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DESCRIPTION

CONSTANT F PENSION, NEAR CONSTANT

FORCE SUSPENSION, AND ASS ATED CONTROL ALGORITHMS

FIELD OF THE INVENTION

5 The invention relates generally to the field of vibration isolation systems and more

specifically to the field of active suspension systems for vehicles.

BACKGROUND OF THE INVENTION

Active and semi-active vehicular suspension systems have received considerable

attention in the past several years as an improvement and replacement to traditional passive

10 systems (Miller and Nobles, 1988; Ivers and Miller, 1989; Jolly and Miller, 1989; Aoyama et
al., 1990; Kiriczi and Kashani, 1990; Miller and Nobles, 1990; Kojima et «l., 1991;

Dunwoody. 1991; Crolla and Abdel-Hady. 1991; Inagaki er al.. 1992: Nagiri ¢ al.. 1992;

Esmailzadeh and Bateni, 1992; Queslati and Sankar, 1992; Pinkos er a/., 1993: Hoogterp et

al., 1993; Temple and Hoogterp, 1992). Traditional passive systems generally are composed

15  of springs, dampers (shock absorbers), and various structural linkages, such as wishbones or

A-arms. A single wheel station, typically representing 1 quarter of a 4-wheel vehicle, has a

simplified mechanical representation as shown in FIG. 1. in which the compliance of the tire

has been ignored.

In such a traditional passive system, the spring 5 imparts an oscillatory force to the

20  sprung mass 10 (with smooth changes in acceleration and velocity) in response to any motion

of wheel 15 (gradual or impulsive). The amplitude of the motion of the mass 10 depends

upon the frequency and magnitude of the wheel motion. The effect of the damper 20 is to

absorb and dissipate the energy imparted to the system from wheel motions relative to the

sprung mass 10.
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There are several drawbacks to a traditional passive system. First, the spring-dam.per
system cannot eliminate the transmission of ground irregularities to the sprung mass 10.
Second, for much of the frequency range of interest, ground disturbances are magnified by the
suspension system, resulting in large spring mass disturbances. Further, choosing spring and
damper constants for optimum low frequency ride quality results in poorer high frequency
ride quality. Additionally, choosing the best compromise set of constants for vehicle ride

quality results in reduced vehicle maneuverability (i.e., poor vehicle handling).

The contradictory choices for passive suspension components lead to the concept of
adaptive passive suspension components, usually referred to as semi-active suspension
systems. The improvements offered by various semi-active systems have ranged from fair to
good. The degree of ride improvement, without simultaneous handling degradation. has been
dependent on the responsiveness of the component’s adaptability, as well as the control
scheme in usc. In particular, adaptable dampers, often switching between only 2 states (a
high and low damping rate), have achieved some success. In all cases, however, passive
components, even if they are adaptive, will still transmit road displacements to the sprung
mass. For rough cross-country tcrrain or roads, or for very high performance vehicles, the
results are less than satisfactory (Miller and Nobles, 1988; Ivers and Miller. 1989; Miller and
Nobles, 1990; Kojima et al., 1991; Pinkos et al., 1993; Hoogterp et al., 1993; Temple and
Hoogterp, 1992).

Fully active systems that involve active (bi-directional) force generating components
(contrasted with springs, for example. that passively generate restoring forces in response to
mechanical displacement), which may be used in conjunction with passive elements, have
received far less attention and met with more limited success. This is especially true with
respect to suspensions for off-road, rough terrain. The major consideration for on-road,
wheeled vehicles is vehicle control over improved surfaces with limited terrain variations.
For improved vehicle control over smooth improved surfaces, primary considerations are
maintaining constant ground pressure and reducing vehicle roll during turns; passenger
acceleration loading is important, but secondary. Consequently, most active suspension
control approaches involve measuring forces (such as with a load cell) between the vehicle

body and the vehicle suspension attachment points and frequently implicitly assume limited

12



10

1

N
wn

5

WO 97/30858 PCT/US97/02883 -

road fluctuations. The major limitation in cross country mobility over rough unimproved, off-
road terrain is sprung mass and passenger acceleration loading. Consequently, improving
cross-country mobility benefits most from dynamic control of force on the sprung mass,
necessitating a somewhat different set of priorities, and assumptions of limited terrain

fluctuations are not valid.

Specifically, active suspension success has been limited primarily by the control
scheme for the force-generating components, often requiring input of information that is
difficult, inconvenient, or costly to obtain. All active and semi-active systems involve a
sensing and feedback loop, with various control schemes. Harmonic content of the wheel
motion, natural frequencies of the suspension components, speed of calculations,
responsiveness of the suspension components, the timeliness of information, and the duration
of collecting terrain information before responding, have proven to be critical issues in the
quality of results. Typically, for example, assumptions concerning limited road fluctuations
are made or information about the terrain in front of the vehicle is needed. Development of
such “look-ahead” systems has proven difficult and associated component costs and sizes are
prohibitive. Fully active systems without look-ahcad capabilities have proven little better (or
even worse) than semi-active systems. (Aoyama. 1990; Kiriczi and Kashani, 1990:
Dunwoody, 1991; Crolla and Abdel-Hady, 1991, Inagaki es «/., 1992; Nagiri et al., 1992;
Esmailzadeh and Bateni, 1992).

