations of a quarter car vehicle model and half

tem is described.

car model are generated and the state space representation of the s

3.1.1 Quarter car model

Figure 3.1 shows a 2-DOF quarter car model with active suspension. It represents
the automotive system at each wheel, i.e., the motion of the axle and of the vehicle
at any one of the four wheels of the vehicle. The suspension consist of a spring (k). a
passive damper (b,) and an active force actuator (u) placed in parallel with the passive
damper and the spring. The active force u can be set to zero to imitate a passive
suspension. The sprung masss m, represents the quarter car equivalent of the total
body mass of the vehicle. The unsprung mass m, respresents the equivalent mass
due to the axle and tire. The vertical stiffness of the tire is represented by the spring
ki The variables z,, z, and z, represent the vertical displacements from the static
equilibrium of the sprung mass, unsprung mass and the road elevation respectively.

The equations of motion can be written as

Mg+ k(2 — 20) +by(5 — 2) —u=0 (3.1)

= 20) Fb(Z = Z) +u=0 (3.2)

my gy + k(2 — 25) + ke




ng/
Sprungf Sprung Mass

Body prung Mas
Mass, i, T Displacement (body),zg

lbx

Wheel
Mass, m,,

Actuator, u

T Wheel Displacement, z,
Road Elevation, z,

Figure 3.1: 2-DOF quarter car model

3.1.1.1  State space representation of quarter car model

It is beneficial to represent the system given by eqn 3.2 in state space form. Eqn 3.2

can be written in state space form as
o(t) = Au(t) + Bu(t) + Fz,(t)

:
z] and

where the state vector is ()
2, = Sprung mass deflection

srung mass velocity

2. = Unsprung mass deflection

%, = Unsprung mass velocity

The matrices A, B, and F are given by



0 1 0 0 0 0
ke _be ke be ra o

e s s s B mol g

1 0 0 0 0 0
e by _(ktk) by L o

is a continuous time state space representation of the s;

Equ 3.3

3.1.2  Half car model

Consider the half car model as shown in Figure 3.2. The front suspension consists
of a spring (kz.), a passive damper (by,) and an active force actuator (Uy) placed in
parallel with the passive damper and the spring. The rear suspension also consists
of a spring (ky), a passive damper (b,) and an active force actuator (U,) placed in
parallel with the passive damper and the spring. The active force Uy and U, can be
set to zero to imitate a passive half car suspension. The pitch motion of the vehicle is
represented by . The sprung masss M, represents the quarter car equivalent of the

of the vehicle. The front unsprung mass n,y and the rear unsprung

total body mas:

mass m,, respresents the equivalent mass due to the axle and tire at the front and

the rear of the vehicle respectively. The vertical stiffness of the front and rear tire

is represented by the spring ki and ky, respectively. The variables Z, represents the
vertical displacement of the vehicle body from the static equilibrium. The variables

and z,, represents the vertical displacement of the vehicle body from the static

equilibrium for the front and rear corner of the vehicle respectively. The variables

Zuy, and z,, represents the vertical displacement of the unsprung mass for the front

and rear suspension respectively with I, and I, are being the distances of front and

rear corner from the mass center respectively. For small pitching angles (6,)



Figure 3.2: Half car model

2. =2, — sty (3.4)

2= Zo+ 1,0, (3.5)

My, 2uy, = keg(2r, = 2up,) = [Us + kpo(2uy, = 21.) + bpa(2i;, — 21.)] (3.6)

My, 2y, = kg (2, = 2u,.) = [Ur + kra(Zue — 2nc) + b2, — 20)] (3.7
5= o D0+ o, = 1)+ iy, — 5]+ (e
2/ M, T I O I\ Zuy, e 5\ Zuy, 2Je M, 38)
TN + b, = 22) + bz, = 22
A
. 1 blri e 5 . 1
== j—h)[l»; ks = 242 + byl = 21+ (G oo
+;i)[b', + krs(2u,, — 2r) + bralzu,, — 22.)
A

here [, is the pitching moment of inertia and z,, and =, are the road elevation at

front and rear wheel respectively



3.1.2.1 State space representation of half car model

State space form for half car model can be generated with either eight states (four
states for cach corner suspension) or ten states (includes pitch angle and the pitch

velocity of the car along with the other eight states)'. A state space model with eight

states can be written as
2(t) = ax(t) + Bu(t) + v (t) (3.10)

T
and

where a(t)

Zug, Zup, P

Sprung mass deflection at front corner

= Sprung mass velocity at front corner

2u;, = Unsprung mass deflection of front suspension
24, = Unsprung mass velocity of front suspension

deflection at rear corner

prung m.

. = Sprung mass velocity at rear corner

Zu,, = Unsprung mass deflection of rear suspension

. = Unsprung mass

velocity of rear suspension

The matrices a, 4 and 5 are given by

"Please note that number of states can be varied
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0 1 0 0 0 0 0 0
kpe —mbpe  mkp  mbp Tokys  Tabes
0 0 0 1 0 0 0 0
A b _gethy) B g 0 0 0
= Mage s e ge Wt
0 0 0 0 0 1 0 0
—maky, —mabge  —mabge Wby, —makny —aby ke Wb
0 0 0 0 0 0 0 1
i by lkatke) ko
0 0 0 0 aa e Ture
0 0 00
m w2 0 0
0 0 00
! &
- 0 Lo
p=| "= s |
0 0 0o 0
w2 x3 0o 0
0 0 0o 0
8 0 =

m, 72 and 73 are given by

it

1.4 R B T
My, hC TN

o= ¥ iy =

1
My, Iy

Equ 3.10 is a continuous time state space representation of a half car model with the

state space matrices a3 and 5 as shown above.



3.2 Vehicle parameters

Velicle parameters for simulating the quarter car suspension model are taken from

[2]. The table below shows the parameters used

Vehicle parameters for the half car model is based on a light truck model taken from

Table 3.1: Quarter car model parameters

Syabol Description Jalue
m, Sprung mass 250 kg
., Unsprung mass 15 kg
k.| Suspension stiffuess | 16000 N/m
ki Tire stiffness | 160000 N/t
b, | Damping cocfficient | 1000 N/m

[41]. Parameters are listed in table 3.2,

Table 3.2: Half car model parameters

Symbol Description Value
Iy Distance from front axle to mass center | 1444.4 mm
3 Distance from front axle to mass center | 1305.6 mm
M, Vehicle body mass 803.7 kg
, Front wheel mass 90 kg
., Rear wheel mas 115 kg
1 Pitching moment of inertia 3128.1 kg
Figs Front suspension stiffness 130 kN/m
T Rear suspension stiffne 85 kN/m
by Front damping coefficient 3040 Ns/m |
by, Rear damping coefficient 3040 Ns/m
Fr Front Tire stiffness 405 kN/m
Ky Rear Tire stiffness 105 kN/m




Chapter 4

Optimal Preview Control of
Convoy Vehicle Suspension:

Quarter Car Model

The objective of this chapter is to establish an optimal preview control law for a
convoy vehicle system as given in [2] using quarter car models. A virtual convoy
system with a lead vehicle and corresponding follower vehicle is shown in Figure 4.1
The road profile for the follower vehicle is generated by the lead vehicle based on its
suspension response. In this chapter we will consider that the road profile is estimated
by the lead vehicle and fed to the follower vehicle, and develop the control law for the
optimal preview control of the follower vehicle. The basis of optimal preview control is
based on LQR (Linear Quadratic Regulator) theory which is well established control

theory found in the literature.



S

LIS rotower victe

P 1
I

Preview 1
Figure 4.1: Lead-follower arrangement for convoy preview
4.1 Development of optimal control law

Consider the quarter car model shown in Figure 3.1. Equations of motion are given

shown in the previous chapter. The

2. The state space form is

by 3.1 and 3

optimal control problem is to optimize the suspension system with respect to road
holding, ride comfort and suspension working space. In addition, the magnitude of
the control force must be constrained to the limits of the actuator. A performance

index can be defined based on the above parameters [2],

= Jim g [ B ) = 50F + 500 - 5(0F + e de (1)
;

where £ is the expectation, and constants i, are the weighting parameters selected

by the designer. (4.1) can be represented in matrix form upon substitution of (3.1)

and (3.2),
y

/E[.:"Q].: tu” Ru+ 227

0

Qo] dt (42)

where



B m =l
) i
mE m?
Q=
2 i 2 ;
—Eem b bt dy b

and

Qu=1{0 0 —pm 0 @

The last term of the performance index can be neglected because of the fact that the
control input does not affect the road irregularities. The objective of linear optimal
preview control is to find a control force, u so that the performance equation is
minimized for an entire class of stochastic inputs z,.(t). The control force u(f) must
contain a feedback term which takes the current states using optimal LQR theory [42]
and a feed-forward term from the knowledge of the road ahead.

For the linear time invariant

stem given by (3.3) the measurement equation can be

written as

y=Cz+Du+v (4.3)

where ¢

the measurement noise from the sensors. Here the measured quantities are

the states x(t).

ippose the road profile is available up to time 7, into the future,




z,(7) is available where T € [, ¢ + 7], and all the states at time t are present. Then

the solution of the linear deterministic optimal preview control is given as [2]
uo(t) = —R[(NT + BT P)x(t) + B'r(t)) (4.4)
where P is the solution of the algebraic Riccati equation [42] given by
PA,+ AP+ PBR'B"P +Q, =0 (4.5)

and the preview function is

T,

r(t) = / ANPF + Qu)z(t + o) do (4.6)

where

A—BR 'NTand Q, =Q,— NR™'NT

The feedback part of (4.4) is

upo(t) = =R (N" + BT P)z(t) 4.7)

The feedback gains can be found from the solution of the LQR problem [42, 33] that

minimizes the performance index J. These gains are multiplied to the states as shown

in eqn 4.7. The feed-forward term is
ugpo(t) = —R7'BTr(t) (4.8)

The vector r(t) € R" uses all the available future information about the road input
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4.7 and 4.8 are the continuous time optimal preview control law for the follower
vehicle in a convoy vehicle system. At each step the preview control law requires the
integration of the preview function given by 4.6 over the designed preview time. This
requires higher simulation time. To improve simulation time the continuous preview
function has been discretized by the use of exponential functions (sce Appendix),
and a variable shift register algorithm implemented, with discretization done using

MATLAB.

