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Abstract: This paper considers the design of a vehicle dynamics control system to
control a tractor — semi-trailer vehicle fitted with active anti-roll hardware and semi-

active ride suspension units.

Key items of the system specification are discussed. The configuration of processors is
considered, as are key issues of CPU requirements and communications.

For reasons of reliability, safety, coding simplicity and modularity a system of local
controllers connected via a CANbus to a global controller was selected

Details of this implementation, including safety precautions such as a vehicle dynamics
watchdogs, sensor consistency checks, localised processor watchdogs and a hardwired
stop system are also discussed.

Application to all areas of vehicle dynamics data collection and control is looked at.
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1 Introduction

In trying to implement a global vehicle control strategy on any long wheelbase multi-
axle vehicle, there will inevitably be a large number of sensors and actuators.

This raises many issues relating to the volume of data that must be collected,
transmitted, processed (in real time), redistributed and logged.

An automated electronic management system to handle the calibration and zeroing is
also warranted to avoid repetitive setup work.

Such issues are not commonly associated in the systems found in two-axle short-
wheelbase vehicles (eg. passenger cars) for reasons highlighted in this paper.

Fault detection and associated protection strategies also need to be included for any
actuators.



This paper discusses the design and developments of control system hardware and
software used in an experimental vehicle with active roll control [1, 2] and a semi-active
suspension ride control [3] (see figure 1). The general approach and methodology is
also applicable to areas of active braking [4], steering [5] and other forms of vehicle
dynamics measurement and control.

2 System Specification
This section presents some key aspects of the system specification.

2.1 Roll-control hardware

The roll control system aims to tilt the vehicle body into bends and manoeuvres (such as
swerves and rapid lane changes) so as to reduce the lateral load transfer and minimise
the likelihood of rollover. The control strategy aims to equalise the lateral load transfer
of all axles and generate the maximum available inward tilt at the one critical axle [2] so
as to raise the rollover threshold by preventing individual wheel lift offs.

In order to do this, stiff roll bars are fitted, and the usual rigid mounting links are
replaced with hydraulic actuators (see figures 2). This allows a roll moment to be
transferred to the vehicle body via the roll bars. The hydraulic actuators are controlled
using proportional valves to regulate the moment each axle provides. Electrical control
signals to the proportional valves are provided based on a PID control loop which
generate an anti roll moment in response to a centrally calculated demand signal.

The whole process allows the vehicles rollover threshold to be increased, lessening the
potential for rollover during extreme manoeuvres.

2.2 Ride-control hardware

Semi-active (continuously variable) dampers, as shown in figure 3 are fitted to the test
vehicle. These were custom designed for the project by Koni in conjunction with
Cambridge University ([3, 6, 7]).

The dampers are electrically controlled, and develop forces in response to input current
levels. Demands may be generated using a strategy as simple a ‘modified skyhook’
damping algorithm, but they may be more complex [8, 9]. The controllers are designed
such that both the RMS dynamic tyre forces and RMS vertical body accelerations we
reduced relative to their optimum passive levels.

As well as increasing passenger comfort and reducing road damage in this way, it is
also possible to reduce RMS suspension deflection, although the different requirements
conflict with each other in certain regards, and so all such optimisation is carried out
using a weighted cost function [8].

In order to control the dampers, absolute vertical vehicle body velocity and vertical
wheel velocity relative to the body are both required. This is achieved using a
combination of accelerometers and displacement transducers. In order to assess the
performance of the dampers, tyre forces are also required. These are collected using
strain gauges to measure axle vertical shear loads, with accelerometer based inertial
correction of mass located outboard of the gauges[10]. Future preview control and time
lag compensation of the dampers may require additional sensors.



2.3 Instrumentation

The overall system is shown on figure 4. The many sensors and actuators required for
the joint ride and roll control vehicle can be seen. The number of input/output channels
required is outlined in Table 1.

2.4 Control system

A typical vehicle dynamics control system is shown in figure 5. It shows the vehicle
being subject to driver input, actuator forces and/or torques, and disturbances (possible
road or aerodynamics based). Vehicle states are obtained using sensors, which feed into
the low-level processing capability, which provides closed loop control of the actuators.
A high level processing capability uses relevant information, to generate demand
signals. Necessary data is stored for subsequent analysis purposes.

A safety system with the ability to shut the system down takes its cues from all
processing levels as well as the driver.

