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FIG. 1

(57) Abstract: A suspension system between two bodies, the suspension system including: a first pressure chamber provided be-

tween the bodies; and at least one other pressure chamber provided between the bodies such that the at least one other pressure

chamber opposes the action of the first pressure chamber; and a control system to control the pressure and volume 1n the first pres-
sure chamber and the at least one other pressure chamber to adjust the stiffness value of the suspension system independently of
adjusting a distance between the bodies.



FIELD
[0001] This application relates to suspension systems and in particular to pneumatic

and hydro-pneumatic suspension systems with independent stiffness and height tunings.

BACKGROUND

[0002] Suspension systems are used in most ground vehicles and in many types of
stationary equipment to reduce vibrations/shocks transmitted to a vehicle or equipment body
from road/terrain/track or in general from the ground or a floor. In vehicles, a suspension
system is used to enhance driver/passenger ride comfort, offer effective protection of cargo
and also the vehicle chassis, improve vehicle road-holding and thus handling, and reduce
road damage potential due to dynamic vehicle loadings. In equipment, suspension systems
are used to reduce vibration transmission from the equipment to the ground, and also isolate
the equipment from any ground vibrations. In vehicles however, a suspension system typically
has to be compromised among different performance measures associated with vehicle ride, -
handling, roll and directional stabilities, design space and energy consumption.

[0003] Although considerable progress has been made in developing suspension
systems, there is still a general need for improved systems and in particular for a system that
provides independent control of properties such as stiffness and ride height in an efficient

Mmanner.

SUMMARY
[0004] According to an aspect herein, there is provided a suspension system between
two bodies, the suspension system including: a first pressure chamber provided between the

bodies: and at least one other pressure chamber provided between the bodies such that the at
least one other pressure chamber opposes the action of the first pressure chamber; and a

control system to control the pressure and volume in the first pressure chamber and the at
least one other pressure chamber to adjust the stiffness value of the suspension system

independently of adjusting a distance between the bodies.
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[0005] In a particular case, the pressure and volume In the first pressure chamber and
the at least one other pressure chamber may be independently controlled by the control
system.

[0006] In another particular case, the first pressure chamber and the at least one other
pressure chamber may be pneumatic chambers and the control system includes at least one
regulator and a gas supply for controlling the pressure and volume in the pneumatic
chambers.

[0007] In yet another particular case, the suspension system may further include: a
gas accumulator: and a valve for controlling the flow of gas between the pressure chamber
and the gas accumulator for damping motion of the two bodies. In this case, the valve may
include a variable valve controlled by the control system to adjust the dampening
characteristics according to desired performance. _

[0008] In still yet another particular case, the suspension system may further include:
a sensor in communication with the first pressure chamber and the at least one other pressure
chamber for detecting pressure values; and wherein the control system further monitors the
detected pressure values and determines an appropriate pressure and volume for each
pressure chamber to achieve a desired stiffness value or nominal distance between bodies for
the suspension system.

[0009] In another particular case, the first pressure chamber and the at least one other
pressure chamber may be positioned in-line with one another and with a piston separating the
two chambers.

[0010] In yet another particular case, the first pressure chamber and the at least one
other pressure chamber may be positioned on opposite sides of a lever and the lever and the
first pressure chamber and the at least one other pressure chamber are positioned between
the two bodies such that the lever pivots in relation to at least one of the two bodies.

[0011] In still another particular case, the at least one other pressure chamber may
include left and right pressure chambers positioned on opposite sides of an axle.

[0012] According to another aspect herein, there is provided a suspension system
between two bodies, the suspension system including: a first pressure chamber provided
between the bodies; and at least one other pressure chamber provided between the bodies
such that the at least one other pressure chamber opposes the action of the first pressure

chamber: and a control system to control the pressure in the first pressure chamber and the at
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least one other pressure chamber to adjust the distance between the bodies independently of
adjusting the stiffness value of the suspension system.

[0013] In a particular case, the pressure and volume in the first pressure chamber and
the at least one other pressure chamber may be independently controlled by the control
system.

[0014] According to yet another aspect herein, there is provided a suspension system
between two bodies, the suspension system including: a first pressure chamber provided
between the bodies, wherein the first pressure chamber comprises a first gas chamber and a
first fluid chamber separated by a piston; and at least one other pressure chamber providea
between the bodies, the other pressure chamber comprising a second gas chamber and a
second fluid chamber, the at least one other pressure chamber configured such that the at
least one other pressure chamber opposes the action of the first pressure chamber; and a
control system to control the pressure in the first gas chamber and the second gas chamber to
adjust the stiffness value of the suspension system independently of adjusting the distance
between the bodies.