4.2 Discretization of continuous system

em (3.3)

Consider again the continuous s
x(t) = Ax(t) + Bu(t) + Fz,(1)

with measurements

y = Ca(t) + Du(t) + o(t)

where o(f) is a white noise process with variance Q. We will consider the road profile to
be an input to the system which is unknown at this point and will be estimated. The
estimators will be optimal for random inputs, but we will also consider deterministic
road inputs such as traffic humps, potholes, ete. The continuous system time response

is given by [31, 32],

¢
A—to) (1) + /‘ Wi=10) By(7) dr +

i
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Let ty = kT, t = (k+ 1)T for an integer k. Defining the sampled state function as

2(kT) we can write

(k+1)T (k1)
Tip1 = T, + / AT By () dr + / AT R (e (4.10)
kT KT

Assuming that the control input u(t) is reconstructed from the discrete control se-
quence uy by using a zero order hold, and also that the unknown road input z,(t) is
reconstructed from a discrete measurement sequence 2, using a zero order hold, u(r)
respectively over the

and 2, (7) have constant values of u(kT) = ux and = (kT) = 2,

integration interval. The discrete time equation becomes

(k)T (k)7
My + / AR gy, 4 / AT R G 2 (401)
i

On changing the variables twice (A = 7~ kT and then 7 = T'— A) the above equation

can be written as
- .
s = ATy + /( V' Bdr - w, +/ MRdr 2, (1.12)
o 4

em is then

The equivalent discrete form of the s;

Tyt = D+ Ty + Wz, (4.13)



where

=I+AT+

r /(»"YBdT =BT+

AT F dr

Discretization of the measurement equation is straightforward since it has no dynam-

ics:

2 = Oy + Duy + vy (4.14)

The covariance R of vy, in terms of the given covariance Q can be found easily from

For the current analysis the steady state LQR gains from the continuous system are
used for the feedback part of the actuator force given by (4.7). The feed-forward part

given by (4.8) contains the preview function

AT (PF + Qua

(0 +0)do

This must also be discretized. The discrete preview function at any step can be found
from the preview function value calculated at the previous step and is given by(see
Appendix)

oot = F o = Flz, MAL + F" MAL (4.15)

Freanar
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where

ATAL

F

M =PF +Qu, T,=nAt

Here At can be the same as the discretization time step 7. A more general form of
the preview function calculation (variable shift register approach) can be written as

(see Appendix)

Thap=F ®Pp_, — S + (1.16)

where the preview information at ry4, is to be determined given that the preview

information at 7, is known and

Lt
Fiz, ,, MAt
i=phad=0
Lpb-1
Fr L MA
=0

where p+¢ <n

4.3 Simulation results

Simulation is carried out using MATLAB for the convoy vehicle scenario where the

., the road profile, from the lead

follower vehicle receives the preview information,

vehicle. Vehicle parameters are listed in table 3.1 on page 21. The road input con-
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sidered here is a single half-sinusoidal bump expressed using the following equation

2,

e[l — cosd0m(t — 3)], t € [3,3.05]

0, otherwise

where 2¢ is the height of the bump in mete

s and ¢ is the time in seconds. A bump

height of 10 cm has been considered for simulation with vehicle velocity 20 m/:

4.3.1 Road holding weighting factors

Simulation results are shown in this

section for the optimal quarter car gains found

using weighting factors which puts more emph

road hold-

s on road tracking,
ing than ride comfort. For active and preview active suspension the weights of the
performance index are g1 = 10% 115 = 10> and py = 0. Figure 4.2 shows the vertical

position of the wheel z, (unsprung mass displacement) along with the road clevation

2. Figure 4.3 shows the vertical acceleration of the vehicle body Z; for passive, active
and preview active suspension. The force actuator has been saturated by clipping the
force at £4000N, i.c., u € [-4000N,4000N]. A preview time of 0.2 seconds has been
used. Figure 4.4 shows tire deflection, (2, — 2,) along with the road elevation, z, and

Figure 4.5 shows

pension deflection,

— 2,) along with the road elevation z,.
From the results it is evident that preview-active control is better compared to conven-

tional active and passive suspension s

rstems. Figure 4.4 shows better road tracking,
with improvements of 46.47% and 23.37% in positive and negative peak magnitudes

respectively compared to a passive

ystem and 42.47% and 23.78% compared to an

active system. Comparison of suspension deflection (Figure 4.5) shows 51.12% and
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Figure 4.2: Wheel displacement (z,) for Passive, Active and Preview-active suspension
stem (Preview time 0.2 sec)
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Fignre 4.3 Sprung mass acceleration (%) for Passive, Active and Preview-active
suspension system (Preview time 0.2 sec)
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Figure 4.4: Tire deflection (z, — 2,) for Passive, Active and Preview-active suspension
system (Preview time 0.2 sec)
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Figure 4.5: Suspension deflection (2, — z,) for Passive, Active and Preview-active
suspension system (Preview time 0.2 sec)
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Figure Wheel displacement (z,) for Passive, Active and Preview-active suspension
em for ride comfort(Preview time 0.2 sec)

11.89% improvement over passive and 46.36% and 36.32% over the activ

ystem

Relatively less but still significant improvement. in ride comfort have been observed

from Figure 4.3, which is justified given that the chosen gain parameters emphasize

road holding.

4.3.2  Ride quality weighting factors

on ride comfort have also been considered

Weighting factors that put more emph:
for simulation: 1, = 0.5, 15 = 10" and jiy = 0.000001. Results are shown in Figure
1.6-4.9

ems. An improvement

Figure 4.7 shows the comparison of ride comfort for all thre

03% in positive and 62.92% in negative peak magnitudes compared to a passive

of

stem has been observed for preview-active suspension, which is 13.

suspension

and 38.93% more than for an active suspension system. Reasonable improvements are

observed for road holding and suspension deflection as well (Figures 4.8-4.9). While
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Figure 4.7: Sprung mass acceleration (
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) for Passive, Active and Preview-active
stem for ride comfort(Preview time 0.2 sec)
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Suspension deflection (2, — 2,) for Passive, Active and Preview-active

suspension system for ride comfort(Preview time 0.2 sec)

the active suspension system performs worse than the pa

ive suspension system for

roadholding and suspension deflection for the ride quality-focused set of performance

indice

. the preview-active system shows

mprovement in all areas.

4.4 Effect of preview time

The effect of preview time is investigated by quantifving the improvement in peak

magnitudes of sprung mass acceleration, suspension deflection, and tire deflection for

three preview times

0.1, 0.2 and 0.3 seconds. Improvement for any particular state

a; compared to passive and active has been caleulated using the following relationship

1 (Ligussive jative) = 1 Tsprevien) |0 (4.17)
MAL (T4 passive/active)
_ Min(@igassive/active) = MITigpreview) 100% (4.18)

MN(L; passive factiv
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where I, and 1, are the performance improvements in the positive and the negative
peak respectively.

Table 4.1: Improvements in performance compared to passive system for road holding
weighting factors

Preview time Description Improvements(/,, I,,)%

0.1s Suspension deflection (46,17, 41.64)
Road holding (43.75,21.85)
Ride quality 2.30,32.39)

0.25 Suspension deflection (51.12,41.89)
Road holding (46.47,23.37)
Ride quality (3.48,35.45)

0.3s Suspension deflection (51.12,41.99)
Road holding (46.59,23.45)
Ride quality (3.91,35.52)

Table 4.2: Tmprovements in performance compared to active system for road holding
weighting factors

Preview time Description Improvements(/,, I,,)%
0.1s Suspension deflection (10.93,36.05)
Road holding
Ride quality
0.2s Suspension deflection
Road holding
Ride quality

0.3s Suspension deflection
Road holding
Ride quality

The vehicle velocity considered for simulation is 20 m/s. A preview time of 0.3
seconds gives the best overall performance; however, the point of the tables is that
the ability to vary preview time is advantageous. The method of this paper allows
preview information from different possible lead vehicles to be used, allowing preview

time to be varied in an actual implementation. Different forward speeds will have



Table 4.3: Improvements in performance compared to passive system for ride quality
weighting factors

Proview time Description Tmprovements (1, 1) %
0.1s Suspension deflection (9.17.6.91)
Road holding (15.16,9.75)
Ride quality
0.25 Suspension deflection

Road holding
Ride quality
0.3s Suspension deflection
Road holding
Ride quality

different optimal preview times, again motivating the departure from fixed look-ahead
sensors for which a single preview time is associated with a given vehicle velocity. It
has also been found in our simulations that there exists a trend in the performance
improvement such that if the vehicle speed is increased over a limited range for the

same single bump, then preview suspension performance inereases.



Table 4.4: Tmy s in performance compared to passive system for ride quality

weighting factors

Proview time Description Tmprovements(ly, 1)%
0.1 Suspension deflection (32,71, 21.11)
Road holding (27.70,15.91)
Ride quality (—2.21,29.04)
0.2 Suspension deflection (45.05, 31.73)
Road holding (37.76,18.47)
Ride quality (13.91,38.93)
0.3s Suspension deflection (49.97,33.64)
Road holding (4130, 18.99)
Ride quality (19.83,42.23)




Chapter 5

Observer Design

The preceding chapter showed significant improvements from using a preview-active

suspension system.  Noise-free sensors and perfectly measured preview information

were assumed.  Howeve) ible to measure all the states,

in practice it is not po

ensors are not noise-free, and sensor data may require integration or differentiation

{0 get the system states. Integration introduces drift and differentiation amplifies the

error and causes instability. In general the available measurements in a vehicle active

1spension system are the sprung mass acceleration, unsprung mass acceleration and

suspension deflection. Therefore to implement a preview-active control system for

the model defined by the state space Eqn (3.3), it is necessary to design an observer.

