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SUMMARY

This paper describes the development of an active rall control system for atractor semi-trailer. The design
of therall control system hardware and software are detailed. Simulations of the yaw-roll response of the
vehicle show that the system will provide significant improvementsin roll over stability.

1. INTRODUCTION

1.1. Background

Studies have shown that most rollover acddents involve heavy articulated vehicles,
and occur on highways [1]. Three magjor contributing fadors to rollover acddents
have been identified: (1) sudden course deviation, often in combination with heary
braking, from high initial speed; (2) excessve spead on curves; and, (3) load shift.
The acdidents are relatively frequent, and the estimated average st to operators is
between USD 120,000and 160,000(2].

1.2. Previous Research

Although reseach into the use of adive suspension systems on automobiles has
been extensive, the use of adive suspension systems on heavy articulated vehicles,
particularly to control roll motion, has been reseached to a relatively small degree
[1,3]. However, severa reseachers have indicaed pdential improvements in
rollover safety are possble, even when using relatively low-power, low-bandwidth
aduatorsto control the adive suspension system.

Dunwoody [4] simulated the steady state arnering performance of atrador semi-
trailer fitted with an adive roll control system. The system consisted of a
hydraulicdly tiltable fifth whed coupling and hydraulic aduators that could apply
control torques to ead of the trailer axles. The cntrol system measured the trail er
lateral acceeration and the relative roll angle between the trador and the trail er, and
the study found such a system could raise the static roll over threshold by 20-30%.

Lin et al. [5,6] investigated the use of adive roll control on a single unit truck
using a simple linea model. The performances of systems based on roll ange
feadbadk, lateral accéeration feedbadk and load transfer feedbadk were investigated.
Control gains were seleded by pde placement. The aithors recommended using a
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control system based on lateral accéeration feedbadk, which demonstrated several
key benefits: (1) the eility to tilt vehicle into a rner, providing significant
improvements in load transfer; (2) fast transient resporse; and, (3) relatively simple
instrumentation regquirements. The study reported that such a system could provide
worthwhile reductionsin transient and steady state load transfer of up to 3. Lin et
al. [5,6] aso investigated the performance of aroll control system designed using an
optimal state feedbadk technique and a steaing input power spedrum based on road
aignment data and pseudo-random lane changes. The system performance was
marginally superior to that of the lateral accéeration feedbadk controller.

Linet a. [5,7] smulated the performance of a trador semi-trailer with torsionaly
rigid frames, fitted with a roll control system. The controller was based on latera
acceeration feadbadk. Control gains were seleded by poe placement. The study
found that such a system could reduce steady state and transient load transfer for a
range of manoeuvres. The study recommended investigating the influence of vehicle
frame flexibili ty on control system performance

Sampson and Cebon [8] proposed a vehicle roll control system design
methoddogy based on alinea quadratic regulator. The study found that this design
technique dlowed the ontrol system designer to make trade-offs between
performance and power consumption requirements when designing multiple-
aduator roll control systems for trador semi-trail ers and long combination vehicles.

1.3. CVDC Experimental Vehicle

The roll control system described in this paper is one sub-system of a computer-
controlled experimental vehicle being developed by the Cambridge Vehicle
Dynamics Consortium (CVDC). The system consists of five adive anti-roll bars
(two on the trador and three on the semi-trailer) driven by ten hydraulic aduators
under computer control. The dr suspension systems on the vehicle dso incorporate
aride control system consisting of ten high-performance @ntinuously variable semi-
adive dampers, which are being developed by Koni BV [9]. A yaw control system,
implemented by enhancing the dgorithms of the vehicle’'s eledronic braking
system, is currently at an ealy stage of development. In their final forms, the three
systems will work together to provide integrated control of the vehicle’s ride, yaw
and roll motions.

Design and development of the anti-roll hardware is a significant challenge, given
the large forces, torques and roll-rates needed for effedive control. This paper will
addressthe key pradicd constraints, including component strengths and hydraulic
limits (power, flow and presaure). The design and development of the mntrol system
software is also governed by chall enging performance and safety requirements.

2. VEHICLE MODELLING

2.1. Modelling approach
The vehicle model used in the design and analysis of the roll control system is
intended to capture the esential handling and roll dynamics. Other vehicle motions,
such asbounce and pitch, are of secondary importance

The model is an extension of the simple three degree of freedom single unit yaw-
roll model developed by Segel [10]. The trador and semi-trailer are eat modell ed



with one vehicle unit, and the two units are hitched together with a fifth whed
coupling. The sprung and unsprung masss of both the tractor and trailer unit are
represented by lumped masses, with ead vehicle unit having yaw, sidedlip, front
roll and rea roll freedoms (Fig. 1). The front and rea sedions are cupled with a
torsionally-flexible frame. The adles of each vehicle unit are cnsidered to be rigid
bodes, with flexible tyres that can roll with respead to the suspension roll axis. The
sprung masses roll about the roll axis, and are restrained by the roll stiffness and
damping of the suspension. Control torques u; and u,, representing the torques
applied by the adive roll control system, adt on ead section of the sprung mass

Fig. 1. Schematic diagram of a generic vehicle unit.