SUMMARY OF THE INVENTION

The present invention provides methods and apparatus for creating Constant Force and
Near Constant Force suspension systems (CFS and NCFS) and methods which allow for
simplified control strategies for these systems. An exemplary embodiment of the concept
may use a force or torque actuator (preferably electromechanical) to replace the springs and
dampers of prior art suspension systems. This actuator is used to isolate a vehicle body
attached to the actuator from surface irregularities encountered during travel. The methods of
the present invention involve control of the actuator such that it exerts a constant force on the
vehicle body. Therefore, the vehicle body does not vertically move and remains unaffected

by the wheel's motion. In addition to the actuator, the CFS and NCFS systems may be

L2
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supplemented by mechanical passive springs to reduce energy consumption. In exemplary
embodiments these springs may be air springs, for example, multi-stage air springs. When
supplemental mechanical springs are used, it is recognized that the springs apply a variable
vertical force on the vehicle body as they are extended or compressed; this invention includes
the concept of varying the actuator force output to cancel the spring force fluctuations in order

to maintain a constant vertical force on the vehicle body.

Additionally, the present invention involves the use of electromechanical actuators,
capable of forward and reverse operation, to inject or extract energy to/from an active
suspension; and the use of electromechanical actuators, capable of forward and reverse
operation, operating in motoring, braking, generation, and regeneration modes, (to recover
energy from moving sprung and unsprung masses). In exemplary embodiments, the actuators

may be linear or rotary.

The present invention discloses a constant force or necar constant force suspension
system comprising a vehicle body, a vehicle wheel, an actuator connected between vehicle
wheel and vehicle body to isolate the vehicle body from surface irregularities by maintaining
a substantially constant force on the vehicle body in response to control signals, means for
determining and tracking a fictitious reference point (representing a desired vertical position
of the vehicle body), first sensing means (which may be one or more accelerometers) for
measuring actual vertical position of the vehicle body, and a control system for developing
the control signals, which are dependent upon the fictitious reference point and the actual
vertical position. The present invention also contemplates a system in which a plurality of
vehicle wheels are supplemented with the above elements. In an exemplary embodiment, the
control system may comprise a PID controller for developing control signals based upon a

difference between the fictitious reference point and the actual vertical position.

The present invention may also include at least one spring connccted between the
vehicle wheel and the vehicle body to support a static weight of the vehicle body, and a
second sensing means for determining relative displacement between the vehicle wheel and
the vehicle body. The present invention may also include means for adjusting said fictitious

reference point if a window of acceptable suspension travel having a predetermined upper
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threshold and lower threshold has been exceeded by an output of the second sensing means.
If the spring is a pneumatic spring, the present invention may include a third sensing means

for determining air pressure of the pneumatic spring.

In an exemplary embodiment, the control signals may be developed in response to
superposition of a plurality of forces, such as a force proportional to a displacement between
the vehicle body and the fictitious reference point, a force proportional to a relative velocity
of the vehicle body and the vehicle wheel, a force proportional to an absolute velocity of the
vehicle body, a force proportional to a relative displacement of vehicle body from vehicle
wheel, a force proportional to vehicle pitch, a force proportional to vehicle pitch rate, a force
proportional to vehicle roll, and a force proportional to vehicle roll rate, wherein each of the

forces comprises a proportionality constant having a negative. zero, or positive value.

In an exemplary embodiment, outputs from the one or more accelerometers may be
integrated to yield actual vertical position of the vehicle body. The outputs may also be
processed to determine pitch, roll, and vertical displacement of the vehicle body.
Additionally, data from the one or morc accelerometers may be filtered to correct for

accelerometer drift.

The present invention also discloses a method for determining vertical position of a
vehicle in motion having a near constant force suspension system, comprising obtaining
vertical position data from at least one accelerometer, obtaining drift data of at least one
accelerometer by spectrum analysis, and determining vertical position from vertical position

data and drift data.

The present invention also discloses a method for determining an updated vertical
position of a vehicle in motion having a near constant force suspension system. comprising
predicting anticipated vertical position data from measured road arm angular displacement,
angular velocity, angular acceleration and measured characteristics of an actuator, obtaining
measured vertical position data from at least one accelerometer, obtaining drift data of at least

one accelerometer, determining a calculated vertical position from measured vertical position
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data and drift data, and comparing anticipated vertical position data to calculated vertical
position data to identify errors in anticipated vertical position data, thereby developing an
updated vertical position of the vehicle. In exemplary embodiments, the measured

characteristics may be actuator voltage and current or actuator torque.

The present invention further discloses a method for providing constant force or near
constant force suspension of a vehicle having a vehicle body and a vehicle wheel and at least
one actuator connected between vehicle body and vehicle wheel and at least one spring
connected between vehicle body and vehicle wheel, comprising determining relative
displacement between vehicle body and vehicle wheel, computing an exerted force placed
upon vehicle body by at least one spring, determining a supporting force required to support a
static weight of vchicle body. determining a difference between the cxerted force and the
supporting force, determining an actuator force to be applied by the actuator to cancel the
difference, thereby maintaining a substantially constant vertical force on the vehicle body. In
exemplary embodiments, the method may further comprise determining a second actuator
force (proportional .to relative displacement) applied by the actuator, thereby simulating a

spring having a natural frequency approximately between 0.1 Hz and 0.7 Hz.

The present invention also discloses a method for providing constant force or near
constant force suspension of a vehicle having a vehicle body and a vehicle wheel and at least
one actuator connected between vehicle body and vehicle wheel, comprising tracking a
fictitious reference point. determining displacement of the vehicle body relative to the
fictitious reference point, and calculating a modulated torque of at least one actuator necessary

to move the vehicle body to be coincident to the fictitious reference point.