Additionally the preview information must also be generated from the lead vehicle

suspension response. The designed observer must:

(i) Observe the states that cannot be measured from the available sensors

(i) Estimate the road profile from the vehicle and suspension response of any ve

hicle,

whether lead or follower, with either passive, active or preview controlled

suspension

39
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5.1 Observer design background

Let us consider a system given by (with noise added to the road)
t(t) = Ax(t) + Bu(t) + Flz(t) + £(t)]
with the measurement equation
y = Ca(t) +o(t)

where §(t) and v(t) are the process and measurement noise respectively. For a stochas-
tic system there might be presence of modeling uncertainties. These uncertainties may
arise due to modeling errors such as neglecting nonlinear or higher frequency dynam-
ics. This noise is generally called the process noise. The measurement noise is the
random variation in the measurement and comes from the sensors used. An optimal

Kalman estimator can be constructed following [33]

2(t) = Ax(t) + Bu(t) + Ly — ) (5.1)

where

9= Ca(t)+ Du(t) [D=0]

and L is the optimal gain matrix given by

L=pcTy-t

P is the solution of the algebraic Riccati equation

0P+ FWF" =0

AP + PAT - PC
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where W = E{€(1)&(t)"},V = E{v(t)v(t)"} are the process and measurement noise
intensity matrices. The noises considered are white with zero mean, i.e., E{{(t)} =

E{v(t)} =0

5.2 Development of the proposed observer

Recall the quarter car model in Figure 3.1 with state space form given by Eqn (3.3),
&= Ar+ Bu+ Fz,

Let us define the measurement equation as

y=Czx+Du+Gz +v
2= 2 1 0 =1 0
wherey = |z |and C=|_k i k b
. ke by _ (kathy by
0 0
D=| L land G=| o
-L -k

Let us reconstruct the observer including the unknown road profile as an input, as

i+ Bu+ Fz + Ly — )



and define the observed measurements as

§=C2+ Du+G%

The inclusion of road profile as an unknown input presents a challenge, as we wish to
estimate road profiles for which no mathematical model can be assumed. Subtracting

equation Eqn (3.1) from Eqn (3.2), we can write

MsZy + My 2y + k(2 — =0
Rewrite in terms of the road input:
m, m, y
=2+ B 5.3
T T (5:3)

and express the road profile in terms of observer states and measurements:
4 =024+ Qy (5.4)

where A=[o o 1 (.] and Q = [u mem]. ACany time, the road
profile may be estimated by using Eqn (5.4) where unsprung mass deflection is one
of the output states from the observer, and sprung and unsprung mass accelerations

are the output measurements at that particular time. The intermediately estimated

road profile can then be fed back into the observer model as an input. A schematic

diagram is shown in Figure 5.1. Expanding the matrix equation of the observer gives

&= A%+ Bu+ F5,+ L(y - C# — Du—G%,)
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Figure 5.1: Schematic representation of the proposed obscrver

where 2, is an estimate of the road input found from Eqn (

gain matrix equal to

L=(Pc”+ Nyv-!

4) and L is the optimal

and P is the solution of the algebraic Riccati equation. N and V are given by the

following equations [31, 32],

V=V+GN+N'G" +GWG"

F(WG™ + N)

where

W = E{z(t)z()}
V = E{o(t)o(t)"}
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Figure 5.2: Block diagram of the observer

W and V are the process and measurement noise intensity matrices. The nois

s
considered arc white with zero mean, i.c., E{€(t)} = E{v(t)} = 0. The amplitude

s been considered that

of the noise intensities are considered as in [10]. Though it ha

the road profile be a white noise process while designing the observer, the observer

works well for other profiles as will be shown by simulation results. Figure 5.2 shows
ation o

a representative block diagram of the proposed observer model. No integ

differentiation of the measurements is needed to generate the state estimates unlike
many other methods in the literature [34, 10, 35]. Based on the observer model given
by Eqn (5.5), (5.2) and (5.4) simulation has been carried out in MATLAB and the
performance of the observer is shown below. The estimated road using this observer
will be transferred to the follower vehicle to use as preview information. The road
input considered is the same as in the previous section. Velocity of the vehicle for

simulation is the same as in the previous section, i.c., 20 m/s with a preview time




Unsprung mass displacement (m)

t, sec
Figure 5.3: Actual vs. Estimated Wheel displacement (z,) with preview(0.2s)
of 0.2 seconds. Figure 5.3 shows the estimated vs. actual sprung mass acceleration.
Figure 5.4 and 5.5 shows the estimated tire and suspension deflection vs. the actual
tire and suspension deflection. Figure 5.7 and 5.8 shows the estimated road profile

vs. actual road profile for different types of road input.
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Figure 5.6: Actual vs. Estimated Suspension deflection (=, — 2,) with preview(0.2s)
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Figure 5.7: Road observation for the designed observer for rounded pulse
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Road observation for the designed observer for two consecutive bumps



Chapter 6

Robust Convoy Preview with

Active/Preview Switching

In this chapter the difficulties encountered by an ideal preview-controlled convoy sys-

em is simulated for several

tem are discussed and the performance of the convoy
realistic scenarios. Generally difficulties a convoy system working on preview may

encounter could be due to

1. Faulty sensors in individual vehicles

Mid-convoy terrain changes
3. Communication error (preview information out of phase with road)

If the lead vehicle sensor is damaged, or if the lead vehicle hits a bump (thereby
generating preview information for the followers) but dislodges it, then preview infor-
mation will be incorrect. Performance of the followers’ preview-controlled suspensions
may be reduced significantly. This section simulates these situations and proposes a
method to stop the propagation of error throughout the convoy system. Consider the

following scenarios.
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Figure 6.1: Incorrect road information generated by lead vehicle
6.1 Scenario 1: Presence of faulty sensors in lead
vehicle

Consider the hypothetical case where the amplitude of the generated information
from the lead vehicle is half of that of the actual road as shown in Figure 6.1. Figure
6.2 compares the resulting sprung mass accelerations of the follower vehicle, Figure
6.3-6.5 shows the unsprung mass deflection, suspension and tire deflection of the
follower vehicle. Figure 6.2-6.5 show that the performance decreases in the presence

of erroncous preview information

6.2 Scenario 2: Mid-convoy terrain changes

Suppose the lead vehicle dislodges a bump. The follower vehicle expects to hit it

but does not, and its preview controlled suspension reacts so the follower vehicle will
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Figure 6.2: Ride quality () of follower vehicle using correct and erroncous preview
information
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Figure 6.3: Unprung mass deflection (z,) of follower vehicle using correct and erro-
neous preview information
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Figure 6.6: Ride quality (2,) of follower vehicle due to spurious preview information
(No actual bump)

undergo a transient response due to the spurious active suspension input. Figure
6.6-6.9 shows the responses due to the spurious information received by the preview

controller of the follower vehicle.

6.3 Scenario 3: Lag/lead in the preview informa-
tion

Suppose the lead vehicle can generate the preview information correctly but the in-

formation has a lag/lead when the first follower receives it

6.3.1 Small time lag (0.005 sec)

Suppose the follower vehicle will hit the bump 0.005 seconds earlier than the caleulated

preview information. This can be depicted as in Figure 6.10,
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Figure 6.7: Unprung mass deflection (2,) of follower vehicle due to spurious preview
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Figure 6.13: Suspension deflection (2, — 2,) of follower vehicle due to small lag in
preview information (lag time 0.005s)
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Figure 6.14: Tire deflection (2, — z,) of follower vehicle due to small lag in preview
information (lag time 0.005s)



tuation.

Figure 6.11-6.14 show the performance of the preview controller under this s
Results show that the lag in the information by a small amount of time decreases
the ride quality. Unsprung mass deflection increases by a small amount when the
information is lagging (Figure 6.12). Minor reduction in road holding performance is
noted for the positive peak but improvements in the negative peak can be observed
(Figure 6.14). Deterioration in suspension deflection in both positive and negative

peak can be observed from Figure 6.13.

6.3.2 Larger time lag (0.025 sec)

Let us consider that there is a relatively larger lag of 0.025 seconds as shown in
Figure 6.15. Ride quality performance under this condition significantly decreases for
the follower vehicle as can be observed from Figure 6.16. Figure 6.17 shows that the
unsprung mass deflection has increased significantly unlike the performance when the
lag is small. Road holding performance and suspension deflection has also decreased

significantly when the lag is higher as shown in Figure 6.18 and 6.19),

6.3.3 Small lead time (0.005 sec)

¢, L.e., the follower vehicle will hit the

Now consider that there is a small lead of 0.0/

bump 0.005 sec later than the caleulated preview information as shown in Figure 6.20.

Figure 6.21-6.24 show the performance of the preview controller under this situation,
Interestingly, the ride quality and road holding performance have been increased when
the preview information is leading by a small amount of time. Suspension working

space requirements remain the same as before and do not show any deterioration as

As for the unsprung mass displacement the performance is

shown in Figure 6
slightly increased because of the fact that the actuator reacts earlier and pulls the

unsprung mass before it can hit the bump.
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Figure 6.11: Ride quality (,) of follower vehicle due to small lag in preview informa-
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Figure 6.15: Preview information by the lead vehicle lagging by 0.025 seconds
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Figure 6.16: Ride quality (3,) of follower vehicle due to large lag in preview informa-
tion (lag time 0.0255)
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Figure 6.19: Tire deflection (2, — =) of follower vehicle due to large lag in preview
information (lag time 0.025s)
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Figure 6.20: Preview information by the lead vehicle leading by 0.005 seconds
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v (24) of follower vehicle due to small lead in preview infor-

Unprung mass deflection (2,) of follower vehicle due to small lead in
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Figure 6.23: Suspension deflection (2, — 2,) of follower vehicle due to small lead in

preview information (lead time 0.005s)
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Figure 6.24: Tire deflection (2, — 2, of follower vehicle due to small lead in preview
information (lead time 0.005s)
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Figure 6.25: Ride quality (2. of follower vehicle due to larger lead in preview infor-
mation (lead time 0.025s)

6.3.4 Larger lead time (0.025 sec)

Performance of the follower vehicle under this situation can be observed from Fig-

ures 6.25-6.28. Ride quality and road holding performance degrade significantly. The

suspension deflection is unchanged, and the unspring mass deflection increases signif-

icantly. In snmma

while the preview-controlled suspension is somewhat robust to

small lead times in the receipt of preview information; the correct timing of the pre-
view information is important and will be a practical challenge to the convoy preview

suspension scheme proposed herein

6.4 Convoy preview control

Given the implications of preview information error as described in the previous sec-
tion, a means of preventing the error from propagating through the convoy is essential

This is feasible if each vehicle can estimate the road profile correctly even if its preview



1072

Unsprung mass deflection (m)

2.8 3 3.2 3.4 3.6
t, sec

Figure 6.26: Unprung mass deflection (2,) of follower vehicle due to larger lead in

preview information (lead time 0.025s
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Figure 6.28: Tire deflection (2, — 2,) of follower vehicle due to larger lead in preview
information (lead time 0.025s)

information is erroneous. Erroncous information can be rejected using the following

steps:

A vehicle’s ongoing road profile estimation can be compared to recent preview

information.

)

If comparison shows a large disparity then the vehicle could switch to a wheel-

base preview system (outside the scope of this paper but the subject of ongoing
work) where its front wheel would work in active mode and the rear wheel in

preview mode.

3. For the next follower vehicle the correct information (estimated road profile)
would be sent. If wheelbase preview is not available, the vehicle would switch
to active control.