A signal conditioning and management system is required for the input signals,
automatically performing:-

Calibration

Zeroing

Anti-aliasing
Open-circuit detection
Pre-amplification

In specifying the system architecture, it is important to note that most voltage-based
sensors are limited to cable runs of 3 metres before their dynamic performance is
degraded and they start to deviate from manufacturer’s data. In order to get around this
problem, a distributed architecture is required so that all sensors are within three metres
of the processor that they feed into, or signal buffers are required to act as ‘repeaters’.

It is also desirable to have an overall computer in charge of the truck systems, to
coordinate the control actions on two separate vehicle units and aid integration of the
different vehicle dynamics control systems.

As this is an experimental system, it must be able to shutdown safely in the event of a
significant error.

Global info transfer rate

Whatever architecture of processors is used, an essential requirement of the research
programme is that there should be one computer in overall control. This is needed for
the integrated control of yaw, roll, ride and braking and incorporation of a “vehicle
dynamics watchdog” for safety purposes.

The global data transfer rate needed to get all state information to the actual computer
1s...



N= Z:fiDi bits/second

i=1

...where: n is number of signals: actuator, sensor, system, diagnostic, etc.
fi is transmission frequency for signal i in Hz.
D; is the length of signal 1 in bits.

For the roll control system these variables take the values...
n=48 signals (40 input and output signals from Table 1 plus a 20%
allowance for system signals, diagnostics, etc.)

f=125Hz for all signals'
D=16bits for all messages

It is concluded that the global information transfer rate N for the roll control system is
approximately 96000 bits/second.

A similar information transfer rate is required for the ride control system.

Low-Level Calculation Rate

An estimate of processor power required for low-level control tasks can be made by
basing values on elemental timing tests performed on a suitable processor. The
important low-level tasks include:-

ADC management

DAC management

Processor-processor data exchange

Processor-CANchip data exchange”

Actuator closed loop control calculations (Proportional + integral (PI) )
Number overflow precautions

The local processing speed required is estimated in Table 2 for the roll control system.
Breakdowns of clock cycles for groups of tasks are shown. Roll and ride local control
tasks may be considered to be approximately equally computationally costly, due to the
similar sensor and calculation overheads involved with each.

It can be conclusion from Table 2 that the highest local control processor speed
requirement will be 37MHz for the trailer ride controller.

High-Level Calculation Rate

The global control calculations include tasks that must be completed in the high levels
of the system, and any high-level control loops.

These include:

! Although roll actuator response speed is 2Hz maximum, the effect on the vehicle dynamics, up to about
25Hz is of interest. It was decided to filter just above this frequency at 35Hz. Datalogging then occurs at
the rate of 125Hz in order to avoid aliasing.

> Note that CANbus chips normally have their own message handling processor. The low-level
calculation task is simply to input or output messages into its message space.



Actuator demand generation (eg. linear optimal control).
Signal gathering & CAN communications.

Data-logging.

Runtime interpretation of signals for diagnostic purposes.
Safety monitoring/Vehicle Dynamics Watchdog.

The time taken to run this set of tasks for the ride and roll systems at this level can be
estimated based on timing tasks (similar to the low level rate calculation) on a desktop
PC, setup to run representative control software.

The data in Table 3 was gathered using the Matlab XPC system and enables an estimate
of required high-level processor speed for a combined ride and roll control system.

Allowing a ‘safety factor’ of 50%, Table 3 suggests that 400MHz processing speed is
required for the high-level tasks (assumes no operating system overhead is required,

which is the case when using Matlab XPC).

System Safety Issues

The system needs to be able to cope with:

e Failures of its inputs

e Failures of its own hardware
e Failures of its own software
e Failure of the truck hardware

In each case it needs to respond in a safe manner".

Specification Summary

The overall specification for the system is summarised in Table 4 (note that safety
requirements, which are clearly part of the specification, are considered later).

3 Control System Architecture

3.1 Summary of architecture options

Various possible computer configurations are shown in figure 6, and are discussed
below.

Single Computer Based System

The simplest processor architecture that meets the specifications would be a single
computer with appropriate I/O interfaces. This architecture, whilst simple in that it has
no associated processor-processor bus connections, has many associated disadvantages:

(I) Most voltage-based sensors are only capable of driving signals down a maximum
of 3 metres of cable, before their dynamic performance will be affected. Use of a

3 Given that this is an experimental vehicle, a “safe manner” can legitimately be interpreted as the truck
shutting itself down in the event of any failure.



single computer system on a vehicle that is 15 metres long would involve the use of
repeater boxes for most of the signal lines.