This invention provides methods to control the CFS and NCFS suspension systems
that are particularly well suited for rough off-road conditions, but are also very effective for
on-road conditions. These methods may include determining the vehicle reference height or
vehicle desired vertical position. The present invention does not require direct sensing of
forces exerted on a vehicle body at suspension attachment points, although this information

may be used to supplement the control methods disclosed herein. The vchicle reference
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height may be determined by a method including a windowing technique that predicts
upcoming terrain trends based on the current terrain profile. This technique continuously
monitors suspension travel. Additionally, reference height may also be determined or aided
by driver input, or vehicle vertical position above the ground (ride height) may be
accomplished by properly balancing the forces exerted on the vehicle body from the actuator
and the previously mentioned passive mechanical springs, so as to effect a weak restoring

force (which softly keeps the suspension movement roughly centered in its range of travel).

When using the control methods that involve tracking a reference position, both the
reference position and the vehicle's vertical position is required as well. The present
invention contemplates several techniques to determine these positions. First, a combination
of data from an accelerometer and data from a spectrum analysis and filtering to eliminate the
cffects of accelerometer drift may be combined to determine accurate vehicle vertical
position.  Second, vehicle vertical position may be computed based on measured
characteristics, including, for example, measured road arm angular displacement, angular
velocity. angular acceleration, and either measured actuator voltage and current, or measured
actuated torque, using known models that represent suspension responsc based on these

mcasurements.
BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a simplified block diagram of a mechanical model of one road wheel station.

FIG. 2 is a simplified block diagram of a tracked vehicle suspension system known in

the prior art.

FIG. 3 is a simplified block diagram of a suspension system according to the present

invention as configured to replace a tracked vehicle suspension.

FIG. 4 is a graphical representation of the results of computational programs used to

mode] a suspension system of the M1 tank according to the prior art.

FIG. 5 is a graphical representation of the results of computational programs used to

model the NCFS according to the present invention designed for the M1 tank.

7
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FIG. 6 is a graphical representation ot data obtained from a single wheel station test

rig using NCFS according to the present invention.

FIG. 7 is a block diagram of an exemplary embodiment of the present invention.

DETAILED DESCRIPTION
A. SUSPENSION APPROACH

The present invention provides a new approach to active suspension systems, referred
to as a Constant Force Suspension and a Near Constant Force Suspension, that allows
simplified control strategies. Further, the present invention provides for control strategies for
this suspension system that bypass most of the difficulties associated with the prior art
approaches, and provides good performance for both on-road and rough terrain off-road
vehicle applications, enabling smooth rides over rough terrain without the requirement to
look-ahead. The concepts were developed in the context of a fully active suspension system,
however, it may be possible to use the present invention control techniques with a semi-active
system. In one embodiment of the present invention, an electromagnetic actuator, or a
pneumatic. hvdraulic or other actuator, may be used to replace or supplement torsion or linear
spring and rotarv or linear damper suspension components. The present mvention may be
used with light and heavy vehicles, wheeled or track vehicles, and for both on and off-road
applications. It is to be understood that the present invention may also be used with factory
equipment, mining equipment, and the like. The experimental computational results, plots,
and comparisons with conventional systems discussed below are expressed with respect to an
M1 tank system. It is emphasized, however, that the applications of these concepts are not
limited to the M1 tank application or geometry, or to the use of electromechanical actuators,
and are generally applicable to most vehicular suspension applications. These concepts may

also be applied to other suspension and vibration isolation systems.

The present invention disregards any reference to traditional springs and dampers;
disregards any attempts to actively adjust these components for improved ride qualities; and
disregards any attempts to simulate spring-damper action. Instead, the present invention

focuses on what is needed to isolate a vehicle body (or mass) from the motions of a wheel as

8
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it follows rough terrain. Isolation of a vehicle from surface irregularities is conceptually
simple: if the suspension components attached to a vehicle body (which will be referred to as
a “sprung” mass, despite the possible absence of springs) exert constant forces on the
attachment points, regardless of the wheel motion, the vehicle body will not move and will
remain unaffected by the wheel’s up and down motion. This approach to active suspension is
referred to as a "Constant Force Suspension," (CFS) and may be difficult to achieve, in

practice.

This isolation of the vehicle body cannot be accomplished with real or simulated
spring-damper systems (due to their very nature they exert non-constant forces, as a function
of displacement and/or velocity), except in the non-physical limit of an infinitely long spring.
It may be accomplished, however, with controlled force producing actuators (hydraulic or
electric) serving as the interface between the vehicle body and the wheels as shown in FIG. 3.
FIG. 3 shows a suspension system according to the present invention, as it would be
configured for a typical tracked vehicle (with a trailing arm suspension configuration). The
system includes a road arm 25 attached from a road wheel 15 to an actuator 35, which may

be, for example. an clectromagnetic actuator.

