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An Active Roll Mode Suspension
System for Ground Vehicles

This paper describes an aulomatic roll mode control system for gronnd tehicles, The
primary objective of the so-called “active suspension system' {3 1o maintain a coordinated
vehicle banking attitude during cornering and steering through trafic. Ffloets were
also made lo render the vehicle insensitive lo the undulation of the road susface, wind
gusts, and other disturbance inputs. Emphasis was placed npon the development of
design logic in the application of control system concepis to a physical system. Realim.
tion of the active suspension concepl was achieved by parameter optimimtion of a
simplified system on the analog compuler and the design and construction of an ex.
perimental vehicle. Laboralory and road lests of the physical system confirmed the
Seasibility of the active suspension concept and brought lo focus additional design con-
siderations such as vehicle elastic mode and the effects of man vehicle coupling. For the
road lests, a manual bias was sncorporaled in the antomatic roll control loop to improve

the lransien! response of the system, and the resullant man-machine multiloop interaction

was tnvestigaled,

Motivation

Tnn inefficient. use of land for traffic low appears to
be a major contributing factor to traffic congestion in many
modern cities. While skyscrapers are built to increase the utility
of land for social and business purposes, the premium value of the
land prevents further widening of the city streets to speed the
flow of people and goods between buildings. The slowly crawling
bus and the transfer problems of rapid transit systems force in-
creasing numbers of commuters to rely upon private automobiles
for daily transportation, which further adds to the congestion of
city traffic.

Without further elaboration on the dynamics of city growth
and the optimum evolution of its associated transportation sys-
tems, the following two approaches appear to be logical in gen-
eral:

1 Inducing more commuters to leave private vehicles at home
and to rely upon public transportation.

2 TReducing the size of private vehicles so that more units
~ could fit without congestion on present city streets.

Implementation of the first scheme may be aided by the de-
velopment of a high speed monorail system having “no change'
surburban distribution and route flexibility, by virtue of a unique
capability of each passenger module to operate over present
rondways as well as on the elevated monorail. Monorail ex-
press lines represent a good compromise between aesthetic and
economic demands, and its use together with the dual-mode
vehicles may adapt to the rapidly changing society better than
other forms of transportation systems.

Implementation of the second proposal may require 8 new
type of narrow vehicle which has the capacity of carrying two
passengers in tandem, rides with the freedom of a motoreycle,
and yet is equipped with a body to protect the passengers from
weather and accidents. It should be able also to stand erect
automatically.

Fig. 1 shows an artist's view of the proposed vehicle types—
three rapid transit modules coming down off the elevated mono-
rail to continue the bus service on the suburban avenue and
two of the narrow private vehicles following behind a conventional
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automobile to illustrate their relative size. In both cases, the
stability of the vehicles is maintained with a roll mode active
suspension system. A report on the development of this type
of system is the primary objective of this paper.

The Active Roll Mode Suspension System

Mission Analysis. The active roll mode suspension system is a
mechanism for shifting the center of gravity inboard during
cornering so that the resultant force vector, composed of both
gravitational and centrifugal components, is oriented along the
vertical body axis of the vehicle. Aircraft can be made to exe-
cute such coordinated turns through the proper use of rudder and
ailerons, but conventional automonbiles and trains must rely upon
banking of the roadway to eliminate the sidewise tendency.
Coordinated operation could improve passenger eomfort in all
types of vehicles, but it becomes imperative in vehicles of narmw
track in order to allow high speed turns. While banking of the
roadway allows coordinated operation of conventional road ve-
hicles for a single specified forward speed, the active suspension
system accommodates a broad range of travel speeds in coor-
dinated operation.

To satisfy the intended objectives of the vehicles with multi-
degree of freedom, as discussed earlier, the roll mode active sus-
pension system not only has to provide steady-state stability,
but must also perform satisfactorily under the following oper-
ating conditions:

(a) Riding smoothly over uneven road surfaces.

(b) Exposure to wind or other disturbing lateral forces while
running or standing.