[0015] In a particular case, the suspension system may further include: a gas
accumulator: and a valve for controlling the flow of gas between the pressure chamber and
the gas accumulator for damping motion of the two bodies.

[0016] In another particular case, the valve may include a variable valve controlled by
the control system to adjust the dampening characteristics according to desired performance.
[0017] According to still yet another aspect herein, there is provided a suspension
system between two bodies, the suspension system including: first and second opposing-
action suspensions, each of the first and second opposing-acting suspensions including: a
first pressure chamber provided between the bodies; and at least one other pressure
chamber provided between the bodies such that the at least one other pressure chamber
opposes the action of the first pressure chamber; and a control system to control the pressure
in the first pressure chamber and the at least one other pressure chamber to adjust the
stiffness value of the suspension system independently of adjusting the distance between the
bodies. wherein the first and second opposing-action suspensions are positioned in relation to
the bodies and interconnected to provide control of roll or pitch of the bodies in relation to
each other.

[00138] In a particular case, the first pressure chamber of the first opposing-action

suspension may be fluidically connected with the at least one other pressure chamber of the

-3 -
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second opposing-action suspension and the first pressure chamber of the second opposing-
action suspension may be fluidically connected with the at least one other pressure chamber
of the first opposing-action suspension.
[0019] In a particular case, the first pressure chamber of the first opposing-action
suspension may be fluidically connected with the first pressure chamber of the second
opposing-action suspension and the at least one other pressure chamber of the first opposing-
action suspension may be fluidically connected with the at least one other pressure chamber
of the second opposing-action suspension .
[0020] According to another aspect herein, there is provided a method of
independently adjusting suspension stiffness and distance between two bodies, the method
including: providing a first pressure chamber and at least one other pressure chamber
between the bodies such that the at least one other pressure chamber opposes the action of
the first pressure chamber:; adjusting the pressure in the first pressure chamber and the at
least one other pressure chamber to adjust the suspension stiffness; and adjusting the volume
of the first pressure chamber and the at least one other pressure chamber to adjust the
distance between the bodies.
[0021] Other aspects and features of the present disclosure will become apparent to
those ordinarily skilled in the art upon review of the following description of specific

embodiments in conjunction with the accompanying figures.

BRIEF DESCRIPTION OF THE DRAWINGS
[0022] Embodiments of the present disclosure will now be described, by way of

example only, with reference to the attached Figures.

[0023] Fig. 1 is a schematic of a suspension system according to an embodiment
herein;
[0024] Fig. 2 is a schematic of a suspension system according to another

embodiment herein;
[0025] Fig. 3 is a schematic of a suspension system according to yet another

embodiment herein;
[0026] Fig. 4 is a schematic of a suspension system according to still yet another
embodiment herein;
[0027] Fig. 5 is a schematic of a suspension system according to still yet another

embodiment herein;
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[0028] Fig. 6 is a schematic of a suspension system according to still yet another
embodiment herein;

[0029] Fig. 7 is a schematic of an experimental suspension system for testing at least
some embodiments herein;

[0030] Fig. 8 is a chart showing suspension force vs. displacement at nominal ride-

height using the experimental suspension system of Fig. 7 ;

[0031] Fig. 9 is a chart showing suspension force vs. displacement at an alternate
ride-height to that of Fig. 8; and
[0032] Fig. 10 is a chart showing suspension force vs. displacement at another

alternate ride-height to that of Fig. 8.

DETAILED DESCRIPTION

[0033] Generally, the present disclosure provides systems and methods for advanced
suspension property tuning and dynamics control. Some embodiments relate to fluidic (either
pneumatic or hydro-pneumatic) suspension systems. The embodiments herein aim to achieve
an enhanced decoupling among different performance measures by independently tuning
suspension stiffness and ride-height subject to different operating conditions. In a general
sense, the system embodiments herein include at least two pneumatic chambers that are not
fluidically connected to each other. The gas volume and pressure characteristics of these
pneumatic chambers can be independently tuned through their own regulators via an external
high-pressure gas supply system. By independently tuning both the volume and pressure of
the gas in the two pneumatic chambers, desirable suspension stiffness properties and venicle
ride-height settings can be conveniently acquired for different vehicle operating conditions,
such as vehicle loading, road roughness, forward speed, and the like.