The motion of interest for a vehicle suspension system 1s the linear, vertical

component of the wheel motion. This implies that a lincar actuator. linking the hub of the

-wheel with an attachment point on the vehicle body, generating a constant force on the

attachment point regardless of the vehicle motion, is preferable for a CFS. Such a linear
actuator can be difficult to design and incorporate into a vehicle - especially for off-road
vehicles that require a large suspension stroke, or travel. It is sometimes easier to incorporate
a rotary actuator. especially if it is electromechanical. Due to this requirement to convert
rotary force components (torque) to linear motion, such a rotary device will not maintain a
truly constant vertical force on the suspension attachment point. Additionally, if a linear
actuator embodiment is used, linkages, supplemental springs, road surface irregularities and
actuator irregularities will also likely result in a failure to maintain a true constant vertical
force. Consequently, it is most probable that attempts to pre-program an actuator to produce

constant vertical force on the sprung mass as a function of the position and speed of



10

15

20

25

WO 97/30858 PCT/US97/02883

suspension components will, in reality, only produce an approximation of the correct constant

force (i.e., an imperfect CFS).

FIG. 2 shows a simplified block diagram of an M1 trailing arm suspension system.
This prior art system includes a mass 10, a road wheel 15, trailing arm 25, and a torsion bar
30. Modeling of this suspension system, and other wheeled and tracked vehicle
configurations, however, have shown that the variations in forces transmitted to the body may
be relatively small, typically 5-15% of the force required to support the vehicle static weight.
This allows supplementing the imperfect CFS with simplified feedback and correction
schemes to convert the constant torque system to a close approximation of a constant force
system, which is referred to in the present invention as a “Near Constant Force Suspension,”
(NCFS) or substantially constant force system. As used herein, the term "substantially

constant force” means a force that remains constant or nearly constant.

One significant aspect of the NCFS is that the motion imparted to the sprung mass due
to the imperfect initial approximation to a CFS system is small and slowly varying (low
frequency) - actually more of a slow drift. This slow drift may be on the order of
approximately 0.2 to 1.0 Hz. Such a slow drifting motion is easy to correct using standard
Proportional-Integral-DifTerential (PID) control concepts: is amenable to low frequency.
slower corrective action than for other active suspension concepts: and does not display
instability problems. Although NCFS and CFS algorithms apply to linear force and rotary
torque actuators, rotary actuators arc more commonly available and can be applied either at a
suspension pivot point, or can be combined with a rack and pinion, screw drive, ball screw, or
the like, to produce linear motion. Actuators may be connected between vehicle body and
vehicle wheel using appropriate mechanical brackets, linkages and traditional suspension
geometries. Suspension geometries for many vehicular applications, if not most, can be
adapted to accommodate CFS and NCFS concepts. These suspension geometries may include

for example, dual A-arm, trailing arm, road arms, and the like.

In exemplary embodiments. both CFS and NCFS systems may be supplemented by
mechanical passive springs, typically at each wheel, to reduce energy consumption.

Typically, it is desired that the mechanical springs be very soft, such that the system natural

10
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frequency is under approximately 1 Hz. In exemplary embodiments, the natural frequency
may be between approximately 0.1 Hz to 0.7 Hz. Such springs thereby generate a force that
is more nearly linear, but compressed enough to support the vehicle’s weight while stationary
or traversing smooth terrain. In an exemplary embodiment, the springs may support the static
weight of the vehicle body to thereby reduce force and power requirements from the

actuators.

A constant or near constant force suspension system may be accomplished by sensing
the relative displacement between the vehicle wheels and body; computing the forces exerted
on the vehicle body by the passive supplemental springs; subtracting the force required to
support the vehicle static weight, and determining an actuator force that will cancel the
remaining spring force, thereby maintaining a substantially constant vertical force on the
vehicle body. If the supplemental springs are air springs, output of pressure sensors on the air
springs may be used to compute the force exerted by the springs, which is then canceled by
the force actuator output. All of the control schemes described below work equally well with
such a hybrid system and automatically also serve to help offset the spring’s adverse effects

on vehicle ride and control (as described above).

An exemplary embodiment of the spring concept may involve variable rate or a
multi-stage air spring. Air springs allow very soft springs in a small space. A two-stage air
spring, for example, uses an auxiliary chamber that may be included or excluded from the
main chamber, through the use of a valve. The use of one or more auxiliary chambers creates
multiple choices for air spring pressure. Alternately, the variable rate spring may be obtained
through standard pneumatic system components to adjust air spring pressure. This allows the
selection of a softer spring (which includes both the primary and the supplemental chambers)
or a stiffer spring (using just the primary chamber) as needed to meet additional effective
loads, which is particularly useful in accomplishing roll control during turning maneuvers
without requiring ecxcessive additional force (or torque) capacity from the suspension

actuators.

Results of computer modeling of an electromechanical active suspension system for

an M1 tank indicate that use of a two-stage air spring allows the vehicle to accomplish the full

11
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range of turning maneuvers with a minimally sized torque actuator - only slightly larger than
that required for straight ahead driving. It is envisioned that use of more than one auxiliary
chamber to produce a spring with more than two stages is also possible, although, two stages
are sufficient. All other methods of varying a volume size in such a manner as to accomplish
gas pressure variations, such as those commonly used in pneumatic systems, may also be

applied to accomplish the effects of the multi-stage air spring described above.
B. DETAILS OF CONTROL APPROACHES

With the NCFS, torque variations may be required (through a controlled feedback
loop) to overcome the drifting motion described previously. Control through this feedback
loop is far more simple and less time sensitive than the control required to achieve a fully
active suspension system based on spring-damper models for the suspension components.
Numerical experiments using a model of an NCFS, indicate that delays of approximately 50
milliseconds between the time when drifting (i.e.. body motion) is first sensed until the time
when corrective action is initiated, can be easily tolerated. Delays of approximately 75
milliseconds can be tolerated, but significant performance degradation results. Since actuator
electronic controllers operate with control cycle times of approximatcely 2-10 milliseconds,

these delays represent approximately 5-25 cvcle times.