(¢) Subjection to quick steering control as required for avoid-
ing obstacles in the traffic. ’

For the first operating condition, the active roll mode suspen-
sion system must allow the wheel to ride over bumps on the road
with little motion or force trgysmitted to the vehicle body. In
a passive suspension system this is accomplished with a soft
spring and a soft damper.

To prevent excessive sagging of the vehicle under load which
usually is associated with a soft suspension system, a self-leveling
scheme is often used. This system may be considered as a
vertical mode active suspension system which is different from
the active roll mode suspension discussed in this paper. The
former is also much less sophisticated in dynamic considerations.

In genersl, the roll mode motion of a vehicle body with respect
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to the wheel suspension system could be cither conpled or un-
coupled with the vertieal mode motion.  For a vehicle designed
to perform autoinatie conrdinated turns, it is desirable to de-
vouple the roll mode of motion from the vertical mode of mution
s that separate suspension systems with different dynamic
characteristios may be used for cach mode.  Thus the soft vertis
eal mode stixpension system may be either passive or sctive, while
the active roll muode suspension syxtem must provide sullicient
stifTness with respeet o the apparent vertieal and offer Jittle
resistanee tgninst roll mode gromd distarbance applied to the
wheels,  In the idenl ense such ns a motoreyele, this objective
is easily necomplished sinee the iu-line wheel nreangement simply
ennnot transmit much rolling turque. On the other hand, a nar-
row vehicle with the side by side wheel arrangement as required
fur praviding the roll mode rigidity against disturbing forees
while standing, would be guite suseeptible to the roll mode un-
dulntion of the rond surface while in motion.

The dynamie charncteristion of a coupled xyxtem as compared
with that of an wneoupled roll mode suxpension system are best
illustrated by the frequeney response of the two systems as shown
in Fig. & Fig. 20a) shows the amplitade ratio of a coupled
roll mode smispension system which bebrves in the same general
way ax that of a vertienl mode suxpension system; whereas, in
Fig. 2(h), the steady-sinte respunse of an uncoupled active roll
mende suspension xystem is shown to be zero as achieved by the
feedbnek system through torguing the vehicle with reference to
the apparent vertienl, I doing so, it also reduces the amplitude
ratio over the entire low frequency range.  Thus, by mechanieal
decoupling of the roll mude suspension system frum the vertieal
mude, a full develupment of the intended system performance is
realized.  The light line in Fig. 2(h) shows the effect of an over-
pressure relieving valve used in the hydraulic ram of the rofl
mode suspension system to sllow the use of higher effective
damping und thus help to reduce the frequency response at known
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frequency range, The dotted line in Fig. 2(b) represents the
ultimate perfurmance of a suspension aystem utilizing s road sur-
face xensor in conjunction with the apparent vertieal sensor in
the active suspension system. The experimental work on this
type of suspension system is under study now as the continuation
of this present report.

The most demanding mimion for the active roll mode suspen-
sion system to accomplish i {o maintain a coordinated turn in
transient condition while the vehicle is quickly steered from one
turning rate to another, The difficulty ix compounded by the in-
herent dynamic delay of a feedback system and tho roll mode
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gravitational torque limitation of the narrow vehicle due to its
narrow wheel base. This limitation sets the upper bound of the
overall system eapability in terms of the permissible rate of change
of turning rate. To illustrate this concept the following figures
are used to show the response of a vehicle subjected to a step-
function change of turn rate under different operating conditions.
Fig. 3(a) illustrates the path of the cg of a conventional vehicle
with passive suspension system (dotted line) when the track of
the vehicle is entering into a curve from a straight-line path
(solid line).  Fig. 3(b) illustrates the same operating condition
for a vehicle equipped with an active roll mode suspension sys-
tem. In contrast with Fig. 3(a), the steady-state portion of the
dotted curve in Fig. 3(b) is located inside the solid curve indicat-
ing the steady-state coordinated turn of the vehicle. However,
during the initial transient period, there is a delay for the ve-
hicle roll angle to be coordinated with the turn rate of the
vehicle. This transient becomes longer as the curve becomes
tighter until at Fig. 3(c) a critical condition is reached when the
xystem is torque limited and the desired steady-state condition
can never be achieved. To overcome this difficulty, the first
approach one might use is to relax the steering control so that the
turning rate is introduced gradually to allow the system to stay
within the limit of the eflective roll torque needed to swing the cg
of the vehicle gradually toward the inside of the curve of the
track. The determination of this maneuver can be a good exer-
cine of optimum control logic {3} such as to find the path which
would yield the minimum time to reach a steady-state coordinated
turn or the path for minimizing the integrated square of the de-
vintion from the specified reference path or, to go one step further,
to eompute the path for the optimizing of 8 cost function involv.
ing a function of the time, the deviation, and possibly the riding
comfort factor, Compulationwise, this has little direct appli-
ention value, but it serves as a most meaningful reference for
studying the result of some near optimum control performed by a
human operator after some training.