1. If the disparity of the estimation is not large then an average estimate of the
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road profiles could be sent to the followers, thereby filtering out small errors

from one vehicle

This preview concept is shown in Figure 6.29. The proposed observer can estimate
the road profile accurately even when the preview information is incorrect, making
the concept shown above implementable. Tn cach of the erroneous preview informa-
tion cases discussed previously the observer estimates the true road very accurately.
Estimated road profile by the observer for Scenario 1 (amplitude error) and scenario

6.30 and 6.31. When erroneous pre-

2 (non-existent road event) are shown in Figures

view information is present then the propagation of error can be stopped immediately
and the follower vehicle then can act as a lead vehicle

Average i Conpuremih
Preview Previe
Information il

Switchto Generate Use Active
Active Ru:d Profile lmu
¢

I /1

Generate. Use Wheelbese
Road Profile

9: Concept of robust. preview (“if available)

Figure 6.

6.5 Preview-active to active switching

If the follower vehicle can change its control system from preview-active to active

mode quickly enough, the effects of preview error can be minimized. Simulated re-
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sults follow, with switching initiated when the discrepancy between the live estimate
and preview information exceeds 2 em. Figure 6.32-6.35 show the performance of the

informa-

ion follower vehicle when working on an incorrect preview

switched-suspen
tion. Road holding and unsprung mass deflection performance recover after switching
to active suspension mode. Suspension deflection of the follower is increased by the

switch to active mode.

6.6 Summary

To summarize, this switching method in conjunction with the proposed observer has

the following benefits

1. Follower vehicle can discard erroncous preview information from the lead ve-
hicle and switch to active suspension or wheelbase preview mode to maximize

performance

Follower vehicle can act as a lead vehicle thereby generating the correct preview

o

information for the next follower vehicle and ceasing the propagation of the error

throughout the convoy
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Figure 6.32: Ride quality (,) of follower vehicle when switched from preview-active
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Figure 6.33: Unprung mass deflection (z,) of follower vehicle when switched from
preview-active to active suspension mode
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Figure 6.34: Suspension deflection (zy — z,) of follower vehicle when switched from
preview-active to active suspension mode
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Figure 6.35: Tire deflection (2, — 2,) of follower vehicle when switched from preview-
active to active suspension mode



Chapter 7

Estimation Accuracy and
Robustness of Observer for

Actively Suspended Vehicle

In previous chapters we have shown that the preview-active suspension if applied in
a convoy vehicle system can greatly enhance the performance of the suspension char-

acteristics of the convoy sys

tem. A new and robust observer has been proposed and
developed in the preceding chapter. The developed observer can estimate road profile
irrespective of the suspension system present in the vehicle (i.e., active, preview-active
or passive). But the accuracy of the estimated road profile depends on the perfor-
mance of the observer and is susceptible to the measurement noise of the sensors
(suspension sensors). The focus of the current chapter is to study the effect of the

variation of measurement noise on estimation accuracy of any observer



7.1 Motivation

Earlier studies of estimation accuracy of the observer have been done in [10] where

is studied for the selection

a state observer is designed and the estimation accurac
of measurement signals and loading conditions. [10] showed that the best estimation

results from measuring suspension deflection, wheel velocity and body velocity. For

the current study it is assumed that these three measurement signals are available.

A state observer is designed for an actively suspended system and the observer per-
formance is quantitatively assessed for different measurement noise level intensities
unlike in [10] where the quantity of signal measurement is studied. Also the observer
performance for different road noise level intensities are also assessed and the results
are shown.

The rest of the chapter is organized as follows: the next section develops the quarter

car model as in 3.1 and shows the development of feedback gains using the LQR

method, followed by the development of the input road disturbance model. The
deterministic model mimics road surface like traffic humps, railway crossings etc.
Observer section 7.4 develops the observer followed by the simulation results, future

works and conclusion

7.2 System model

Consider the model shown in 3.1. This model can be effectively used to analyze the
dynamic behavior in longitudinal and vertical directions. The justification is that the
benefits of the active suspensions are primarily gained in these directions [34]. The
cquations of motion are given by (3.1) and (3.2). The determination of the optimal
LQR gains are as follows,

The performance index for the LQR controller may be defined as in (4.1)
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where E is the expectation, and constants y, are the weighting parameters selected
by the designer. (4.1) can be represented in matrix form upon substitution of (3.1)

and (3.2),
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The last term of the performance index can be neglected because of the fact that

the control input does not affect the road irregularities. So to minimize the expected
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based on the separation

error in controlling the linear system given by equation (3

theorem, the optimal control law is given by,

(7.1)

Where u is the control force in feedback form for the closed loop system i is the output
of the linear observer (optimal Kalman observer) and G is the optimal solution given
by [33]

G =R (BN +NT") (7.2)

where AT s the solution to following algebraic Riccati equation [33]

0=NA, + A"

with A, = A = BROINT and Q, = Q1 —

7.3 Road disturbance input

Often a step function is used as a deterministic road surface in literature [4]. However,
considering road inputs to be a step function is not realistic. Morcover Huisman
[34] showed that, to demonstrate the performance capabilities of a suspension, a step
function is not suitable and sometimes leads to erroncous conclusions. Rounded pulses
are used by Alanoly and Sankar [36] and Marcelissen [37] to evaluate the suspension

for incidental road disturbances. These rounded pulses can be described by

2ty

1 (7.4)

= Gmar—(
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Figure 7.1: Rounded pulse

Where the height of the pulse is determined by gy, and Iy is a characteristic length

such that the area under the pulse in the interval [0, 1] is approximately 95% of the

total area (see Figure 7.3. The main advantage of these rounded pulses is that several

road irregularities can be represented more or less by range of combinations of [ and

Gmaze [T):

7.4 Observer

using the observer.

For the full state feedback now we need to estimate the states i
In this study a Kalman filter is used as an optimal estimator. We consider our system

model as described by equation (3.3) with the measurement equation given by

y=Crtu

whereC= [0 1 0 0] and v is the measurement noise.

0 0 0 1
The Kalman observer model for the system can be expressed by the differential equa-

tion (sec Figure 7.2)

i+ Bu+ Ly — Ci)
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Figure 7.2: : Schematic Representation of Kalman observer block

where L is the optimal Kalman observer gain matrix and is given by

— pcTy

and P is the solution of the algebraic Riccati equation

0=AP+ PA" - PCTV'CP + FWF"

and measurement noise

2u(t)o(t)” are the process

EE(E)T and V

The nece

where W

intensity matri v and sufficient conditions for the existence of a

positive, semi-definite solution for L are that the pair [A, F] is stabilizable and [A, C]
is detectable [38] which can easily be shown. Noise parameters for the current observer
model are set as in [10], and the steady state optimal gain for the observer given by
equation (7.6) is determined. The values are listed in the Appendix along with the
Figure of the developed Simulink model. The input of the plant model is the control
force for which the control law is derived using LQR method as described in carlier

section. The output is the measurement matrix . Noises are then added to the

imulink noise generator block.

measurement matrix by the help of



7.5 Sensitivity to measurement noise

7 of the designed observer

The primary objective of this study is to show the sensitivi
when the measurement noise changes. The observer gain is generally caleulated for a
fixed measurement noise level and process noise level. Now if somehow the measure-
ment noise changes (this happens in real life, sensors deteriorate over time) then it

s the observer output because the gains are for

should be studied how much it affe
a fixed noise to signal ratio and have not been changed. The observer gain has been

ratio of the measure-

bed noise level. Then the signal to nois

determined for a pre
ment is changed to show the effects on observer output. The changed measurement

noises are listed in table 7.1.

Table 7.1: Measurement Noise Intensities for Simulation
Set Noise for Noise for Noise for
body velocity(oF) | suspension space(a?) | wheel velocity (o)
T 16X 10 BIx10°7 5
2 16x10° 91x10 7
3 16X 10" 91x10°
4 16x 10 91 % 10~
5 16x10°7 9Ix10°" 36x10 |

In thi / body

study it is assumed that the available measurements are sprung ma

w.s) and unsprung mass / wheel mass

velocity (b.v), suspension working space

of

the estimation accurac

velocity (w.v). An index is used to quantitatively ass

the observer. The index is taken as defined by [10] and can be expressed as

:’W]!] x 100% (7.7)

here P is the performance index, i corresponds to the number of states and k =

1,273 total number of sample points in simulation.




Figure 7.3: Deterministic Road Profile

7.6 Results

The study is carried out for the deterministic road signal (a rounded pulse start-
ing from 3 seconds to 4.1 seconds approximately) with zero noise as in Figure 7.3

s are shown in table 3.1 and

The input conditions and the measurement noise sef
table 7.1 respectively. Result shows that (Table 7.2) estimation accuracy for the un-
sprung/wheel mass velocity for set 4 and set 5, set 4 being the worst with performance
index below 25% when the measurement noise intensities increases 100 times the ini-
tial value (set 4). For set 5, P; value of wheel velocity increases but the noise intensity
for suspension working space and body velocity are increased 1000 times while the
)

The implications are important suggesting interaction effects among the sensors and

measurement noise for wheel velocity

is kept constant (3.6 x 10

needs to be studied further. Estimation accuracy of sprung/body velocity, body dis-

placement and unsprung/wheel mass displacement are good even if the measurement
remain

noise intensitics are increased by 1000 times of the initial value and alwa

above 98% ex

sept for the wheel displacement falling to 90% in the extreme scenario.

The most important case for our study is the estimation accuracy of the road profile.
Results show that the estimation accuracy falls below 90% when the noise intensities

are increased to 100 times the initial value. Since it is of extreme importance that the
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road profile estimation accuracy should be as high as possible for the use in preview

active control and increase the quality of suspension, we can conclude that the noise

intensity level must be kept within 0-10 times of the initial design value for good

performance.

Table 7.2: Simulation Results for Determin

Estimation Accuracy | Set 1 | Set 2 (Design) | Set 3 [ Set 4 | Set 5
Performance Index

Py forz, 100 100 100 100
Pyforz, 99.87 99.18 92.27 | 23.60 | 55.52
Pyforz, 99.98 99.97 99.95 | 99.81 | 99.06
[ 99.80 99.74 99.49 | 98.09 | 90.06
99.75 99.61 98.57 | 89.28 | 79.39

For the simplicity of assessment the output results for four representative sets has
been given in Figure 7.4 in which 33038 simulation data points have been presented

the estimated value vs actual value

for cach case. Bach of the figures demonstrat

(ic., x for cach state variable.