A simplified block diagram of an exemplary embodiment of the present invention is

shown i FIG. 7. FIG. 7 shows a vehicle body 10. to which is attached actuator 35 and

suspension elements 45. These elements are connected between the vehicle body 10 and
vehicle wheels (not shown in FIG. 7) and provide isolation of the vehicle body 10 from
ground irregularities. Sensing of the suspension elements occurs in sensor 50, which may be,
for example, suspension position and velocity transducers. Sensing of the vehicle body
vertical position occurs in sensor 55, which may be, for example, a vehicle vertical
acceleration transducer. The outputs of these sensors are forwarded to control system 40,
which develops control signals in response therc . These control signals are output from

control svstem 40 and are used to provide force commands to actuator 35.
Onc embodiment of the CFS and NCES concepts first involves the tracking of a
fictitious reference point. The tracking may be performed within a control system, such as a

12
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standard microprocessor controller. The fictitious reference point may be stored within
memory of the microprocessor controller. The fictitious reference point represents the desired
vertical position of the vehicle body. The height of the reference point may be adjusted in
such a manner as to distinguish between bumps (which require no reference point adjustment)
and hills (which require up or down adjustment of the reference point). Then, vehicle body
actual displacement relative to this fictitious reference point may be used to determine
modulated actuator torque, supplemental to the constant torque described above, that is
required to bring the vehicle body position in coincidence with the fictitious reference point.
The reference point and the vehicle height are known when the vehicle is stationary and may
be determined at that time from the angle of the road arm in a trailing arm suspension.
Methods for determining appropriate values for these two heights (actual vehicle and

fictitious reference position) while a vehicle 1s in motion are discussed below.

The target reference height may be determined within the controller's processor
memory by a method comprising a “windowing” technique that predicts upcoming terrain
trends based on the current terrain profile. In this technique, suspension travel is continuously
monitored (through a sensor that measures road arm angular displacement. for example). If,
at any instant. an upper or lower threshold of travel is exceeded. then the reference point is
adjusted upward or downward at a specified rate for a specified short time period. The
adjustment of reference position will cause control signals based on the variation between the
fictitious reference point and the vertical position to be sent to the actuators. This time period
may be between approximately 1 and 20 control cycle times, and more preferably between 3
and 5 cycle times. The upper and lower thresholds establish a window of acceptable
suspension travel that has no effect on the position of the reference point. The window
thresholds and the rate of change for the reference position are adjustable to optimize rides for
various terrain. These window thresholds may be between approximately 50% and 95% of
suspension allowable travel, and more preferably be between approximately 80% and 90%. It
1s possible to develop schemes for automatic adjustment of these parameters, in response to

observed frequency and displacement of suspension components.

With this windowing technique, several factors insure stability in control of the

vertical position of the reference point: (1) the reference position remains unchanged (and
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stable) unless triggered by the suspension travel exceeding an upper or lower bound, (2) when
a change in reference position is initiated, the amount of change is limited by the specified
rate of change and the duration of this rate of change, (3) modeling has shown that, while
undergoing a change of reference point position, the rates of change and the duration of
change for the reference point position need not be large, (4) transition from a stationary
condition to a moving condition for the reference point, and back to a stationary state, is
gradual and smooth (if done properly), and (5) multiple, nested, windows can be used to
initiate faster changes in reference position to be triggered by more severe excursions of
suspension travel - modeling has shown big improvements in using two nested windows and
far less improvement, even some disadvantage, in using three or more windows. In the limit

of an infinite number of infinitesimal windows, the response of springs may be simulated.

The windowing technique is anticipatory. Excess suspension travel triggers a small
adjustment in the reference position on the assumption that the large suspension travel is the
precursor of a hill (as opposed to a bumb that may be accommodated by the suspension). If
the small change in reference position is insufficient, another change will be triggered shortly,
typically after a few controller cycle times. Similarly. if rapid terrain fluctuations result in the
initiation of a reference position displacement in the wrong direction, it will be quickly
corrected.  Since suspension systems arce designed with sufficient travel to accommodate
anticipated terrain conditions (depcndent on vehicle mission), the windowing technique is

effective, as has been shown by modeling results.

Finally. when using the windowing technique for CFS and NCFS systems. it is not
necessary to usc a force sensor between the suspension attachment points and the vehicle
body. Suspension actuators may be first controlled to generate an approximate upward force
on the vehicle body. Vertical drift due to this approximate constant force results in triggering
a movement of the fictitious reference point. This movement may be achieved through the
windowing technique and standard PID control to develop a revised reference position
corrected for drift. Identically, large terrain fluctuations, such as hills or ramps, result in
triggering a movement of the fictitious reference point through the windowing technique and
standard PID control to develop a revised reference position, causing vertical motion of the

vehicle body to track the hill or ramp. Accelerometers on the vehicle body may be used in a
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feedback control loop (using the accelerometer reading) to cause the vehicle body to follow a

prescribed acceleration trace, thereby achieving the desired body motion.