A second and moro effective acheme {6) is Lo allow the driver,
in anticipating the turn, to torque the vehicle in advance of the
steering through the use of a manual control.  The result of this
maneuver in depicted in IFig, 3(d), This is not only a faster and
safer maneuver, it is also more compatible with the human sense
of sccurity and therefore provides better riding comfort. Here
during the initial transient section, even though the system is
apparently operating in an uncoordinated manner following the
definition applied to stendy-state operation, the lateral accel-
eration is in fact "coordinated” with other state variables for
the optimum path connecting the two steady-state operations,
Humans, through yeam of experience in learning to run or o ride
hicycles, are not only capable of exccuting the near-optimum

' Numbera in brucketa deaignate Iteferences at end of paper.
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maneuver during the transicnt state, but they would alsv feel
most comfortable being consciously aware of their maneuver in
coordination with the change of the steady-state condition.

A third scheme for performing the foreguing maneuver may
also be conceived with an automatic scheme in which steering
command is used to control the tilt mechanism dircctly while the
direction control of the front wheel is slaved to the tilt angle
through some delaying action. This scheme, however, lacks
reliability since, in case of emergency, it is always desirable to
have direct manual control of the stecring.

Design Concept of the Conlrol System, To demonstrate the feasi-
bility of a roll mode active suspension system, an experimental
three-wheeled vehicle was designed and tested. Fig. 4(a) shows
the schematic diagram of the hydraulic ram drive and the rear
whee! arrangement of this vehicle, while Fig.4(b) shows the actual
experimental vehicle, In this system the two rear wheels are
guided to move in parallel with the vertical axis of the vehicle.
They are further constrained hy a horizontal bar hinged at the
middle to a platform which, in turn, carries the load of the vehicle.
The complete system is thus free to roll about an axis as marked
on the diagram, at the center between the track of the two wheels.
The roll motion of the vehicle is then controlled by the action of
the hydraulic ram attached between the horizontal bar and the
platfirm. The vertical mode suspension system is carried be-
tween the platform and the vehicle body. Thus the vertical
mode of motion is decoupled from the roll mode and, furthermore,
through this arrangement, the compliance of the vertical mode
suspension system cannot impair the dynamic behavior of the
rol! mode control.

Even with the vertical mode suspension system thus decoupled,
the roll mode control system ix still coupled with the elastic prop-
erty of the tires, the elastic mode of the structure {7, and the
resilience of the rider to complicate the dynamic behavior of the
design. However, for the initial phase of the design, & rigid body
vehicle was assumed, with the elastic mode problems left to be
handled during the experimental stage.

The block diagram in Fig. 5 shows the layout of the essential
component characteristics of the roll mode control system. The
main forward control loop involves an apparent vertical sensor
in the form of a tuned pendulum (block 1), the hydraulic control
valve (blocks 2, 3, and 4), and the combined effect of the hydraulic
ram and the vehicle (block 5).