7.7 Conclusion and future works

s the estimation accuracy of the road

The main goal of the current study is to as:
profile for a designed observer with fixed weightings and parameters when the mea-
surement noise intensity changes. The study shows that, to get a good estimation of
the road profile the measurement noise intensity of the sensor must not be lower than

same for estimation

10 times the designed measurement noise intensity. The result is
of wheel velocity. Also it has been found that when the vehicle is subjected to rough
road then for a good estimation accuracy the road roughness should not be increased

beyond 10 times the designed road roughness. Beyond these levels the study shows
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the necess

ity of adaptive gain for the observer. The study also shows that there might

be interaction effects between the sensor signals (when estimating the wheel velocity)

which should be studied further. One possible solution might be to use a filter to
reduce the noise levels of the measurement outputs before using them in the observer.
But introduction of such a filter may affect the performance of the observer due to

the dynamics of the filter itself. It is therefore necessary to study the effect of the

filter dynamics on the performance of the observer.



Chapter 8

Optimal Preview Control of
Convoy Vehicle Suspension: Half

Car Model

The objective of this chapter is to establish an optimal preview control law for the
follower vehicle in a convoy vehicle system as given by [2] using half car models
The road profile for the follower vehicle is generated by the lead vehicle based on its
suspension response. In this chapter we will consider that the road profile is estimated
by the lead vehicle and fed to the follower vehicle and develop the control law for the

optimal preview control of the follower vehicle as shown in chapter 4

8.1 Development of optimal control law

Consider the half car model shown in Figure 3.2. Equations of motion arc given by
Eqn (34) - (3.9). The corresponding state space form is given in Eqn (3.10) with

the state space matrices a, §, and 5 (Chapter 3). The optimal control problem is



to optimize the suspension system with respect to road holding, ride comfort and
suspension working space. In addition, the magnitude of the control force must be
constrained to the limits of the actuator. Defining the performance index as in [2]

and expanding it for a half car model we get,

>
Jim o [ Bl + e 0) — 20, (0F +

sz o+ po{zn, () = 20, (O + pr{zu,, () = 20, (OF + psU (%) dt

o (8) = 2, (O + Uy (1)

(8.1)

where E is the expectation, and constants ji, are the weighting parameters selected
by the designer. Eqn (8.1) can be represented in matrix form upon substitution of

Eqn (3.8) and Eqn (3.9),

-
i) /E[.;-"Q‘..-aru”’Ru+2. T Nu + 207 Quaz, + 27 Qoz) dt (8.2)

0

where

-"(i):[:L 2 Rup Bup g Loy i
at = [u, u,]/”
0= [y 5]

and @y is defined as in Appendix A.
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The last term of the performance index (Q2) can be neglected because of the fact

that the control input does not affect the road irregularities. The objective of linear
optimal preview control is to find a control force, u so that the performance equation

is minimized for an entire class of stochastic inputs z,(t). The control force u(t) must

contain a feedback term which takes the current states using optimal LQR theory and
a feed-forward term from the knowledge of road ahead.

For the linear time invariant system given by Eqn (3.10) the measurement equation
can be written as

y=0r+Cu+v (8.3)

where v is the measurement noise from the sensors. Here the measured quantities are
the states (). Suppose the road profile is available up to time 7, into the future, i.c.,
2(7) is available where 7 € [t + 7], and all the states at time t are present. Then

the solution of the linear deterministic optimal preview control is given as [2]

u,(t) = —R[(NT + 37 P)a(t) + 4"r(t)] (8.4)



®
4

where P is the solution of the algebraic Riccati equation given by

Pa, +a'P+ PAR'FTP+Q, =0 (8.5)

and the preview function is

() = | T(Py + Q) (t + o) do (8.6)
0
where
an=a-pR"!
The feedback part of Eqn (8.4) is

tpo(t) = —R™(NT + T P)a(t) (8.7

The feedback gains can be found from the solution of the LQR problem that minimize:

the performance index J. The feed-forward term is

usro(t) = =R A7r(t) (8.8)

The vector 7(t) € R uses all the available future information about the road input
Eqn (8.7) and (8.8) are the continnous time optimal preview control law for the fol-
lower vehicle in a convoy vehicle system. At cach step the preview control law requires
the integration of the preview function given by Eqn (8.6) over the designed preview
time. This requires higher simulation time, To improve simulation time the contin-

uous preview function has been diseretized by the use of exponential functions (see

Appendix), and a variable shift register algorithm implemented, with discreti:



done using MATLAB.

8.2 Discretization of Continuous System

vstem Eqn (3.10)

Consider again the continuous
2(t) = ax(t) + Bu(t) + 7= (t)

with measurements

2(t) + Cu(t) + o(t)

y=

where v(t) is a white noise process with variance Q. We will consider the road profile to
be an input to the system which is unknown at this point and will be estimated. The
estimators will be optimal for random inputs, but we will also consider deterministic

road inputs such as traffic humps, potholes, etc. The continuous system time response

is given by [31, 32

. .
2(t) = ™ Walte) + [0 gu(r)dr + [ ez, () dr (8.9)
i

io

Let to = kT

= (k+ )T for an integer k. Defining the sampled state function as

25 2 2(KT) we can write

@ o
Tipr = ey + / Ol gy () dr / SR (O dr (8.10)
i i

Assuming that the control input u(t) is reconstructed from the discrete control se-
quence w by using a zero order hold, and also that the unknown road input =,(1) is

reconstructed from a discrete measurement sequence 2, using a zero order hold, u(7)
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7) have constant values of u(kT) = u; and =, (kT) = 2,, respectively over the

integration interval. The discrete time equation becomes

(k+1)T (k+1)T
T 4 / kD= g gy 4 / eolb+D=T g . 5 (8.11)
i1 )

On changing the variables twice (A = 7 — kT and then 7 = T — A) the above cquation

can be written as

- .
Ty + /r""d(lr g +/ (8.12)
3 4
The equivalent discrete form of the system is then
rpr = Pazy + Daug + Wy 2y, (8.13)

where

T = [ +af +

®,

afT?

Iy /n“wdr =8T+

0

a

7
0= [emydr =T+ T+

0

ation of the measurement equation is straightforward since it has no dynam-

Oy + Cup + v (8.14)
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The covariance R of vy, in terms of the given covariance Q can be found easily from

rstem are

For the current analysis the steady state LQR gains from the continuous s
used for the feedback part of the actuator force given by Eqn (8.7). The feed-forward

part given by Eqn (8.8) contains the preview function

Ty
() = /r“v"’”(m +Qu)a(t+0)do
o
This must also be discretized. The discrete preview function at any step can be found
from the preview function value calculated at the previous step and is given by(see
Appendix)
e = F e = F ol MAL+ F 2y, MAL (8.15)

where

acT
F = T

M=Py+Qu. T,=nit

Here At can be the same as the discretization time step A more general form of
the preview function calculation (variable shift register approach) can be written as

Eqn (4.16). where the preview information at 4., is to be determined given that the

preview information at i, is known and
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Lot
Si= Yy F

i=ptaj=0

MAt

Lptg-1
Si= Y Fri

i=ptaj=0

MAE

kit

where p+ ¢ < n.

8.3 Simulation results

Simulation is carried out using MATLAB for the scenario where the follower vehicle

receives the preview information, i.c., the road profile, from the lead vehicle. Vehicle
parameters are listed in table 3.2 on page 21. The road input considered here is a

single half-sinusoidal bump expressed using the following equation [2],

[l —cos40m(t - 3)], t € [3,3.05]
Road(t) =

0, otherwise

where 2¢ is the height of the bump in meters and # is the time in seconds. A bump
height of 10 em has been considered for simulation with vehicle velocity 20 m/s
Since the road input at rear wheel will be the same as front wheel the matrix z,(t)

can be written as
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and z,

(t) = Road(1) with &

where V= vehicle velocity and [ = I +1,.

8.3.1 Road holding weighting factors

Simulation results are shown in this section for the optimal half car gains found using
weighting factors which put more emphasis on road holding than ride comfort. For
active and preview active suspension the weights of the performance index are i, = 1
Jio = 10% g1y = 10°, iy = 0, 5 = 1, jtg = 10%i7 = 10> and pg = 0. Figure 8.1 shows

ive

the vertical acceleration of the vehicle body at front corner 27, for preview and pass

systems. Figure 8.2 shows the vertical acceleration of the vehicle body at the rear
corner =, for passive and preview active suspension. The force actuator has been
saturated by clipping the force at +4000N, ic., u € [~4000N, 4000N). A preview
time of 0.28 seconds has been used. Figures 8.3 and 8.4 show the front and rear tire
deflection (2., — z,) and (z,,, — 2,)). Figure 8.5 and 8.6 shows the suspension
deflection of vehicle body at front and rear suspension respectively. Figure 8.7 shows
the pitching acceleration of the vehicle body under the given road excitation for passive

em. Only 9% improvement in the negative peak and a little

and preview active

deterioration in the posititve peak has been observed. This is intutive because we are

putting more emphasis in road holding over ride comfort
From the results it is evident that preview-active control is better compared to con-

ventional passive suspension systems. Figure 8.3 and 8.4 shows better road tracking,

with improvements of 13.26% and 17% in front and rear corner respectively com-
pared to a passive system. Comparison of suspension deflection (Figure 8.5 and 8.6)
shows 11.55% and 29.4% improvement over passive system in negative peaks. Large
improvement in ride comfort have been observed from Figure 8.1 and 8.2 with 29%

and 18% improvements at front and rear corner respectively with the chosen gain
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- Preview
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Figure 8.1: Front corner acceleration (<7,) for Passive and Preview-active suspension

system (Preview time 0.28 sec)
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Figure 8.2:
system (Preview time 0.28 sec)
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Figure 8.3: Front tire deflection (
system (Preview time 0.28 sec

24y, — 2,) for Passive and Preview-active suspension
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Time, t

Figure 8.4: Rear tire deflection (2, —
system (Preview time (.28 sec)

) for Passive and Preview-active suspension
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Figure 8.5: Front suspension deflection (25, — ve and Preview-active

suspension system (Preview time 0.28 sec)
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Figure 8.6: Rear suspension deflection (2, —
suspension system (Preview time 0.2

) for Passive and Preview-active

sec)
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Pitching Acceleration (rad/sec’)

Time, t

Figure 8.7: Pitching acceleration 6 for Passive and Preview-active suspension s
(Preview time (.28 sec)

parameters emphasizing road holding

8.3.2 Ride quality weighting factors

Weighting factors that put more emphasis on ride comfort have also been considered
for simulation: ji; = 1, gt = 0.5, g3 = 10, j1g = 0.000001, ji5 = 1, tg = 0.5, py = 10"
and 15 = 0.000001. Results are shown in Figure 8.8-8.12.