[0034] The embodiments of the suspension systems disclosed herein are describead
using three general types: (1) pneumatic suspension (PS) systems; (2) hydro-pneumatic
suspension (HPS) systems; and (3) interconnected pneumatic suspension (IPS) systems.
While the embodiments are generally discussed for vehicles, it will be understood that the
discussion is equally valid for the application of embodiments of the suspension systems and
methods in stationary equipment/machines. Further, it will also be understood that the

concepts may be applied in various types of suspension systems within and beyond the three

general types described herein.
[0035] (1) Pneumatic Suspension (PS) System

_ 5.
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[0036] Figure 1 1s a quarter-car schematic of an embodiment of a pneumatic
suspension system 100 with independent stiffness and ride-height tuning. This system 100

consists of a pneumatic cylinder or strut 102 provided between a load 104 (sometimes called
a sprung mass M) and a support 106 (sometimes called an unsprung mass M), such as a
wheel 108 in contact with a ground surface 110. The pneumatic cylinder 102 includes a piston
112 that is connected to the load 104 by a piston rod 114. The pneumatic cylinder 102 also
includes at least two chambers (a first chamber 116 and a second chamber 118 in Fig. 1) that
for this example are positioned above and below the piston 112 to oppose each other's action
providing a double-acting cylinder or strut. The pneumatic suspension system 100 further
includes a regulating subsystem 120 that includes a high-pressure gas supply 122, such as a
compressor or a pressurized gas tank, and a regulator or servo valve 124 for each of the gas
chambers 116, 118. The regulating subsystem may also include a shut off valve 126 for each
of the gas chambers 116, 118. The shutoff valves 126 may be internal or external. The
regulating subsystem 120 also includes a control system including controller 128, such as a
microprocessor, computer, control switch or the like, which controls the regulators 124 and
valves 126. The regulating subsystem 120 may also include a set of sensors (not shown) for
dynamically sensing the pressure in each of the first and second gas chambers 116, 118 as
well as the ride height position of the load 104. By regulating the gas volume and pressure In
each of the first and second chambers 116, 118, desirable suspension stiffness and vehicle
ride-height can be achieved corresponding to vehicle operating conditions and overall
suspension load. The pressure in the first and second chambers 116, 118 Is intended to
always satisfy the static vertical load on the suspension, for example, the pressure in each

chamber can be increased or decreased appropriately to adjust the stiffness. The regulating

subsystem 120 can tune the pressure and volume of the gas in the gas chambers 116, 118
when the vehicle is stationary and shut the valves 126 between the regulators 124 and gas
chambers 116, 118 when the desired tuning is achieved. The pressure and volume of each
gas chamber 116, 118 can be changed, for example, by opening the regulator 124, allowing
the flow of air from the gas supply 122 into the corresponding gas chamber 116, 118. This
allows off-line tuning of suspension stiffness and vehicle ride-height based on the vehicle load,
road conditions, and driving preferences. It is also possible to perform the tuning while the
vehicle is moving adaptively based on the driver preference or road conditions. This tuning is
done by monitoring the average pressure in the gas chambers 116, 118 and also the average

vehicle height, while comparing them with the desired values obtained form the driver

-6 -
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oreference or adaptively from sensors (not shown) such as accelerometers, cameras or the

like that monitor road and vehicle conditions and the like. It will be understood that the

controller 128 may make use of software, look-up tables or other methods for controlling the
pressure and volume in each chamber 116, 118. The particular settings can be determined by
one of skill in the art after having an understanding of the concepts described herein.

10037} The system 100 may also include gas accumulators 130a, 130b, associated
with some or all of the gas chambers 116, 118 depending upon the specific design
requirements and applications. In Fig. 1, first and second gas accumulators 130a, 130b are
connected to the first and second gas chambers 116, 118 through two pipes/tubes 132a, 132b
with orifices 134a, 134b. In this example, each orifice 134a, 134b is configured to include a
flow valve so that an effective area of the orifice 134a, 134b can be flexibly tuned to control
suspension damping. Each variable orifice 134a, 134b can be controlled by the controller 128,
as seen in Fig. 1.