(IT) For the articulated vehicle being used, many signal lines will need to be taken
across the articulation point between tractor and trailer. As both units frequently
need to be separated, all such cables have to be fitted with disconnectable joints.

(IIT) The single processor will have to handle all I/O tasks, as well as control tasks, data-
logging, and various ‘housekeeping’ tasks and safety monitoring. Software will
also have to be written to enable all tasks to occur at the correct time in each of the
simultaneous cycle (of different frequency) that will be running. Even with the use
of a real time operating system with ‘round robin’ capabilities, this may be
impossible.

(IV)Integration of multiple vehicle dynamics systems on a single computer may require
that commissioning work is redone from scratch every time an additional system is
added because of the effect this may have on the other system timings.

(V) Having only a single processor means that there is no scope for having processors
monitoring each other, which is a disadvantage for safety.

Two Computers Based System

Use of a two computer system, where the computers are linked by bus connection gets
around many of the problems associated with the single computer system (the 3 metre
sensor cable length problem (I), and the processor-processor monitoring (V)).
Additionally only one bus connector and associated power and safety cable would be
needed to run across the articulated joint (II).

Issues (I1I) and (I'V) outlined for the single computer based system still stand.

Three Computer Based System (Global — Local Control Strategy)

The three computer based system allows for having a computer in overall (global)
control. Control demands and data-logging tasks can be carried out by the global control
computer, leaving one local controller to handle I/O and control loop closing on the
tractor unit, and a similar local controller on the trailer.

This resolves all of the issues outlined for the single computer based system with the
exception of combining vehicle dynamics control systems (IV), as the local controllers
still have to handle tasks for both ride and roll systems. Another disadvantage is that the
message rate exceeds the capacity of the network bus.

Five Computer Variant of the Three Computer Based System

In order to resolve the one non-ideal point about the three computer based system, a
move can be made to having separate local controllers for different vehicle dynamics
systems. This results in the following list of computers...

e (Global Control Computer
e Tractor Roll Control Computer
e Tractor Ride Control Computer



e Trailer Roll Control Computer
e Trailer Ride Control Computer

Here either one of two bus connections can be used (possibly having a separate bus for
ride and roll systems which has the advantage of approximately halving the message
traffic on the network bus).

This means that the individual controller can be commissioned separately, and the
software for each is simpler. The overall result is that the extra equipment costs will be
more than made back in reduced commissioning costs in terms of time and manpower.

It is concluded that the five computer system, allowing two different calculation
frequencies for the ride and roll systems, with a network bus for communications is to
be used.

3.2 CAN Communications Bus

In order to transfer the necessary data around the vehicle to the various controllers, it
was decided to use a twin CAN bus system [11] — having one bus for each of the ride
and roll systems.

One benefit of the CAN bus system is that it provides for a multi-master system — all
controllers are capable of controlling the bus, with arbitration being based upon the
urgency (priority) of the message (lower number message ID’s are treated as more
important).

Many CAN controller chips, such as the one in the local and global controllers used
provide their own internal management processors. This means that the processor in
charge of the controller, merely needs to collect and place messages for transmission
into memory ‘pigeon holes’ — the associated administration is all taken care of by the
CAN controller chip.

One limitation of the CAN bus system is that there is a trade off between bus length and
bus speed. It is also important to note that it is possible to implement “isolated” and
“non-isolated” CAN bus nodes. Isolation is preferable as it prevents the risk of
expensive damage due to human contact with the bare CAN connections, or shorting
due to excessive voltages. Isolation carries with it the burden of reduced node speed,
which translates to reduced maximum bus length for a given bus speed. Figure 7 shows
the data rate of isolated and non-isolated CAN buses. It was generated using formulae
and assumptions presented in [12] and using manufacturer’s data. The vertical axis
shows typical preferred CAN bus rates as found on off-the-shelf CAN bus compatible
control and diagnostics systems. For a bus length of 20 metres, the maximum possible
rate of an isolated bus is 760kBaud; although the highest preferred rate that could be
used is 500kBaud.

In order to minimise the bit traffic overhead associated with message ID numbers, error
checking and system protocols, it is best to pack as much data into a CAN message as
possible. The maximum number of data bits in a CAN message is 64: denote this Dg.