In addition to automated windowing techniques to determine reference height, driver
input may also be used to adjust the reference height. An example of an embodiment of this
concept would involve the vehicle steering wheel being attached to a column that the driver
pulls back to raisc the reference height and pushes forward to lower the reference height, for
example. However, another driver-controlled mechanism, such as levers, knobs, or the like
may be used. Such a system may be very similar to an aircraft (control) system which allow
the driver (pilot) to steer and maintain vehicle (aircraft) height above the ground with one
control mechanism. Windowing information may produce visual or auditory cues to assist the
driver in the driver instrument panel or projected on the vehicle windshield to display the

center of average suspension travel with respect to suspension travel limits.

In addition to reference position, updated information concerning actual vehicle
vertical position is required. Vehicle position or height may be determined from the road arm
angle, which may be averaged over all wheels while the vehicle is stationary. While moving,
there arc at lcast two potential sources for updating this information based on standard
techniques. One source may be an accelerometer, with the output provided to the suspension
control system to be integrated to yield position. [n an exemplary embodiment. multiple
accelerometers on a vehicle may be used to determine pitch, roll, and vertical displacement.
Accelerometers provide present time information only, updated at a high rate. With modern
micro-sensors, accelerometers are quite inexpensive and have already found utility in vehicle
systems (airbags, for example). Higher quality accelerometers (including the integrated
processing), with very low drift rates, are more expensive. Nevertheless, accelerometer drift

will be present, and it is desired to be corrected.

One method for correcting the accelerometer drift is through the use of a high-pass
digital filter, which eliminates the low-frequency, drift terms, but imparts a phase lag on the
result. To counteract the phase lag, a low-pass filter can be used. This method has proven to
be particularly useful in determining a drift-free velocity signal from an accelerometer output.

For on and off-road vehicles, the cut-off frequencies for both the low and high pass filters are

15
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typically between 0.5 and 1.0 Hz. This filtering may be accomplished within the suspension
system control processor, may be accomplished through an analog circuit on the
accelerometer's analog output, or may be accomplished through a digital processor on the
accelerometer output prior to sending the information to the suspension control system

processor.

The second standard technique to determine vehicle height is to use spectral analysis
methods on road arm angular displacement (which may be easily sensed) to filter high
frequency information (bumps) and extract low frequency information (hills). The sensors
and processors for this technique are inexpensive (e.g., standard digital signal processing
chips and accelerometers) and require no development. However, there are shortcomings in
this approach. The most accurate results are obtained for a particular instant when data is
collected over a time interval that contains the instant of interest as the midpoint of the
interval. In other words, accurate frequency analysis information for time “t” requires the use
of data over the time period from “t-Dt” to t+Dt,” where larger Dt results in improved
accuracy. This introduces a delay that cannot be avoided between real time and the time (in
the recent past) for which good information is available. Modeling results on the M1
suspension system have shown that standard spectral analyses and filtering techniques, by
themselves. do not yield sufficiently accurate results while still operating within acceptable

delay umes.

To overcome the shortcomings associated with the two standard techniques discussed
above. two novel special purposc techniques may be used that exploit the features of the
NCFS. One special purpose technique is a combination of accelerometer data and spectrum
analysis data. The accelerometer data is used to keep track of vehicle actual vertical position
(stored within the suspension control system memory). The filtered spectrum results are used
to identify accelerometer drift. Since short term accelerometer drift is minor, slightly delayed
identification of this drift will not result in significant vertical displacement of the vehicle
sprung mass prior to initiation of corrective action (accomplished through control signals sent
to the actuators). Consequently, the quality of the accelerometer will be determined by the

suspension stroke - suspensions with short strokes may be able to accommodate limited
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vertical drift displacement prior to requiring corrective action. For most vehicnlar

suspensions, this will present little problem.

The second special purpose technique identified for usc with the NCFS is to
computationally predict (within the suspension control system processor) vehicle vertical
displacement based on measured road arm angular displacement, angular velocity, angular
acceleration, and either measured actuator voltage and current (which allows computation of
torque) or measured actuator torque (using components that are imbedded into the actuator
design). This computed vehicle vertical displacement may then be compared with the filtered
results (provided to the suspension control system from vehicle body mounted
accelerometers) from frequency spectrum analysis to identify errors. Assuming adequatc
accuracy in the computations (which may be refined and verified in experimental programs),
errors will be small enough that delayed identification (resulting from spectrum analysis

delays) will not result in significant vehicle vertical motions prior to correction.

As with the windowing technique discussed above, success of the two special purpose
techniques identified for tracking actual vehicle vertical height depend on certain features that
arc inherent in the basic NCFS approach: (1) Suspension systems are designed with sufficient
travel 10 accommodate anticipated terrain conditions (dependent on vehicle mission), (2) The
constant torque concept. by itself, produces a near level ride and only slowly drifting motion
(much slower than the vertical motion of the road wheels) of the vehicle body needs to be
corrected, (3) Delays of up to approximately 50 milliseconds in responding to the slow
drifting terms have been demonstrated in modeling to have little adverse effect on ride quality
of the vehicle and delays of approximately 75 milliseconds can be accommodated, (4)
Assuming reasonable accuracy in determining vehicle vertical position using the
accelerometer or computational prediction methods. the errors discovered by the spectrum

analysis method. even with its associated delays, will be minor and delayed correction will

not present a problem.