[0038] The use of the gas accumulators 130a, 130b in the pneumatic suspension
system 100 allows for pneumatic damping, with a potential remission or partial remission of
hydraulic dampers. In the tuning of the suspension system 100, the regulators 124 and gas
supply 122 can be used to adjust the average gas pressure and volume in combined first
chamber 116 and first accumulator 130a and combined second chamber 118 and second
accumulator 130b to set a desired stiffness and height. Once set, the shutoff valves 126 can
be used to disconnect the gas chambers 116, 118 from the regulaters 124 and gas supply
122.

[0039] Figure 2 is a schematic based on a pitch-plane view of a quarter-vehicle model

showing another embodiment of a pneumatic suspension system 200 with independent

stiffness and ride—height tunings. In Fig. 2, similar elements are identified by similar reference
numerals.
[0040] The pneumatic suspension system 200 includes separate first and second gas

chambers 116, 118. In this case the gas chambers are shown as flexible air springs or

commercially available air bags and it will be understood that the gas chambers referred to
herein can take many forms. In general, each gas chamber is intended to act in a manner that
is generally mathematically equivalent to a single-acting cylinder. Rather than being in a
double-acting pneumatic cylinder such as that shown in Fig. 1, the gas chambers 116, 118 are
connected to each other through a mechanical system 202 and, via the mechanical system

202, between a load 104 and a support 106 (tire/wheel system). The mechanical system 202

.7 -
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includes a lever 204 that is connected to the support 106 and the gas chambers 116, 118 are

provided on opposite sides of the connection to the support 106. The mechanical system 202

also includes a load bracket 206 connecting the lever 204 to the load 104. The mechanical
system is configured such that, in a relative suspension displacement, one air spring 116 will
be compressed while the other air spring 118 will be extended. In this way, the air springs
116, 118 oppose each other’'s action similar to the suspension in Fig.1. As in the embodiment
of Fig. 1, a high-pressure gas supply 122 together with regulators/ servo valves 124 and shut-
off valves 126 are controlled by a controller 128 to tune the gas volume and pressure of each
air spring 116, 118. Again, external accumulators130a, 130b can also be used to provide a
wide range of stiffness tuning and may include damping properties via orifices/flow valves
134a, 134b. In this case, the gas supply is connected to the gas chambers 116, 118 via the
accumulators 130a, 130Db.

[0041] Figure 3 presents a schematic based on a roll-plane vehicle model of another
embodiment of a pneumatic suspension system 300 with independent stiffness and ride-
height tunings.

[0042] The pneumatic suspension system 300 includes first and second gas
chambers 116, 118, In thi‘s case shown as air springs (or commercially available air bags), at
the left and right sides of an axle 302. The gas chambers 116, 118 are connected to the load
104 and the axle 302. A third gas chamber 304 (shown as an air spring) is provided at the
center of the axle 302 and connected between the load 104 and axle 302 in opposing relation
to the first and second gas chambers 116, 118. As in embodiments above, a high-pressure
gas supply 122 together with regulators/ servo valves 124 and shut-off valves 126 are

controlled by a controller 128 to tune the gas volume and pressure of each air spring 116,
118, 304. In this embodiment, the third gas chamber 304 is also provided with a regulator 124
and shut-off valve 126. For a given suspension displacement, the first and second gas
chambers 116, 118 (left and right air springs) will be compressed/rebounded, while the third

gas chamber 304 (center air spring) will be extended/compressed (opposing actions),

providing a function similar to the suspension in Figs. 1 and 2. Similar to the embodiments
above, external accumulators130a, 130b, including a third accumulator 130c for the third gas
chamber 304, can also be used to provide a wide range of stiffness tuning and may include
damping properties via orifices/damping valves 134a, 134b, including a third orifice/damping
valve 134c for the third gas chamber 304.

[0043] (2)' Hydro-Pneumatic Suspension (HPS) System

-8 -
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[0044] An embodiment of a hydro-pneumatic suspension system 400 with
iIndependent stiffness and ride-height tunings is schematically illustrated in Fig. 4. This
suspension system 400 includes a hydro-pneumatic strut 402 that extends between a load
104 and a support system 106 (both load 104 and support system 106 are represented by
circles in Fig. 4). The strut 402 includes first and second gas chambers 116, 118 and related
first and second hydraulic fluid (oil) chambers 404, 406. The strut 402 is configured such that
a main piston 408 separates the second gas chamber 118 from the second oil chamber 406,
and a secondary piston 410 separates the first gas chamber 116 from the first oil chamber
404. The first gas chamber 116, secondary piston 410, and first oil chamber 404 are arranged
adjacent to each other to act as a piston rod 412, extending from the main piston 408 through
the second gas chamber 118 to the load 104. The first oil chamber 404 abuts the main piston
408 and is in fluid communication with the second oil chamber 406 via a damping system 414
provided through the main piston 410. This “cylinder-in-a-cylinder” design provides for a
compact arrangement.