The dynamic characteristics of the vehicle are essentially
the same as those of an inverted pendulum with some damping (8]
derived from the friction of the wheels on the ground and the
pumping effect of the hydraulic ram. For an ideal system with
an inverted pendulum as the Joad, a unit feedback and a simple
gain K in the forward loop, the closed-loop-system stability can
be achieved if the product of *KAL" (see Fig. 5 for notation)

JUNE 1968 / 169



L

Ty

I,uzo [ey*ci)se K emgr

py

-

5.
AL g

152+ Bs ~-Mgh

{Ip~mrhls tcys ¢ mgr

A Hydraulic am ared ! » Pendulum moment of inertia rp Pressure feedback moment arm

A . Pressure leedback ared X, Valve flow sensitivity Y Valve actudting arm

B Vehicte damping Ks Eifective pendulum stilfness s Laplace transform operator

¢ Pendutum inertial space damping coel. L Ram momentarm v Torque applied to pendulum sensor
¢, Pendulum vehicle damping coe!. M Vehicle mass Valve opening

0 Disturbance lorque m  Pendulum mass Y Laterat aczeleration of track

g Gravitationat consiant p Ram pressurs o Vehicle-inertial space roll angle

H  Vehicle ¢.g. height Py Supply pressure . Road~-inertial space roll disturbance
h  Pendulum pivot point height Q Valve Now rate T Pressure feedback time conslan

! vehicle moment of inertia r  Pendutum fength

Fig. 5 Characteristics of an active suspension vehicle

\ 1.0 X/xma!
]

1 | a

Q/Qmox 0
\ \
) 1\ 0 !

p/p,—™

Fig. & Statlc characteristics of valve

ix lurger than the product of “Mgh.”  The nonlinearity and addi-
tionnl lag introduced by the valve and sensor present further
complications,

For the present experiment, a closed-center spool-type hy-
dranlie valve with a statie characteristic as shown in Fig. 0 was
wsed 14, The performance of the valve as characterized by the
curves in Fig. 6 is represented in Fig. 5 by the mathematical
model identified in blocks 2 and 3.

In the system in Fig. 5, a pressure feedback scheme (block 6)
i~ shown which is used fur the following reasons:

(n) As mentioned before, the closed-loop ayatem must have
suflicient gain such as KAL > Mgh to keep the system ercet, and
yet as a general rule for feedback systems the gain must bo less
than a critienl value to prevent oscillation. The nonlinearity
of the control valve as shown in Fig. 6 behaves like an amplitude
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dependent gain and thus makes it diflicult to place the gain for
different amplitudes within the range bounded by the stability
requirement.  The use of linear pressure feedback together with
high forward loop gain could overcome this difficulty.

() With the use of pressure feedback it is possible to intro-
duce high gain in block 1 without affecting Lhe lotal forward loop
guin of the overall system. This high gain at block 1 allows the
system to minimize the road disturbing effect which is introduced
after block 1.

(¢c) With the use of a lag in the pressure feedback lvop, it is
possible to get an effective lead for the overall system,

TIdeally, the apparent vertical sensor identified in block 1 in
'ig. 5 should be located at the rll center of the vehicle so that it
indicaten only the angular deviation of the vehicle from the ap-
parent vertienl.  Unfortunately, this roll mode rotation center
of the vehicle is coincident with the rond surface and for practienl
purposes the pendulum must be installed somewhere else on the
vehicle at a distance, A, shove the ground. At this loeation the
pendulum is sensitive {n the sum of the lateral acceleration of
the vehicle guided by its track and the Iateral aceeleration eaused
by the roll mode angular acceleration of the vehicle multiplied
by the factor k. In the closed loop, this lateral ncecleration
produces some undesirable effect as elaborated next.