Another approach to NCFS that does not require knowledge of vehicle body absolute
position. is to properly balance the forces exerted on the vehicle body from the actuator and

the previously mentioned passive mechanical springs, so as to effect a weak restoring force
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(which softly keeps the suspension movement roughly centered in its range of travel). In this
approach, an additional actuator force term is calculated, and superimposed on the force
resulting from the spring cancellation control algorithm (described previously).  This
additional actuator force is computed to be proportional to the relative displacement between
the vehicle and wheels, with a weak proportionally constant, so as to create the effect of a soft
spring. This approach is equivalent to only partially canceling the effects of the passive
spring, effectively making a very weak passive spring. This will keep the suspension within
its intended range of travel and, by adjusting degree of spring cancellation, it is possible to
soften or stiffen the suspension response to accommodate very rough terrain. as appropriate.
This approach allows the vchicle to automatically track large, low frequency, terrain
fluctuations (e.g., hills) while still providing a very minimal suspension responsc to small,

high frequency terrain fluctuations (e.g.. small bumps).

While cancellation of the force fluctuations inherent with the supplemental passive
spring has already been described, cancellation of damping that is inherent with moving
suspension components (such as from friction) is also a desirable feature to include in the
NCFS control algorithm. Damping based on relative motion between the sprung and
unsprung masses creates a varying force on the sprung mass. Consequently. to more closely
approximate a CFS system (which improves NCFS performance) it is desirable to measure
the relative velocity between the sprung and unsprung masses and apply an appropriate
assisting force to offset the resistive, velocity dependent forces that are inherent in suspension

mechanisms. The result is to create the effect of a nearly zero friction system.

Finally, CFS and NCFS approaches are compatible with producing damping of the
sprung mass motion based on absolute sprung mass vertical motion (so called "sky hook
damping"), which is vastly superior to accomplishing damping based on relative velocities
between the sprung and unsprung masses (which is accomplished by the common shock
absorber). To accomplish this damping requires knowledge of sprung mass velocity with
respect to a fixed reference point (e.g.. the center of the earth) and all the methods described
above to determine the sprung mass absolute position are applicable. In an exemplary
embodiment, the combination of a digital low-pass and high-pass filter on the accelerometer

output, as described above may be effective.  The sprung mass absolute velocity is then
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multiplied by a damping constant to produce a velocity dependent damping force that is then
appropriately applied by the actuator. This damping force is added to the forces applied to the
other computed actuator forces (e.g., those necessary to approximately cancel the

supplemental passive spring force fluctuations and to correct for minor sprung motion drifts).

FIG. 4 shows the results of a computational program used to model the NCFS
designed for the M1 tank. Specifically, FIG. 4 shows the calculated performance of the
current M1 tank passive torsion bar suspension system, as is known in the prior art and is
currently in use, over a very challenging terrain. The tank is traversing the terrain at 30 mph.
YW is the path followed by the road wheel as it tracks the terrain, with vertical displacement
in meters. YB is the path followed by the tank body, which is seen to closely mimic YW.
The right axis indicates ground force, which frequently goes negatively (indicating lift-off).
At this rate of travel on this terrain, the tank crew is exposed to accelerations that exceed
human tolerance for sustained exposure. Additionally, the operation of equipment and fire
control systems is not possible. The U.S. Army Tank and Automotive Command indicates
that actual M1 top speed on this terrain, limited by sustained human acceleration limits, is

approximately 12 mph.

FIG. 5 shows the simulated performance of the NCFS system as applied to a sprung
mass of approximately 5 tons (i.e.. an M1 tank). In FIG. 5. the tank is traversing the terrain at
40 mph. Sprung mass displacement (shown at the top of FIG. 5) and roadwheel displacement
(shown at the bottom of FIG. 5) correspond to YW and YB of FIG. 4. The tank path is seen
to be significantly smoothed by using the apparatus and methods of the present invention.
Although ground force is not plotted, it does not come close to becoming negative. The tank
crew, in this simulated case, is exposed to conditions well within human tolerance levels and

would be able to operate all equipment. even sighting a fire control equipment.

FIG. 6 shows test data obtained with a laboratory test rig, using the NCFS system.
The laboratory test rig uses a 5 ton block of concrete to simulate the weight supported by one
road-wheel of an M1 tank and uses a hyvdraulically operated vertical ram to provide vertical

disturbances to simulate terrain fluctuations. The terrain disturbances simulated the same
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terrain shown in FIG. 4 and FIG. 5, at a vehicle speed of 40 mph. In this case, sprung mess

motion is seen to agree with simulations and is also seen to be very small.
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CLAIMS

I. A constant force or near constant force suspension system, comprising;

a vehicle body;

a vehicle wheel;

an actuator connected between said vehicle wheel and said vehicle body to
isolate said vehicle body from surface irregularitics by maintaining a
10 substantially constant force on said vehicle body in response to control

signals;

means for determining and tracking a fictitious reference point, said fictitious
reference point representing a desired vertical position of said vehicle

body;

Dk
n

first sensing means for measuring actual vertical position of said vehicle body:

and

20 a control system for developing said control signals, said control signals
dependent upon said fictitious reference point and said actual vertical

position.

25 2 A constant force or near constant force suspension system as claimed in claim
1, wherein said control system comprises a PID controller for developing said control
signals based upon a difference between said fictitious reference point and said actual

vertical position.

30
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3. A constant force or near constant force suspension system as claimed in claim
1. further comprising at least one spring connected between said vehicle wheel and

said vehicle body to support a static weight of said vehicle body.

4. A constant force or near constant force suspension system as claimed in claim
1, further comprising a second sensing means for determining relative displacement

between said vehicle wheel and said vehicle body.