To make this best use of the messages, as many signals as possible should be packed
into each message. (Eg for 16 bit signals, and 64 bit messages, one can message is



needed for every four signals.) The number of signals per message must also be rounded
to the next highest multiple of four.

It can be assumed that it take 111 bits to transmit a CAN message using standard length
ID numbers, and containing 64 data bits: denote this Dy,.

For a CANbus, and indeed any kind of bus system where several units are free to send
messages at any point in the cycle, one third of the bus capacity should be used on a
regular basis. If any more than this capacity is used, then frequency of unpredictable
message failures will increase, until a point is reached where some messages fail to get
sent at all, or the bus ceases to work. Denote the proportion of maximum capacity used
as C.

The required bus data rate which is needed to cope with the Global Data Transfer
Rate N (Table 4) is then...

B="Pn
D,C

Typical figures for the roll control system are...

N =96000 bits/second
Dp,=111bits
Dd=64bits
C=1/3
Giving...
B =499500bits/second
for which the next highest standard bus rate is 500kBaud.

This is the fastest rate that could be used for the 20m length of bus required for the
vehicle (figure 7).

The key conclusion drawn from this is that two CAN buses are needed — one for the ride
system and one for the roll system.

3.3 Features of Local Controller

Plug in Architecture

Given the two different suspension control systems (ride and roll control) and the
differing requirements of each’s tractor and trailer controller units, it was desirable to
make the system modular in nature. This also gives scope for further system expansion
or reconfiguration for other research projects.

The local controller hardware modular was therefore based on a rack mounted system
with standard cards (main processor, additional memory, CAN communications and
power supply cards) all plug into the their own slots. Up to eight additional cards can be



placed in other free bus slots: voltage input cards, strain gauge input cards, and
controller boards (complete with analogue and digital outputs).

The local controller system is based on the ‘Icon 2000’ by Mektronika Systems Ltd.
The architecture is shown schematically in figure 8. Each input board has its own set of
filters, configurable in frequency by changing resistor values, and analogue to digital
converters. Additional hardware on each input board consists of dedicated calibration
and zeroing systems, involving switches to ground the inputs of the different ADC’s
and DAC’s to produce accurate test signals to feed into the circuits; and circuitry to
detect wire breaks, and power supply failures.

At least two cards in each Icon contain microprocessors with substantial computational
power. The main processor (Slot 1 in figure 8) acts as a communications hub for the
unit — communications with the CAN bus on one side and all of the input and output
cards on the other. The calculations associated with closed loop control of actuators are
performed by controller cards (Slot 4 in figure 8) — each of which generate output
voltage signals for up to 8 actuators.

Parallel Communications Between Cards

All communications between cards is via a digital bus (“LC bus”) fitted inside the Icon.
All communications along this bus uses sets of lines capable of working in both parallel
or multiplexed addressing modes, with either 8 or 16 databits (the Siemens C166 range
of chips is capable of automatic switching between these different modes of
communication easily, to enable interfacing with a multitude of available peripheral
chips).

Converting signals to digital as soon as they enter the local controller minimises signal
noise.

To avoid ground loops, the cards use opto-isolators, so that there is no galvanic
connection between the digital bus and the input, outputs and CANbus cables.
Furthermore, input wires on adjacent cards are also isolated (although all I/O lines on
any one card are connected together).

Multiple Processor Control Cycle

The multiple processors within the Icon units (Main Processor and Controller Cards),
communicate, exchange data and are synchronised via dual port RAM (DPRAM) chips
located on each controller processor board.

An interrupt and ‘flag’ based protocol is used to ensure that only one processor is
attempting to access each DPRAM chip at a time, eliminating the problem of processors
having to wait whilst the DPRAM is servicing a different processor.

Factoring in control tasks, reading in data and communications with the CANbus, the
whole cycle for a pair of processors (main and one controller) working together looks
something like that shown in figure 9. Details of the protocols and multiple processor
cycle that results are provided in more detail in [3].

It should be noted that the processor-to-processor interaction activity uses
approximately 10% of the controller processing time available for the controller board.
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This leaves the rest free for actuator control tasks (figure 9 shows approximately 60%
spare CPU time which could be used by the controller processor for more sophisticated
local control).

Error Message Handling

Numerous error messages can potentially be generated within such a complex system:
reporting such events as sensor failures; out of range readings; or the system running
out of cycle time within which to complete tasks, or an improper operational mode
being requested.