2.2. Equations of motion

Ead vehicle unit has $x equations of motion. Notation islisted in the Appendix.
Lateral force equation:
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Rea sprung mass roll moment equation:
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The motions of the trador and trailer units are mupled by a kinematic constraint
equation at the fifth whed.
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The equations of motion of the combined vehicle ae formulated into a state space
representation, and the response of the vehicle to steady cornering and transient
manoeuvres such as lane changes can be simulated. The same genera model
formulation can be used with any number of generic vehicle units, coupled together
with avariety of hitch mechanisms, to model long combination vehicles.

A simple tyre model represents the change in tyre crnering stiff ness with vertica
load. Limitations in the available torque and the response time of the hydraulic
aduators are dso included.

3. SUSPENSION HARDWARE

3.1. Conceptual design
The trailer suspension is a modified Indair air suspension unit from Meritor HV'S,
which consists of two independent trailing arms hinged from a transverse beam.

The adive roll control system consists of a stiff U-shaped anti-roll bar, conneded
at ead end to the trailing arms, and two hydraulic aduators located between the



chassis and anti-roll bar (Fig. 2). The aduators apply equal and oppaite verticad
loads to the bar, thereby twisting it, and applying a roll moment to the vehicle body.
The result is a floating anti-roll bar whose paosition is determined by the whed
positions and the aduator positions. Use of a single hydraulic aduator would have
been considerably simpler, but was not possble becaise the much larger stroke
requirement exceeded the avail able spaceunder the vehicle.

Fig. 2. Solid model of the modified trailer suspension, showing the locaion d the actuators and the anti-
roll bar: (a) elevation looking towards the rear; (b) perspective view from above, looking
forwards.

3.2. Actuator specifications
An anaysis of the kinematics and dynamics of the roll control system was
performed to determine the required stroke and size of the hydraulic aduators.

The stroke required to move the sprung mass to the maximum roll angle (as
limited by the suspension travel) of +6.1° was 85 mm.

The maximum required aduator force was determined for both steady state and
transient manoeuvres.

The maximum stealy state forceis that required to hold the sprung mass at zero
roll angle duringin 0.5 g steady state turn. (The rollover threshold of the vehicle is
0.5¢g.) Thisforcewas cadculated to be 110 kN.

The worst case transient force is that required to drive the sprung mass
sinusoidally at a given frequency with the maximum amplitude of roll ange. Fig.
3(a) shows the forces ading on the tanker body in the dynamic case. There ae
forces from the springs (Feying), the dampers (Fyamper), the aduators (Fagg), and the
bushes at the traili ng arm mounting points (R; and Ry). Fig. 3(b) shows the forces on
the trailing arm.

The readion forces at the bushes are given by:

R_ - ylFARB + y2 I:spring + ystan"per
Xia
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where y, ..., s are functions of the suspension geometry [11].
Taking the sum of moments about the trailer roll centre gives an expression for
the dynamic aduator force

(8)
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where 1y, ..., nz are dso functions of the suspension geometry [11].
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Fig. 3. Freebody diagrams used to determine the dynamic actuator force requirements: (a) elevation view
of the tanker; (b) plan view of thetrailing arm (the y-axisis parall & to the longitudinal axis of the
vehicle).

The dependence of aduator force requirement on aduation frequency is sown in
Fig. 4. The system has aroll resonance d 1.8 Hz. This places an upper limit on the
achievable system bandwidth of approximately 1.2 Hz. The maximum aduator force
requirement below this frequency is the DC value of 128kN. The aduators ®leced
to meet this pedfication have 125mm bore, and produce 137 kN for arod diameter
of 56 mm and a presaure of 210 kar. The large aduator force necesstates a large
piston area and thus large fluid flows through the aduator. For a 1 Hz oscill ation, a
cylinder of volume 1.1 L requires a flow rate of 2.2 L.s™. The limited flow rate
through the servo-valves of a mobile hydraulic system further constrains the
adhievable response bandwidth of the roll control system. Accumulators are used to
store hydraulic fluid to alow the system to operate for a limited number of extend-
retrad cycles, but continuous harmonic motion is not possble indefinitely.