In the arrangement of Fig. 5, the normal function of the pen-
dulum is to generate a drive pressure to yield a torque of pAl,
acting against the gravitational pull of Mghf upon the vehicle
in proportion to the gravitational torque of mgr@ upon the pendu-
lum. The lateral accelerntion applied to the pendulum due to
the roll mode acceleration & of the vehicle produced by the drive
moment pAL, however, has a tendeney to further incrense the
pendulum torque by a factor of mrh, thus rendering the closed-
loop aystem unstable. To overcome this difficnlty, the pen-
dulum is ““tuned” with the addition of n mufficiently Iarge
moment of inertia 7, to compensate fur this undesirable effect.
An analytical treatment of the dynamic behavior of the compound
pendulum subjected to vehicle roll mode motion and Interal accel-
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eration is shown in Fig. 7. In this analysis a critically tuned
pendulum is defined as the condition when I, = mrh.  For ex-
ample, il the length A is ten timex Jonger than the radius r, and
nssuming that the additional moment of inertia has a radius of
gyration equal to r, then the additional mass required would
linve to be nine times the pendulum mass for critical tuning. In
general, for satisfactory vehicle stability, the pendulum ghould
be supertuned by some 20 percent. Such a condition is il-
lnstrated by the root locus analysis shown in Fig. 8(b), where
siability can be maintained eanily with a gain larger than a
critien] value as indicated.  On the other hand, with an under-
tuned pendulum, as shown In Fig. 8(a), o very narrow gain margin
i« available for atable operation. In fact, when other delays
nidd nonlinecarities were included in the analog study, no stable
region for the system was found with the undertuned sensor.

In actual applieation, this tuned pendulum is coupled together
with the input drive of the hydraulic valve, the pressure feed-
back linknge, and some suitable damper. The stiffnesa of all
these components is summed up together to form the equivalent
rtiffness. Rimilarly, all of the damping factors as well as the
mnsses of the components are summed up together to form the
effective damping and mass.

Damping torques for the pendulum wensor can be introduced
in two different modes. In the firt nnd most obvious mode, the
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pendulum ix damped with respect to the frnmework of the vehicle
by a suitable damper used in parnllel with the unavoidable damp-
ing factors which are associated with the valve, the pressure feed-
back, ete. The second mode of dumping can be introduced with
respect to inertial space, such as the use of a rate gyro or simply a
flywheel. .

With analog simulation study for a rigid body system while
neglecting the clastic mode it was found that an inertial refer-
enced damper can only provide minor improvement to the sta-
bility of the system while the vehicle referenced damper proved to
be somewhat detrimental, However, with the experimental
vechicle system a vehicle referenced damper was found to be ex-
sential for damping out the elastic mode oucillation,

Experimental Reallzation. In principle, after the general acheme
of a xystem is formulated, the ensuing step wonld be the optimi-
zation of the system performance with the adjustment of the pa-
rameters.  However, for a complicated system w'th numerous
performance specifications Lo be satisfied by the maneuvering of
a large number of adjustments, it would be more sensible to di-
vide the entire problem into major groups where cach group is
identificd by some characterizing parameters so that the com-
plete system can be optimized first by adjusting the character-
izing parameters of the major groups. In a subsequent opera-
tion, the actual component parameters would then be optimized
to satisfy the requirements of each major group.

For the system described in this paper, the major groups in-
volved can be established as the following:

{a) The rigid body vehicle and hydraulic drive system.
(b) The sensor system including the feedback.
(¢) The elastic mode of the vehicle.

(d) The human body coupling.

The approach taken in the present stage of development
involves the use of an analog simulation of the primary system
consisting of groups (a) and (b) listed previously. The opti-
mized characteristic parameters of group (b), including the damp-
ing ratio, the natural frequency, the tuning factor, the sensitiv.ty
of the sensor system, and the sensitivity of the feedback system
were established through the searching process on the analog
computer and guided by root locus study. They were then used
subsequently to design the parameters of the actual hardware
such ns the pendulum mass, the lever arms, the spring constants,
the charncteristics of the pressure sensors, etc., of the controller.
The coupling problems of the primary vehicle system with human
rider and the elastic mode were later studied heuristically with
the experimental model.

Anolog Computer Study. For the simulation of the vehicle
with active roll mode suspension system, an analog computer
layout, as shown in Fig. 8, was used. This layout treats the flow
rate of the hydraulic valve as a prime output while the block dia-
gram in Fig. 5 implies control of the vehicle with regulated pres-
sure. Both the block diagram and the computer simulation
represent the theoretical model of the vehicle. The block dia-
gram formulation allows better engineering insight into the sys-
tem while the annlog study is adapted to the features of the
computer hardware.