5. A constant force or near constant force suspension system as claimed in claim
4. further comprising means for adjusting said fictitious reterence point if a window of
acceptable suspension travel having a predetermined upper threshold and lower

threshold has been exceeded by an output of said second sensing means.

6. A constant force or near constant force suspension system as claimed in claim

3. wheren said at least one spring comprises a mechanical or pneumatic spring.

7. A constant force or near constant force suspension system as claimed in claim
6. further comprising a third sensing means for determining air pressure of said

pneumatic spring.

8. A constant force or near constant force suspension system as claimed in claim

6, further comprising a PID controller to correct drift of said mechanical spring.

-9
N
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9. A constant force or near constant force suspension system as claimed in claim
1, further comprising filtering means to adjust said fictitious reference point to thereby

cause said fictitious reference point to track low frequency terrain disturbances.

10. A constant force or near constant force suspension system as claimed in claim
1, wherein said control signals are developed in response to superposition of a
plurality of forces, a first of said plurality of forces proportional to a displacement
between said vehicle body and said fictitious reference point, a sccond of said
plurality of forces proportional to a relative velocity of said vehicle body and said
vehicle wheel, a third of said plurality of forces proportional to an absolute velocity of
said vehicle body, a fourth of said plurality of forces proportional to a relative
displacement of said vehicle body from said vehicle wheel. a fifth of said plurality of
forces proportional tb vehicle pitch, a sixth of said plurality of forces proportional to
vehicle pitch rate, a seventh of said plurality of forces proportional to vehicle roll and
an eighth of said plurality of forces proportional to vehicle roll rate. wherein each of
said plurality ot forces comprises a proportionality constant having a negative, zero,

or positive value.

11 A constant force or near constant force suspension system as claimed in claim

1, wherein said actuator comprises a hydraulic or pneumatic actuator.

12. A constant force or near constant force suspension system as claimed in claim

1, wherein said actuator comprises a linear or rotary electromechanical actuator.

13. A constant force or near constant force suspension system as claimed in claim

1, wherein said first sensing means comprises at least one accclerometer.
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14. A constant force or near constant force suspension system as claimed in claim

13, wherein an output from said at least one accelerometer is integrated to yield said

actual vertical position.

5
15. A constant force or near constant force suspension system as claimed in claim
1, wherein said first sensing means comprises a plurality of accelerometers.

10
16. A constant force or near constant force suspension system as claimed in claim
15, wherein outputs of said plurality of accelerometers are processed to determine
pitch, roll, and vertical displacement of said vehicle body.

15
17. A constant force or near constant force suspension system as claimed in claim
3, wherein said at least one spring comprises a variable rate air spring.

20 18. A constant force or near constant force suspension system as claimed in claim
17, wherein said variable rate air spring controls roll of said vehicle body during
turning maneuvers.

25 19. A constant force or near constant force suspension system as claimed in claim

I, wherein said control signals develop modulated actuator torque.

20. A constant force or near constant force suspension system as claimed in claim

30 1, wherein said fictitious reference point is further determined by driver input.
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21. A constant force or near constant force suspension system as claimed in claim
13, wherein data from said at least one accelerometer is filtered to correct for

accelerometer drift.

22. A method for determining vertical position of a vehicle in motion having a

near constant force suspension system, comprising:

obtaining vertical position data from at least one accelerometer;

obtaining drift data of said at least one accelerometer by spectrum analysis;

and

determining said vertical position from said vertical position data and said drift

data.

23. A method for determining an updated vertical position of a vehicle tn motion

having a near constant force suspension system, comprising:

predicting anticipated vertical position data from measured road arm angular

displacement, angular velocity, angular acceleration and measured

characteristics of an actuator;

obtaining measured vertical position data from at least one accelerometer;,

obtaining drift data of said at least one accelerometer;

determining a calculated vertical position from said measured vertical position

data and said drift data; and
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comparing said anticipated vertical position data to said calculated vertical
position data to identify errors in said anticipated vertical position data.

thereby developing said updated vertical position of said vehicle.

24.  The method of claim 23, wherein said measured characteristics comprise

actuator voltage and current.

25. The method of claim 23, wherein said measured characteristics comprise

actuator torque.

26. A method for providing near constant force suspension of a vehicle having a
vehicle body and a vehicle wheel and at least one actuator connected between said
vehicle body and said vehicle whecl and at least one spring connected between said

vehicle body and said vehicle wheel. comprising:

determining relative displacement between said vehicle body and said vehicle

wheel;

computing an exerted force placed upon said vehicle body by said at least one

spring;

determining a supporting force required to support a static weight of said

vehicle body;

determining a difference between said exerted force and said supporting force;

and
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determining an actuator force to be applied by said actuator to cancel said
difference, thereby maintaining a substantially constant vertical force

on said vehicle body.

27. The method of claim 26, further comprising determining a second actuator
force applied by said actuator, said second actuator force being proportional to said

relative displacement, thereby simulating a spring.

28.  The method of claim 27, wherein said spring has a natural frequency

approximately between 0.1 Hz and 0.7 Hz.

29. A method for providing near constant force suspension of a vchicle having a
vehicle body and a vehicle wheel and at least one actuator connected between said

vehicle body and said vehicle wheel, comprising:

wacking a fictitious reference point,

determining displacement of said vehicle body relative to said fictitious

reference point; and

calculating a modulated torque of said at least one actuator necessary to move

said vehicle body to be coincident to said fictitious reference point.
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