From the results it is evident that preview-active control is better compared to con-

stems with half car model. Figures 8.10 and 8.11 shows

ive suspension s

ventional y
better road tracking, with improvements of 9% and 9% in front and rear corner re-
spectively compared o a passive system but is smaller compared o what we found
for road holding gains. This is reasonable because we are putting more emphasis
on ride quality. Significantly large improvement in ride comfort have been observed

from Figure 8.8 and 8.9 with 35% and 46% improvements at front and rear corner
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Figure 8.8: Front corner acceleration (57,) for Pa
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Figure 8.9: Rear corner acceleration ) for Passive and Preview-active suspension

system for ride comfort (Preview time 0.28 sec)
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Figure 8.10: Front tire deflection (z,,,
tem for ride comfort (Preview time 0.28 sec)

) for Passive and Preview-active suspension
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Figure 8.11: Rear tire deflection (2, — =, ) for Passive and Preview-active suspension

tem for ride comfort (Preview time 0.28 sec)
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Figure 8.12: Pitching acceleration # for Passive and Preview-active suspension system
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Figure 8.13: Front suspension deflection (z,, — =) for Passive and Preview-active

suspension system for ride comfort (Preview time 0.28 sec)
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Rear Suspension Defection (m)
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tive

Figure 8.14: Rear suspension deflection (=, — 2,,) for Passive and Preview-
stem for ride comfort (Preview time (.28 s

suspension

respectively with the chosen gain parameters emphasizing ride comfort. Comparison

of suspension deflection (Figure 8.13 and 8.14) shows a little deterioration with 1%

and 4% decrease in performance in the positive peak but 3% and 5% improvement

in the negative peak. It should also be noted that suspension deflection comes to
steady state quickly. Figure 8.12 compares the pitching acceleration (6 of passive

and preview active suspension system and shows major improvement with 26.35%

and 15.83% in positive and negative peaks respectively. It should be noted that the

improvements using quarter car model with quarter car algorithm is more impressive
than half car model with half car controllers. Study must also be done for a half
car model with quarter car control algorithms to compare the results and to find if
quarter car algorithm works better than a half car algorithm or not

The method of current research allows preview information from different possible lead
vehicles to be used, allowing preview time to be varied in an actual implementation.

Different forward speeds will have different optimal preview times, again motivating
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edl look-aliead sensors for which a single preview time is ass

the departure from fix

ciated with a given vehicle velocity. It has also been found in our simulations that
there exists a trend in the performance improvement such that if the vehicle speed

increased over a limited range for the same single bump, then preview suspension

performance increases.



Chapter 9

Conclusion

9.1 Summary

s has been presented.

In this thesis a new approach to preview control of convoy vehicl

Rather than use potentially unreliable look-ahead sensors that restrict preview time,
the proposed method uses the responses of lead vehicles to estimate the road profile
and generate preview information thereby. A new vehicle state observer has been
designed, in which the road profile is accurately estimated despite being an unknown
disturbance with no assumed mathematical description. Discrete bumps are estimated
very accurately, and it is such bumps for which preview suspension is anticipated to
have the most practical benefit. The observer requires three practically available
measurements: sprung mass acceleration, unsprung mass acceleration, and suspen-
sion deflection.  No differentiation or integration of the measurements is required
The preview control has been implemented for linear quarter car and half car models
using a computationally efficient discrete time formulation, with the preview function

snificant improv

register approach. Preview control gave s

computed using a shif

ments over active suspension in terms of ride quality and roadholding. Challenging

102
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aspects of convoy preview are timely communication of preview information, possi-

ble suspension sensor malfunction, and mid-conve

¢ terrain changes due to dislodged
obstacles or path variation. Simulation results show some robustness to small errors
in preview information communication timing, especially when preview information

leads the actual bump. The proposed observer can est

imate the road profile very
accurately even in the presence of incorrect preview information from the preceding
vehicle. As a result of each vehicle being able to perform its own road estimation
and compare it to preview information, its suspension can be switched from pre-
view to conventional active control if discrepancies are significant. Preview errors can

therefore be attenuated and not passed back through the entire string of vehicles.

Contributions of the current work can be listed as follows,

1. MATLAB implementation of a computationally efficient discrete time preview
controller. Such a controller may be useful for applications other than vehicle

suspension control.

A robust road profile es

imator which us

casily measured vehicle responses to

reconstruct road profiles.

A scheme for assessing the correctness of preview information received by a
given vehicle. This allows the detection of faulty sensors or changes in terrain

from one vehicle to the next

Overall this thesis work demonstrates the feasibility of using lead vehicle responses to
generate preview information, rather than using terrain sensors on each vehicle. This
could someday improve the driver comfort and safety using existing active suspension

technology and emerging vehicle to vehicle communication protocols.
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9.2 Future works

Future work will implement the proposed observer in hardware using a quarter-car test
bench. dSpace instrumentation may be used as a potential platform for a rapid control
prototyping and testing of the proposed observer and control algorithm. A comparison
of preview control algorithm for a half car model with quarter car algorithm may unveil
the possibility of using less complex quarter car model algorithms in practice, reducing

calculation time for hardware processors. Extension of the vehicle model to a full-car

will allow use of wheelbase preview and will help to develop a combined controller for
roll, pitch and heave. Full car models with lateral dynamics and driver models will be
used to study robustness to path variation, which will be related to following distance.
For the current study we considered linear model. Nonlinear model will be developed
for future research works. While obvious applications of such convoy-preview control

s in vehicle-

are military deployments and automated highway systems, future advance

em technology would make road

to-vehicle communication and global positioning

preview from leading vehicles useful and accessible to the general motoring public.
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Appendix A

Optimal Regulator Gain and the

Riccati Equation

Consider the system,

i = Az + Bu+ Fz,
with measurement equation,
y=Cz+ Du+Gz+v
The observer for the system is given by,

+ Ly —9)

&= Ab+ Bu+

§ = A+ Bu+ F% + L(y - C2 - Du—-G#%)

From above expressions we can write,
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expanding the matrix equations,

é=(A—LC)e+ Fz, — L(Du+ Gz +v — Du—GZ)
- LGz - Lu+ LG#,

=(A-LC)e+F

=(A-LC)e + (F - LG)z + LG3 — Lv
=(A-LC)e+ Fz + LG% - Lv
=(A-LC)e+Fz+ K% —Lv

=(A-LC)e+¢

F— LG, and ¢ = Fz, + K%, — Lv. The objective is to minimize

where K = LG, F
the square of the error. Now,

2 YT + LE{uo"}L" = LE{vz,"}K" - KE{£2"}L" + KE{£4"}K

E{(("} = FE{z=
=FWF'+ LVL" — LXK" = RX"L" + KVK"

=(F - LG)W(F - LG)" + LVL" = LX(LG)" = LGX"L" + LGVG"L"
=FWF" - FWG"L" = LGWF" + LGWG"L" + LVL" — LXG"L" - LGX"L" + LVL"
= FWF" + L(V + GWG" + GVGT - XG" - GX")LT - LWTFT — FWL"

= FWF" + LVL" — LW"F" - FWL"



where

V=V+GWG" +GVG" - XG" - GX
W = WG™W = E{z(t)=(t)"}
V= E{u(t)e()"}
X = E{e(®)z(1)"}

V= B4}



Appendix B

Half Car LQR Matrices

Half car LQR matrices are giver

anm
q21
L&)
di= In
51
61
qn

st

here

an=piz + kjm?® + kf psmo?
Q2= brakgapimi® + byokpoptsma®
Bum?

Qy= —fi2 K pisma?

qu= —bykpnm? = by ppsma®

1 by

q2

a2

32

Qa2

52

Qis=kpskrsprmim2 + kpokysptsmame

s

23

33

KK

s

63

Ga

qu

31

1a

5

61

ar

81

qs

25

35

a5

55

o

s

85

T

26

36

6.

56

i

e

s

hr

a7

37

a7

o1
qr

57

s

28

38

as

58

68

s

s




Q6= bk ppnmima + bk pspsmams
qr=—kyshrgpimimy = kphrpismsms
Q5= —brokpspimimy = byskpspsmams
qu= byskyum?® + byokpopsm®
0= b‘]",lﬂ”lz =15 [‘?‘}lsﬂ‘f

Gay= —byskpgum?® — byskyuusms
qu= —bys*m — bys*pusms®

2= byskrgpimimy + byikipaptsmym
Go5= brsbrapumim + byibyspismsma
Q1= —bykespnmims — byykespismams

(v= —byubragrmims = byubrapisTyma

an= —pa = kjum® = kj psm

Gpa= —byskygum? — byskygisms

Gu= pi2 + iy + Kgum?® + kj s’

G31= bpskpgum® + byykyopsmy
Ga5= —kpskrspimimy = kypokpopsmams
Q6= —brskpspimima = byskpspsmam
= kpshrspnmim + kpokegpismsm

Gaw= brokpspmima + bygkypismams

= —bykganm? = bykyapis

qu=—bptput = by Pusme?

Gu= by paum?® + byokgpsms?
qu= by x m? + U pgms?

Q= —brokpgpumimy — bypokpoismyms
Qo= —brbrprmimy = byybrspismyms

Qur= bykrgpimima + bk spismams
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Qus= bysbrspimiTa + byibyspismams
gs1=kpskrgpumims + kpokpspismam

2= byskrgpimimy + bk gpismsms

Gs3= —kpskspamims — kpshropsmsms

Q1= —byskpapamiTy — byokyspismams

= jug + k2, * psms? + k2 o my?

G56= brskrattsTs® + brokrapama®
Gsr= —po = ks — ki ums®
Gss= —brukrghtsms® = byokpspims®
Go1=brakyapimimy + byukyypismamy

brbpspamima + bysbespsmama

Gos= —brskpspumims = byskyspsmsms
Goa= —bpbrspimimy — byobyspismams
Go5= brshrsptsms® + byshpsptima?
Qo= b2 psms + B uma?