The posshility of cross-linking the two air springs at either end of ead axle, with
a large diameter pipe, was investigated. Such a system grealy reduces the force
requirement at low frequencies by effedively eliminating the roll stiffness of the
suspension. The aduator force requirement as a function of frequency for the adoss-
linked system is also shown in Fig. 4. Cross-linking the dr springs eliminates the
roll resonance a 1.8 Hz, but the required aduator force rises sharply with aduation
frequency. The adievable system bandwidth is limited by the maximum aduator
force, rather than by resonancein the roll motion. For example, a maximum aduator
force of 128kN gives a system bandwidth of 1.7 Hz, which is an improvement over
the 1.2 Hz for the independent air spring configuration.
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Fig. 4. Dynamic actuator force required for harmonic roll excitation d the sprung mass

However, the improved performance of the aoss-linked system has a key safety
drawbacdk: the vehicle is unstable in roll in the event of afailure in the adive control
system. Complex safety feaures such as emergency lock-off valves and monitoring
systems would need to be fitted to ensure the fail safety of the system. Thus, the
system based on independent air springs was sleded for implementation on the
initial prototype vehicle.

3.3. Other modifications

The transverse hexagonal beam on the Indair suspension was extensively reinforced
so that it could cary the large alditional loads transmitted through the hydraulic
aduators.

4. CONTROLLER DESIGN AND IMPLEMENTATION

4.1. Architecture

A distributed controll er architedure, consisting of a aentral control unit and multiple
locd control units, has been adopted. The distributed architedure was sleded to
simplify the physicd installation, maximise red-time performance, and enable
modular code development and rapid prototyping.
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Fig. 5. Distributed controller architecture for the experimental vehicle.



The cantral control unit executes the high level vehicle dynamics control code, as
well as providing safety monitoring. The low level locd control units control
individual actuators and aaquire sensor data. The central and locd control units are
linked together by a CAN bus, over which the ceitral controller sends demand
signals to the locd controllers, and the locd controllers snd sensor data to the
central controller.

4.2. Local controller design

The locd controllers control the motion of the hydraulic aduators in response to
demand signals from the global controller. Fig. 6 shows that the locd controller
comprises aroll moment controller and an aduator controller [11]. The roll moment
controller (a PID controller with a lag pre-filter) is the main component of the loca
controller. However, becaise afloating anti-roll bar arrangement is used, the loca
controll er aso includes an aduator controller that ensures that the eentre of the anti-
roll bar isheld at the neutral displacement (i.e. the centre of the aduator stroke). The
aduator controller is necessary to ensure sufficient ground cleaance and to enable
maximum roll stroke to be adieved. The dynamics of the vehicle system and the
feedbadk sensors complete the feedbadk loop. The atuator model ceptures sveral
limitations in the @ntrol system hardware, notably the limits on maximum aduator
force, maximum flow rate through the servo-valve, and bandwidth of the servo-
valve. The flexibilities of the mechanicd and hydraulic components in the adive
anti-roll bar asembly are included in the vehicle and aduator models.

. | Anti-roll | ) Actuator | :,| Vehicle
controller controller dynamics

v

Local controller

Feedback |,
Sensors

Fig. 6. Block diagram of thelocd controller system.

Gains for the locd controller were seleded using pole placenent, with the ams
of ensuring robust stability and good stealy state tradking of the demand torques,
and well as a fast rise time, fast settling time and smooth step response. The loca
control system has a rise time of approximately 0.3 s in response to a large step-
shaped roll torque demand signal of 60 kN.m [11].This is sufficiently fast for this
applicdion, espedaly given that the steeing input spedrum that forces the vehicle
roll motion is concentrated below 1 Hz [5].

4.3. Global controller design
The global roll controller processes $gnals from instrumentation on the vehicle, and
sends demand signals for roll torquesto the locd controllers at ead axle.

The objedive of the roll control system is to minimise lateral load transfer in
response to steaing inputs, since it is excessve lateral load transfer that causes
vehicle rollover. Lateral load transfers due to centripetal acceeration and lateral
coupling forces are set by the vehicle dimensions and trajedory. However, other
load transfer terms, due to vehicle body roll and torques applied by adjacent vehicle



units through couplings, are strongly influenced by the performance of the
suspension and the adive roll control system.

The roll control system is designed to work using simple instrumentation. The
lateral accéeration at the aentres of mass of the trador and trail er is measured, as are
the roll rates of both vehicle units.