With the use of a caleulated guess, a set of initial settings were
chosen to put the system into reasonably stable operating con-
dition and served as a reference. From there, with the use of
transient response criterion, it was possible to scan through the
yariation of the parameters in different combination to search
for a near optimum response. A typical step-function response
at the near optimum setting is shown in the middle diagram in
Fig. 10. This is surrounded by four other response curves; each
has one parameter displaced off the optimum.

The result of Fig. 10 not only supports the basic concept of the
original configuration layout in Fig. 5, it also provides a solution
for the characteristic parameters of the sensor and feedback
group. The design of the sensor and feedback controller also
involves some interesting compromises and optimization pro-
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With doubled gain, re-
sponse shows 33% less
static deflection or 50%
more stitiness with
slightly more overshoot.

With excessively long time
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back system, response shows
slow drifting passing over the
normal steady state vaive,

f

With the pendulum tuning
reduced from 20% over
funed for optimum, down
fo criticatly tuned, the re-
sponse exhibited an under-
damped high Irequency
component, '
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optimum setlings,

—

Viithout pressure feed-
back, system dominating
poles showed 3 low damp-
ing ratio around 0.4,

Fig. 10 Simulated system resp

cesses,  However, detailed discussion of this is beyond the scope
of this paper.

Bench Test of the Control System.  Fig. 11 shows the general view
of the controller of the experimental system. A set of test records
of impulse function response of the vehicle controlled by this
controller is shown in Fig. 12, Like the arrangement of Fig. 10
the middle dingram shows the response with near-optimum setting
which agrees quite well with the bebavior indicated by the tran-
sient response shown in the middle diagram in Fig. 10, ow-
ever, stubilized operation with the actual system did not quite
muaterinlize after extensive experimenting with various types of
dampers needed to eliminate the elastic modes which were not
incorporated into the computer setup. By and Inrge, a damper
is not essentinl for the rigid body mode of the vehicle as demon-
strated with computer study but is very important during the
experimental phase when the pendulum is eoupled with the hy-
draulic valve.

Road Test. The test vehicle illustrated in Fig. 4 is modified
from a Yamaha motoreycle with a rebuilt rear section to incor-
porate a pair of wheels operated by the controller, To further
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minimize the disturbing effects due to the undulation of the ruad
surface, an unloading valve wus tustalled cluse to the hydraulic
ram to relieve, through a bypass, the excess flow genernted when
the wheel is going over a bump. A manunl control coupled to
the pendulum wsensor through flexible cables was also incorpo-
rated for the rider to roll the vehicle in anticipating a turn.,

The vehicle system was not instrumented to mnke a quantita-
tive road test study. For this reason only qualitative vbserva-
tions were established. The performance of the xystem can be
described for the various modes of operation as follows:

() Stability while standing still and at low speed: With a
rider on the vehicle, the system exhibited a fairly strong coupling
between man and machine. If the dominating poles of the ve-
hicle system are somewhat under damped, then with the coupling
of the additional elastic mode of the human body, the entire sys-
tem may exhibit slowly diverging oscillation.  Man ean exercise
sume muncle control to stabilize the system. Iovever, even when
the complete system in marginully stable, it givos the rider an un-
eany feeling, as though the machine has a charactor of its own.
Fortunately, the controller adjustment has enough range to pro-
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vide suflicient damping characieristies 1o lend the system insen-
sitive to this coupling effect.

(b) Performance at moderate to high forward speed: This is
an aren worthy of a considerable amount of further research. In
the first place, with an experienced motoreycle rider, a new
technigue must be acquired to fully develop the potential of this
new type of vehicle.  On the other hand, the vehicle parameters

muxt be optimized 1o be adapted to the human response. As

anticipated, the new vehicle gave the rider the best satisfaction
when he had the manual roll mode control and the automatic roll
control.  Chousing between the twao types of control, indepen-
dently, the manual control gave better satisfaction than the auto-
malic roll mode control,