Each individual error must have an error code, and there may be diagnostic information
that comes with this error. For example an error code, which reported a request for an
illegal mode, would have the requested mode number as diagnostic information.

Since the vehicle is an experimental system, designed to shut down in the event of
errors, it was decided to store the first error message only. A system that was designed
to diagnose errors and be fault tolerant may require storing and processing of multiple
error messages for any single event [13].

All signals generated within the controller board which are to be checked or logged are
passed to the main board via the DPRAM. Checks on the control signals and sensor
levels are then made in the main processor board and the data is then forwarded to the
Global controller via the CAN bus for logging, and global control tasks. Any breach of
allowed levels or behaviour triggers an error message within the local controller, which
is sent back to the global controller, and triggers an emergency stop signal which breaks
the hardwired stop line (see later). The global controller then signals all local controllers
to enter shutdown mode.

4 Safety Systems

In this section, the range of safety systems fitted to the vehicle, their scope and their
interaction with the control system will be discussed. Given the system power and its
ability to affect the stability of the vehicle, such safety systems are a vital health and
safety consideration.

4.1 Hardwired Stop System

The backbone of the safety system is the “Hardwired Stop” System, the concept of
which is shown by the dashed lines in figure 5. Here it can be seen that all the local and
global controllers all have the ability to shut the actuators down, as does the driver.

Power to all suspension actuators can be switched off by the breaking of a low current
electrical circuit that passes through all of the controllers and through a set of manual
emergency stop buttons located around the vehicle. This line supplies power to relays
that are energised to switch actuator power on.

Each processor has a “Watchdog” chip connected to it. In the event of the code that is
being run on a processor “locking up”, contact with the Watchdog chip will cease, and
the Watchdog chip will trigger the processor to reset.

Within each Icon unit a pair or relays is used to break the stop line in a failsafe way. In
order to complete the circuit for the stop line, one relay must be powered up and one
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relay power down. In the event of most possible Icon faults (power failure or Watchdog
intervention) it is likely that both relays will either be powered down or both powered
up — either case will break the stop line. The Global controller is also able to break the
stop line in a similar failsafe way.

Should the hardwired stop line itself become physically broken, then the actuators
would again be powered down.

Given the truck power supply is the standard 24 volt system, a pair of 12 volt relays can
be used to ensure that the hardwired stop line must sit at 12 volts for the actuators to be
powered up. This means that if the hardwired stop line ever becomes shorted to ground,
then the ‘low side’ relay will turn off, shutting the truck down. If the line ever becomes
shorted to 24 volts (the only other potential commonly available on the truck) then the
‘high side’ relay will turn off. In this sense, the system is made failsafe. See figure 10.

In such a system, care has to be taken to use cable connectors that can’t be confused,
and connected to the wrong socket.

4.2 Hierarchy of System Checks

Figure 11 shows that the system can be shutdown as a result of any one of a hierarchy
of hardware and software checks spread throughout the system. The various checks are
summarised in the following sections.

Manual Stop Buttons

Manual stop buttons are provided in the cab (and on umbilical leads for static
commissioning) so that at any one of a team of operators can shut down the active
systems on the vehicle.

Sensor Open-Circuit Checks

Signals fed into the Local Controller are subjected to an open circuit test in order to
detect any sensor wire breaks.

Signal Statistical Checks

Range, mean and variance tests are carried out based on estimated limits of the vehicle
and subsystem behaviour. Comparison of signal mean and variance against expected
levels indicates erroneous offsets and loss of sensitivity.

Sensor Consistency Checks

A fault detection scheme was developed based on ‘analytical redundancy’, which
describes the use of mathematical relationships (algebraic or differential) to judge the
compatibility of measurements from different sensors [13].

The method chosen was to design a set of mathematical ‘observers’, each based on
equations connecting the values of a particular subset of sensors. Feedback gains were
chosen for each observer to optimise the detection of simulated faults.

A set of residuals was used to represent the difference between the measured and
predicted values of signal estimates by the observers. Faults are detected when residual
signals breach statistically determined thresholds, with diagnosis based on the
combination of residuals signalling the error and aiding identification of the cause.
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Attempting fault diagnosis by using a ‘bank’ of online observers, each based on a full
articulated vehicle model, would be too expensive computationally. Instead, the full
vehicle model is divided into several subsystems, each of whose inputs and outputs are
measured (figure 12). As well as reducing the order of each model to be simulated, the
approach separates vehicle yaw dynamics, which are a nonlinear, function of speed,
from the roll dynamics, which are assumed to be linear. There is some unmodelled
coupling between the two due to inertial effects. This was assumed to be small however,
since the estimated products of inertia of the vehicle body (L, Ly, Iy,) are an order of
magnitude smaller than the estimated moments of inertia (I, lyy, I,,).