The gains for the global controller were seleded using pole placanent. The
proportional gains on the lateral acceeration signals were designed to give ejual
rollover thresholds at each axle during stealy state @rnering, thereby maximising
the roll over threshold of the vehicle & a whole. High gains on lateral accéeration,
which are necessary to tilt the vehicle units into the turns, caused instabilities in the
roll dynamics. However, these instabilities were stabilised by adding roll rate
feedbadk, which increases the damping of the roll modes. The roaot locus plot in Fig.
7 shows the dfeds of lateral accéeration and roll rate feadbadk on the stability and
spedl o trailer axle feadbadk loop. Attempts to stabilise the system using derivative
feadbadk on lateral accéeration proved ineffedive.
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Fig. 7. Roat locus plot for trailer axle roll control feedback loop, showing the df ects of lateral
acaleration gain and roll rate gain on system stability.

The performance of the adive roll control system is compared with that of a
passve suspension system for a severe lane change manoeuvre in Figs. 8 and 9. The
rollover threshold of the adive vehicle is incressed becaise the @ntrol system is
able to tilt the vehicle into turns, reducing load transfer. The normalised load
transfer of both the trador and trailer units are reduced by around 25% over the
passve system. The roll angle into the turn of the trador is greder than that of the
trailer. This difference in roll angles produces a torque between the trador and
trailer that is transmitted through the stiff fifth whed coupling. This torque further
reduces the load transfer at the trailer axles. The benefits that can be obtained using
this roll moment co-operation effed are limited if the fifth whed or the trailer
chassisisvery flexiblein roll.

Simulations of the resporse of the adive system during steady cornering indicate
that reductionsin load transfer of around 20% are possble.

Theroll torque is distributed among the ales, rather than concentrated at any one
axle. This drategy avoids excessvely high reductions in cornering performance a
any one ale, and minimises the degradation in vehicle handling performance



Fig. 8. Roll angle response of adive and passve vehicles during alane change manoeuvre.

Fig. 9. Load transfer response of adive and passive vehicles during a lane change manoeuvre.

4.4. Hardware

The cantral controller has been implemented on an Intel Pentium 11 400 MHz PC.
The antrol code runs under ared-time kernel by RedTech AG. The central control
system software is developed in MATLAB and Simulink, compiled to C code, and
then downloaded to the cantral controller PC.

The locd controllers have been implemented using Siemens C167
microprocesrs. The C167 fedures on-board A/D and D/A conversion and an on-
board CAN interface as well as numerous digital 1/O lines. Components for signal
conditioning and memory are dso mounted on the locd controller printed circuit
boards. The locd control system software is developed in C and downloaded to the
MiCroprocesors.

5. CONCLUSIONS

An adive roll control system, based on a modified passve suspension system, has
been developed for a trador semi-trailer. The system uses adive anti-roll bars,
controlled by hydraulic aduators, to control roll motion at each axle.

The adive roll control system uses a distributed controller architedure.
Microprocesor-based locd controllers control the individual aduators, while aPC-
based global controller monitors vehicle dynamics and safety functions. The global



and locd controllers communicate over a CAN bus. The distributed architedure
simplifies install ation, optimises performance and all ows rapid prototyping.

Simulations of the yaw-roll performance of a trador semi-trailer fitted with the
adive roll control system indicate that system will provide steady state and transient
improvements of up to 25% of the rollover stability of the vehicle. The system uses
simple instrumentation to measure the lateral acceeration and roll rate of the trador
and trail er. Further development of the control strategiesis ongoing.

A prototype vehicle fitted with the adive roll control system will be tested
shortly.
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APFENDIX: NOTATION

Y Heaing angle m, Sprung mass
1] Y aw rate m, Unsprung mass



0] Sprung massroll angle I, Roll moment of inertia

@ Unsprung massroll angle [, Y aw moment of inertia

B Sideslip angle I,  Product of inertia

o Steging angle F Lateral forcein coupling

\Y Vehicle speda K(p Couplingroll stiffness

u Activeroll torque F. Shea forcein vehicle frame
K Suspension roll stiffness hC Vehicle frame centroid height
L Suspension roll damping K. Frameroll stiffness

K, Tyreroll stiffness h Sprung massheight

r Roll centre height hJ Unsprung massheight

The subscript i denotes vehicle unit i or coupling i. Coupling i is the wupling
between vehicle units i and i+1. The subscript j denotes axle j. The subscript f
denotes the front sedion of a vehicle unit, while the subscript r denotes the rea
sedion of the vehicle unit. Vehicle units, couplings and axles are numbered from
front to rea.

Other dimensions are a shown:

CG,

e
Xrz X RC
z,

The tyre mefficientsin Egs. 1-6 are given by:

Y, i e C N i UV _ a1q
" Top T2 T op T 2%
ri a(/jl T V ri awl ] v

_OF oM,
Ys, " 35 ZC.,J- N, =25 - Zaiq’j

where a is the distance from the caitre of mass to the ale axd ¢ is the tyre
cornering stiffness.