It ix also interesting to note that when the power of the control
system was et off 10 eliminate both the manual and automatic
comtrols, the vehicle could still be operated like a motorcycle
except that it appeared 1o be somewhat sluggish.  On the other
hand, even with manuad roll mode control, the rider was not able
to roll the vehicle readily away from a coordinated turn even
though he was consciously trying.  This illustrates the result of
n deep-rooted reflex of the rider through long periods of training
in the proper mode of operation.  For this reason, the advantage
of the automatic roll control should be explored with a person
who has no prior experience with motoreyeles.  With some mod-
ifiention to improve the safety mensures, this vehicle can be a
very useful piece of equipment in the study of man-machine con-
trol hehavior involving multiloop configuration and the learning
PrOCEsses,

(¢) Roll made ground disturbanee: For the demonstration of
the ixolation of the roll mode ground disturbance, the vehicle was
driven with one rear wheel over a G-in. ramp at 20 mph. Under
these eonditions, the wheel hase tilted about 10 deg while the
observed hody tilt was only about 2 deg.  This transient re-
spoise agrees in general with the frequency response in Fig, 2.

Conclusion and Future Potential

Fven without extensive instrumented rond tests, the perfor-
mance of the experimental vehicle demonstrated quite elearly the
fensibility of an active roll mode suspension system. Further
improvement of the dynamic performance presents little problem,
and the economie considerations for a production model do not
seem to be major obstacles either, becnuse the extra cost of the
controller can be balanced by the saving that comes from the
wimplified front end assembly, the lesser number of doors and
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Fig. 12 Response of the experimental vehicle to an impulse function
applied to the pendulum sensor

seats, cte. The major appeal of this type of vehicle rests upon
its greater maneuverability and the pleasure of driving a vehicle
with a perfectly coordinated turn and a smoother riding quality.
To realize any degree of public acceptance, however, the key issue
is the question of safety. This problem ean be divided into two
parts, First is the consideration of safety on the road, and
second is the consideration of safety in design.

For driving safety, one obvious concern about a narrow vehicle
is the question of its smaller size which seems to be a disadvan-
tage when in collision with a larger car. However, the narrow
width and tapered front end greatly reduce the chance of a head-
on collision. The general reduction in the exterior dimension of
a narrow vehicle also greatly increases its structural strength, thus
providing better body protection.

Another important concern might be the notion that a narrow
vehicle would be easier to roll over on treacherous road surfaces
while making a turn. In fact, the chance against rolling over in
a narrow vehicle with an active roll mode suspension system can
be better than that of a wider car with passive suspension system.
Since the possibility of overturning depends upon the margin of
the distance of the apparent vertical from the edge of the wheel
base, for a narrow vehicle, it is usually half of the width of the
wheel base under the cg, while for a wider car with a passive sus-
pension system, this margin can be even less than that of the
narrow vehicle in a sharp turn. Furthermore, when an ordinary
car rolls over, it always rolls toward the outside of the curve ex-
posing the weak top of the car to any obstacle in its sliding path.
Also, an ordinary car can continue the tumbling motion quite
freely due to its barrel shape. In either situation, it is very
dangerous to its occupants. In the case of a narrow vchicle, a
roll over would probably happen if the wheels lost their grip while
making a sharp turn.  As a consequence, it might fall toward the
inside of the curve and slide with the bottom out. In this pos-
ture, the occupant is better protected than in the situation de-
acribed carlier for the ordinary car.

In considering the mechanical safety inherent in the system
design, one major concern is the occurrence of a power failure.
As illustrated earlier, the narrow vehicle can be operated quite
adequately like A motorcycle without the power for the control
system while running and with hand brake to control the tilt
while standing still. In the case of the monorail version, a power
failure would allow the side wheels to be locked to the monorail.?

In general, with the incorporation of an active roll mode sus-
pension system, the vehicle should still be designed conservatively
#0 that in the event of a failure of either side, all wheels would re-
main in contact with the ground. The two types of vehicles de-
scribed in this paper illustrate the extreme cases which can be ben-

1 For more detailed discussion of monorail adaptation, refer to
reference [1].
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elittead by the active moll made suspension system,  The general
principle introdueed here ean be applied to n car with any width
tu improve its riding comfort and maneuverability and to mili-
tary or furm vehicles to improve their performance over rough
ferrain,
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