Vertical (ride) motion is not modelled, and again, its coupling with roll motion is
assumed to be small. This includes the roll controller action, since the valve demand d is
really the difference between demands for the two actuators at either end of the axle.
Closed-loop control of the vertical position of the anti-roll bar is also used, but not
modelled since a failure of this system is not dangerous.

Further details of this work can be found in. [14, 15]

Vehicle Dynamics Watchdog (Observer Based)

The concept of a “Vehicle Dynamics Watchdog” entails a reasonably realistic full
vehicle model being simulated in real time alongside the actual vehicle. The vehicle
inputs, measured and estimated, fed into the model result in motions that can be
compared to the real vehicle to highlight an error/fault based discrepancy. Such a safety
system has the potential to detect completely unexpected faults — eg a component failure
or tyre burst or controller software bug.

In practice the divergence of theory and experiment due to model uncertainties and
unmodelled non-linearities is not easily separated from divergence due to a fault. This is
the subject of ongoing work [13].

Individual computer watch dogs

In order to prevent a local controller processor ‘lock-up’ going undetected, all local
controller processors (controller and main) are linked to watchdog chips. If a processor
fails to toggle the line to its watchdog chip for more than 1.3ms, then the watchdog chip
will resets the processor to the startup state.

Every cycle, the main processor and its associated controller processors exchange status
flags so that they can check each other has not reset. Should a controller processor reset,
then the main processor will detect this on the next information exchange, which will be
at most one cycle time away (ie 8ms in the case of the roll control system, 2ms in the
case of the ride control system). Upon detecting that any one of its coprocessors has
reset, the main processor will open circuit the emergency stop line, switching off the
power to all actuators.

Similar status checks are performed between controllers over the CAN bus. Should any
processor in the system be reset by a watchdog, all other processors will detect the fault
and shutdown the hardwired stop line.
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S Summary Test Results

Brief results of the performance of the vehicle dynamics systems implemented using the
system outlined in this paper are presented in the following section. More detailed
results are available in [1, 3].

5.1 Roll Control System

Figure 13 shows the steady state performance of the roll control system using a simple
lateral acceleration feedback strategy [1]. In these tests, the vehicle was driven around a
circle of constant radius at a gradually increasing speed, to provide a gradually
increasing lateral acceleration input.

It can be seen that with the system turned on (active) the vehicle rolls into the bend by
2.5 degrees at 0.3g, whereas with the system turned off (passive) the vehicle rolls out of
the bend by 1.5 to 2 degrees at 0.3g.

5.2 Ride Control System

Figure 14 shows attempts to optimise the vehicle ride performance (RMS vertical body
accelerations and RMS dynamic tyre forces). It presents the results generated by the
semi-active ride system using a modified skyhook damping algorithm [8]. It can be seen
that reductions of both RMS quantities in the order of 8% relative to the passive
optimum have been achieved using modified skyhook damping (MSD) control. (For
further details see [3].)

6 Conclusions

An experimental heavy goods vehicle, with active anti roll bars and continuously
variable dampers, has been developed and tested successfully. The design of the control,
communications and safety systems has been presented. The vehicle is being used as a
test bed for ongoing research into heavy vehicle ride and roll performance.
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9 Figures and Tables
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Ride System Tractor Trailer Total
Signal Type No.
Body accelerations 4 4 8
Axle accelerations 4 2 6
Axle displacement transducers 4 6 10
Tyre forces 2 2 4
Damper temperatures 4 6 10
Damper forces 4 6 10
Damper commands 4 6 10
Total number of signals 26 32 58
Roll System Tractor Trailer Total
Signal Type No.
Longitudinal accelerations 1 0 1
Lateral accelerations 1 1 2
Yaw rates 1 1 2
Roll rates 1 1 2
Axle displacment transducers 4 6 10
Actuator forces 3 6 9
Speed transducer 1 0 1
Prop. valve command signals 3 6 9
Digital valve commands 2 2 4
Total number of signals 17 23 40

| Tractor Trailer Total
|Overall total number of signals 43 55 98

Table 1: List of input and output signals for ride and roll systems.
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