G57= —brshrspismy® = byskrgiima®
qos= —b2psms® — b2 nmy?
an=—kyshrs Ty = kpskesftsmsm
2= —bpokpaptimims — bykyapsmams
Grs= kpskrspnmima + Kok opsmams
Gu= byshrspimims + byukrsismsma
4= — o = kigpsms — kfyums’®
Gr6= —brskrspismy® = byskpgiuma®
Grr= po + o+ kpgpsT + k3
5= brokpshtsms® + brokrgpims®

Gs1= —brskopumims — bpokpopsmyms



o= ~byubapmims = byebrspismams

Gsy= brsk popnmima + bk papismams

sa= bpbygpnmimy + by bpspismyms

Gs5= —brakraftsms® = bpokipspima®

Gsi= —bf,uam® = bl
Gs7= brairahtsms® + bpgkpgptima?

Gss= U2 opsms + brpg s

here

ny=—kpnw ‘5T

nia=—kpoh1T1T2 — ko ftsmymy

noy==brgnwi — by psmi

!

=—bryimm2 = byspsmyme

ng=kpnmi® + kyopsms

Nga=k a1 ™12 + Kotz m3ms
nu=bgynm} + byusm3

ar=byafuimims + byyptsmams

ni

2y

31

nay

N5y

61

no

sy
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ns1=—kpgpum1 T2 — kygpsmyms

nga=—kyopt5m3 — krspmi

N =—b,j1 T Ty — byyi5T3m
Noa=—byopism3 — byyum3
nn=kpspumimy + kyypismsms
=k o573 + krgpi 3

Ny =bysft1 T\ T + byypizTama

nxa=bys 7§ + byspi

and

T =+ T+ psmd
T2 = jum Ty + pisTamy
T = [Ty + fi5 % T3Ma

= pis + ps3 + jums

n7



Appendix C

Discretization of Preview Function

(Shift-Register Approach)

The vector r(t) is given by [2] as

Ty

r(t) = / O (PF + Qi) (t + 0) do (€.
1
In discrete form
ROEDI TAAY PR 4 Qua)z(t + iAL)AL (C.2)
=
where 7, = n.At. Letting, k be the current time index caleulated from k = &
F =M and M = PF + Q13 we get
(k) = 3" F Mz, (k+i)At (C.3)

=0



Expanding

r(k) = [FOz(k +0) + Flan(k+1) +..

+F 2 (k4 (n = 1)) + Fz(k + n) MAL
At time index k + 1,

r(k+1) = [Fzk+1)+ F'z(k+2) +
FF (k4 n) + Frz(k + 1+ n)|MAL
From (C.4) and (C.5) we can write

r(k) r(k+1)
FMAL — MAt

— Fzp(k+14n)] + F 'z (k)

re-arranging

(k1) = F (k) = F 2 (R)MAL + F'zy (k +n + MAL

(C.6) shows the discrete value of the preview function at any time ¢ =

119

(C.6)

(k + 1)At

given the preview value at previous time step. Similarly the value at any point of

time ¢ = (k + 2)At can be found easily given the value at any earlier point of time



120

= (k- 1)Atas
(ki +2) = F (k= 1) = [F %0k — 1) + F22.(k) + F 2 (k + )IMAL
FHF 22 (kA n) + F (k1)

FF (ko n 4 2)MAL
Z Fizg(k =14 j)MAL

i=37=0

r(k+2)=Fr(k—1)
Froitlz (k+n+ j)MAL

Similarly a more general form of the equation for the preview value at time t

(k + p)At given the value of preview function at t = (k — q)At can be written as

i
rlh4p) = F Ok —g) = Y Flin(k-q+j)MAL

i=pq.j=0
Lptg-1
" Fritz (k4 n+ j)MAL
i=p+q,j=0
Or
r(k+p) = F- Ok —g) - 5 + S (6
where

Lpta-t
S = Flzk — g+ j)MAL
i=piai=0
Z Fr (k4 n+ JMAL
=570

and p+q<n



Appendix D

MATLAB Codes



global R NTplusBTP Ac PDplusQl2 tee ti tla AB D F C

ms=250;

ks=16000;
kt=160000;

A=[0 10 0;
-ks/ms -bs/ms ks/ms bs/ms;
0001
ks/mu bs/mu = (ks+kt) /mu =bs/mu];
B=[0;
1/ms;
=1/mu] ;
F=(0;
0;

0;



kt/mu];

M=[0;
-1;
0
-1

C=[10 -1 0;
-ks/ms -bs/ms ks/ms bs/ms;
ks/mu bs/mu - (ks+kt) /mu -bs/mu];

D=[0 0;
1/ms 0;
-1/mu kt/mu];

Q1 = [ks"2/ms"2+pl bs*ks/ms"2 -ks"2/ms*2-pl -bs*ks/ms
bs*ks/ms*2 bs*2/ms"2 -ks*bs/ms~2 -bs"2/ms"2;
-ks"2/ms"2-pl -ks*bs/ms"2 ks"2/ms"2+pl+p2 ks*bs/ms"2;
~bs*ks/ms"2 -bs*2/ms"2 ks*bs/ms"2 bs"2/ms*2];

N = [-ks/ms".
-bs/ms"2
ks/ms”2
bs/ms~2];

R = 1/ms"2+p3;

[P, Lam, G] =care (A, B,Q1,R,8)

An = A - B*R"(-1)*N';
Ac = An = B*R"(=1)*B'*
PDplusQl2 = P*F+Q12;
minusAnTplusPBRB = -An'+P*B*R"(-1)*B';
NTplusBTP = N'+B'*P; QR @ |
Klqr= (-1/R) *NTplusBTP;




W= 24107-4;

V =[9.1410%-9 0 0;
0 1.6*10°-5 0;
0 0 3.6v10%-3);

N
3

Vbar=v+D(:,2) *W*D(:,2) "+D(:, 2} *NL+NL'*D(:,2) '
Nbar=F* (WD (:,2) '+Nt) ;

qre (9.1410%-9+1.6*10%-5) * [sqrt (9.1%107=9) ; sqrt (1.6*10"=5) ; sqrt (3.6+10%~

P=are (A',C'*Vbar*-1+C, F*W*F') ;
L= (P*C'+Nbar) *Vbar"-1;

jlobal R NTplusBTP Ac PDplusQl2 tee ti tla A B C F D road rt E n dt Ko
Actual_roa

sysec=ss(a, [B F1,C, [D(:,1) D(:,2)]);
syso=ss (A, [B L],C,0);

DT=0.00001;
usat=4000;

sysd=c2d (syse, DT) ;
sysdo=c2d (syso, DT) ;
[Ad, Bd, Cd, Dd] =ssdata (sysd) ;
sdata (sysdo) ;




xp=zeros (4,T/DT) ;
xa=zeros (4,T/DT) ;
xpre=zeros (4, /D7) ;
w=zeros (1, 11T/DT) ;

uactive=zeros(l,1+T/DT);
uprev=zeros (1, 1+1/DT) ;

yp=zeros (4,T/DT) ;
ya=zeros (4,1/DT) ;
ypre=zeros(4,T/DT) ;

rdobs=zeros (1, T/DT) ;
rtstore=zeros (4, T/DT);

k=round (t/dt) ;

~1:kprev+l
14(E°-1) *road (i) *PDplusQlZ*dt;

2+ (E* (n=3+1) ) *road (round (n+i+1) ) *PDplusQl2*dt;
+1;

end

it (k== 0)
2o Zh=rtit i, 10

=(E*- (k-kprev) ) *rt (:,1) -51+5:

Lf (abs(rt(:,2)-rt(:,1)) < 0.0000000001)
rt(:,2)=0;

end



end

DT

ua= -(1/R)* ((NTplusBTP) *xa(:,1));
upre= - (1/R)* ( (NTplusBTP) *xpre(:, 1)+ B'*rt(:,2));

if upre>=usat
upre=usat;

lseit

upre;
end
if va>=usat
ua=usat;
elseif ua<=-usat;
ua=-usat;
ol
ua;

xp (i, 141) =Ad*xp (:, 1) +Fd*Actual_road (k+1);
xa(:,111)=Ad*xa (:,1) +Bd*uatFd*Actual_road (k+1);
xpre (1, 1+1) “Ad*xpre (:, 1) +Bd*upre+Fd*Actual_road (k+1);

uactive (1) =ua;
uprev (1) =upre;

$2=(0 0 0 0]

i=l:size(t,2)



ti) && ((£(i)) <= tf)
w(i) = 0.05* (1-cos (40*pi* ((t(i))-ti)));
elseif ((t(i)) 1) &6 ((t(i)) 1.1y

wW(i) = 0%(l-cos(20*pi* ((t(i))-1)));
elzelf ((L(1)) >= 3.2) && ((L(i)) <= 3.3)

w(i) = 0% (1-cos(20*pi* ((£(i))-ti
£((t(d)) >= 4) && ((t(i))
w(i) = 0;

wii) = 0;

zsdotp 1:14T/DT);

zudotp = xp(d,1:14T/DT) ;

zsuspp = xp(l,1:1+T/DT) -xp(3,1:1+1/DT);
ztirep = xp(3,1:1+T/DT)-w (1:1+T/DT);
zup=xp (3, 1:14T/DT) ;

iff (zsdotp) ./DT;

iff (zudotp) ./DT;

zuddotp

zsdota = xa(2,1:14T/DT);

zudota = xa(4,1:1+T/DT);

zsuspa = xa(1,1:14T/DT) -xa (3,1:1+T/DT);
ztirea = xa(3,1:14T/DT)-w(1:14T/DT);
zua=xa (3,1:1+T/DT) ;

zsddota=diff (zsdota) ./DT;

zuddota=diff (zudota) ./DT;

zsdotpre = xpre(2,1:1+T/DT);

zudotpre = xpre(d,1:14T/DT);

zsusppre = xpre (1,1:1+1/DT) -xpre (3, 1:1+T/DT) ;
ztirepre = xpre(3,1:1+4T/DT)-w(1:14T/DT);
zupre-xpre (3,1:1+1/DT) ;

zsddotpre=diff (zsdotpre) ./DT;

zuddotpre=diff (zudotpre) ./DT;

effciencyl (1
effciencyl (2

max (zsuspp) -max (zsusppre) ) /max (zsuspp) *100;
sppre) -min (zsuspp) ) /min (zsuspp) *10
effciencyl (3) = (max (ztirep) -max (ztirepre) ) /max (ztirep) *10
effciencyl (4)=(min(ztirepre)-min(ztirep)) /min(ztirep)*10
effciencyl (5) = (max (zsddotp) -max (zsddotpre) ) /max (zsddotp) *100;
effciencyl (6)=(min(zsddotpre) -min (zsddotp)) /min (zsddotp) *100;

effciency (1)
effciency(2
effciency (3)

(max (z5uspa) -max (zsusppre) ) /max (zsuspa) *100;
min (zsusppre) -min (zsuspa) ) /min (zsuspa) *100;
(max (ztirea) -max (ztirepre)) /max (ztirea) *100;
effciency (4)=(min(ztirepre)-min(ztirea)) /min(ztirea)*100;
effciency (5)=(max (zsddota) -max (zsddotpre) ) /max (zsddota) *100;
effciency (6) = (min (zsddotpre) -min (zsddota) ) /min (zsddota) *100;




effy=[effciencyl’ effciency']

figure;

pLOt(L(1:size (25ddotp, 2))  29ddotp, '+ 't (1isize (z5ddota, 2)) , zeddota,

ze (zsddotpre, 2)) , 2sddotpre, ')

legend (s s
ispens i

ylabel ('Sprun

xlabel (*Tine,

ot (lasi

figure;
PLOE (t(1:5ize (25U3pp,2)) , Z5usPP, *
susppre, Z)J,ZSU.»ppre,' "

Legend (s sion’, !

,t(l:size(zsuspa,2)),zsuspa, b, t(1:size(z

A, PEEViRE BALIve

ylabel (" Suspensi
xlabel (' Tims, t

figure;
plot(t,w,'k',t(1l:size(ztirep,2)),ztirep, '=', t(l:size(ztirea,2)),ztirea, t(1:si
LeuLlrep!eyZiP,ztxxep:er‘ '

legend ('Road',

Suspension’,

ylabel (*Tire
xlabel (*Time, !

figure;

plot (t,uactive, "', t,uprev)
ylabel ('Actuator For NI Y
xlabel (*Time [sec]')

figure;

plot(t,w,'k',t,xp(3,1:size(t,2)), '+, t,xa(3,1:size(t,2)), 'n', t,xpre(3,1:size(
£r2) )y " =)

view Rct

legend (& pension’, e
Suspans i ' rthEast ')

ylabel (' Displacement

xlabel (1 )

figure;

subplot (2,2,2)
plot (t, zsdot (1:size(t, z)l,
ylabel (' sprung
xlabel (*Tim: |

subplot (2,2,3)
plot(t,ztire(l: mzctt 2)),'n")
ylabel ('Tire Deflaction, '1



xlabel('Time [sec]')

subplot (2,2, 4)
plot(t,w, 'n', t,x(3,
legend ('Road', '

figure
subplot (3,1,1)

plot (t,Actual_road(1:
axis([0 T -0. 2 0.21)
legend('T 4, fm]*)
subplot (3,1,2)

plot (t, road (1:size (£,2)))

axis ([0 T -0.2 0.2])
legend('Previsw Information, (m]')
subplot (3,1,3)

plot (t, rdobs (1:size(t,2)))
axis([0 T -0.2 0.2])

legend ('Observed Road, ¢

ize(t,2)))

1=[t' zsdot' zudot' zsusp' ztire' x(3,1:1+T/DT)'];
csvwrite (' Preview Data 2.dat',1,0,2);

figure
subplot (5,1,1)

plot (t, zsdot)

ylabel (*sprung Mass Velocity (m/al')
xlabel (*1in el )

subplot (5,1,2)
plot (t, zudot)
ylabel (*Unsprung Hass Velocity [m/s]')

subplot (5,1,3)

plot (t,w(l: 1«1/01). b % [3,13140/DD), "r7)
legend (s ung Mass Displacement')
hold or

subplot (5,1,4)
plot (t, zsusp)
ylabel ('

subplot (5,1,5)
plot (t,ztire)
ylabel('Tire Daflestion (m)')

global R NTplusBTP Ac PDplusQl2 tee ti tla A B C F D road rt E n dt Ko
Actual_road



sysc=ss (A, [B F1,C, [D(:,1) D(:,20]);
syso=ss (A, [B L],C,0);

DT=0.00001;

sysd=c2d (sysc, DT) ;
sysdo=c2d (syso, DT) ;

(Ad, Bd, Cd, Dd] =ssdata (sysd) ;
[Ao, Bo, Co, Do] =ssdata (sysdo) ;
Fd=Bd(:,2

nd) ;.

x=zeros (4,T/DT) ;

xa=zeros (4, T/DT) ;
xn=zeros (4, T/DT]
w=zeros (1,1+T/DT) ;

§1=10 0 0 0]
$2-10 0 0 0]';

ynl=zeros (3, T/DT) ;
yn=zeros (3, T/DT) ;
rdobs=zeros (1, T/DT
rtstore=zeros (4, 1/01) ;
ustore=zeros (1, 1+1/DT) ;

tor t=0:DT:T

k=round (t/dt) ;

for i=k:-l:kprev+l
1+(E*-j) *road (i) *PDplusQl2*de;

hing Capab



2+ (E~ (n-3+1)) *road (n+i+1) *PDplusQl2+dt;

end

rt(:,2)=(E"- (k-kprev)) *rt(:,1)-51+52;

i€ (abs(rt(:,2)-rt(:,1)) < 0.0000000001)
rttsy

end

= = o ) Slhy
u = =(1/R)*((NTplusBTP) *xn(:, 1)+ B'*rt(:,2));
¢ ¢ 5 T

ustore (1)=u;

AT 1
1<1) Adtx (5 ,lth'u‘Fd'Actual :oad(kn).

) VuadFdTA

xn4.,1+11 =Ad*xn (: ,uoEd'mLo-Lynu sy =yn(: ,l)HFd'rdobﬂl),




ynl(:,141)=Cd*x(:,1+1) +Dd* [u;Actual_road (k+1) ]+ [sqrt (9.1%10%~
9) . *randn () ;sqrt (1.6*10°-5) . *randn () ; Sqrt (3.6*10°-3) . *randn () );

yn(:, 141)=Cd*xn(:, 1+1) +Dd* [u;xn (3, 1) + (ms/ke) *ynl (2, L+1) + (mu/ke) *yn1(3,141));

rdobs (1+1) =xn (3, 1) + (ms/kt) *yn1 (2, 141) + (mu/kt) *yn1 (3,1+1) ;

=10 00 0]';
rt(:,1)=rt(:,2);

£=0:DT:

for i=lisize(t,2)
if ((ei)) >= ti) &6 ((t(i)) <= tf)

w(i) = 0.1*(l-cos(20*pi* ((t(i))-ti)));
£o((r(i)) 1) &8 ((t(i)) <= 1.1)
W) = 0% (1-cos(20*pi* ((L(i))-1)));
elseif ((£(i)) >= 3.2) && ((t(i)) <= 3.3)
wW(i) = 0*(l-cos(20*pi* ((t(i))-ti)));
elscif ((E(1)) >= 4) &6 ((E(i)) <= 4.1)
wii) = 0;
else
wii) =

+1/DT) ;
1147/DT) ;

zsdot = x(2,
zudot = x(4,
zsusp = x(1,1:1+T/DT)-x(3,1:1+4T/DT);
ztire = x(3 +T/DT) =w (13 1+T/DT) ;
zu=x(3,1:1+T/DT) ;

Estim_zsdot = xn(2,1:1+T/DT);

Estim zudot = xn(4,1:1+T/DT);

Estim_zsusp = xn(1,1:1+T/DT)-xn(3,1:1+T/DT);
Estim_ztire = xn(3,1:1+T/DT)-w(1:1+T/DT);

zsddot=diff (zsdot) ./DT;



zuddot=diff (zudot) ./DT;
Estim_zsddot=diff (Estim_zsdot)./DT;

fxgure

plotkt(l slzelzsddot ZH,zsddotl' ',t(l:size(zsddot,2)),Estim_zsddot, '
legend ('Actia n', ‘NorthEast')

ylabel {*Sprung
xlabel (' Time

subplot (2,2,2)
(L, 234

el (' 3K

plot (t(1: sxzetlsusp,Z)),zsusp
legend ('Actual', 'Estimared’, 'I
ylabel (*cuspen sctic
xlabel ('Time (sec]')

grid

ize(zsusp,2)),Estim_zsusp, ‘b
ast.’ )

subplot (3,1,1)

plot (t(1: 1lzetzt:re ZY),thzF,' 8L
legend ('Actual',* ated!

ylabel ('Tire Deflec
xlabel (*Time [sec)’
grid

ize(ztire,2)),Estim ztire, 't
"NorChEast.'y

subplot (3,1,2)
(t,w,'b"

y %643, at, B30 k")
4 L rung Ma o I " )
("Unsprung Mas ¥ )

('Time (sec]'}

plot(t(l: sxze(zsddut 21),stdot, r'yt(lisize(zsddot,2)),Estim_zsddot,
legend (' Actal" p ', ‘NorthEast')

ylabel (' Sprung
xlabel (' 7Tim
grid on

qu,z»», stim_zsusp, '0'
legend('Astual, '
ylabel (*5u )
xlabel {*Time [sec] ')
grid on

plot (t,Actual road(l sxze(t z;i,' ',t, rdobs (1:size(t,2)), b’
legend ('act s ' sel Road'y 'LoCAtion’ , 'NOEt ')
ylabel ('koad Elevation, o




xlabel (*Time [ser]’)
grid or

plot (t,Actual_road(l:size(t,2)), 'r', t,road(l:size(t,2)), b’ t, rdobs (1:size(t,
2)))
legend('1 ‘Preview Inform m) ', 'Estimated Read [(m]')
ylabel (it

xlabel (*Tine
grid

figure
plot (t, Actual_ road11 size(t,2)),'s', ¢, road (l:size(t,2)), 't
axis([0 T -0.2 0.

legend('actual Road, [m]','Preview Tnformation, [m]')
subplot (3,1,2)

plot (t, road

axis((0 T -0.2 0.2])

legend (' Proview Inforn K

subplot (3,1,3)

plot (t, rdobs (1:size(t,2)))
axis ([0 Z i 0.21)

legend (' d Road, [m]')
grid

1=[t' zsdot' zudot' zsusp' ztire' x(3,1:1+1/DT)'];
csvwrite ("Preview Data_Z.dat',1,0,2);

figure
subplot (5,1,1)
plot (t, zsdot)
ylabel ('Spruna v
xlabel (*Time [sec]'

subplot (5,1,2)
plot (t, zudot.
ylabel (’Unspruny

subplot (5,1,3)

plot (t,w(1:1+T/DT), 't =)
legend ('Road’, 'Uncprung Mass Displacemant')
hold

subplot (5,1,4)
plot (t, zsusp)
ylabel (' susg



subplot (5,1,5)
plot (t, ztire)
ylabel ('

% End of codes
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