[0045] The damping system 414 can be similar to those used in commercial shock
absorbers. However, in this particular example, the damping system 414 includes shim disc
valves 416 in conjunction with constant area bleed orifices 418 to achieve variable flow
resistance between the two hydraulic chambers and thus provide suspension damping. It will
be understood that a gas damping system involving the gas chambers 116, 113 similar to
other embodiments herein may also be incorporated either together with or as an alternative
to the damping system 414. Such a gas damping system may be easier to control than the
damping system 414 shown in Fig. 4, for example, in a situation where the suspension system

IS operating at different temperatures or the like.

[0046] With the arrangement of Fig. 4, under a suspension compression stroke, the
gas in the first gas chamber 116 undergoes compression while the second gas chamber 113

undergoes expansion (opposing action). Similarly, the pressure in the second gas chamber
118 undergoes compression during a suspension rebound motion while the first gas chamber

116 undergoes expansion. As such, the two gas chambers 116, 118 act in opposing ways as
in other embodiments. Reference can be made to Cao, D., Rakheja, S. and Su, C.-Y. (2007)
Roll plane analysis of a hydro-pneumatic suspension with twin-gas-chamber struts. Int. J. of
Heavy Vehicle Systems, 14, p. 355-375 and Cao, D., Rakheja, S. and Su, C.-Y. (2008) Pitch
plane analysis of a twin-gas-chamber strut suspension. IMechE J. of Automobile Engineering,

222, p. 1313-1335, with regard to hydro-pneumatic suspensions.

-9
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[0047] This hydro-pneumatic suspension system also includes a regulating subsystem
120 similar to that employed for the pneumatic suspension system presented in Fig. 1. In
particular, a high-pressure gas supply 122 together with regulators/ servo valves 124 and
shut-off valves 126 are controlled by a controller 128 to tune the gas volume and pressure of
each gas chamber 116, 118 so as to achieve desirable suspension stiffness characteristics as
well as vehicle ride-height, subject to different operating conditions.

[0048] (3) Interconnected Pneumatic Suspension (IPS) System

[0049] Figure 5 schematically illustrates an embodiment of an interconnected
pneumatic suspension system 500 based on a vehicle roll-plane representation. The
interconnected pneumatic suspension system 500 includes first and second double pneumatic
struts 502, 504 at each of the left and right sides of a vehicle axle. Each of the first and
second double pneumatic struts 502, 504 include a double-acting strut 506, 508 that is a
double-acting strut with two gas chambers 116, 118, similar to the strut in Fig. 1, and a single-
acting strut 510 with a single gas chamber 512, similar to a conventional pneumatic cylinder.
The left and right double-acting struts 508, 508 are interconnected with each other via
connecting hoses/pipes 514 or the like such that a first gas chamber 116 of the left double-
acting strut 506 is connected to a second gas chamber 118 of the right double-abting strut
508, and vice visa. Such interconnections are intended to provide increased roll stiffness
without affecting the vertical stiffness property of the suspension. The concept of controlling
roll stiffness is discussed in Cao, D., Rakheja, S. and Su, C.-Y. (2008) Dynamic analyses of
roll plane interconnected hydro-pneumatic suspension systems. Int. J. of Vehicle Design, 47,
p. 51-80. The single-acting struts 510 are arranged to be parallel to the double-acting struts
506, 508 so as to share the vehicle load. Similar to the systems in Figs. 1 to 4, a regulating
sub-system 120 is provided wherein a high-pressure gas supply 122 together with regulators/
servo valves 124 and shut-off valves (not shown in Fig. 5) are controlied by a controller (not
shown in Fig. 5) to adaptively adjust the gas volume and pressure of each gas chamber 116,
118 so as to achieve desirable suspension stiffness characteristics as well as vehicle ride-
height, subject to different operating conditions. As shown in Fig. 5, regulators 124 may also
be provided for the single-acting struts 510 to control pressure and volume. Although not
shown in Fig. 5, the regulators 124 for the single-acting struts 510 would also be connected to
a gas supply. Also similar to above embodiments, accumulators 130 may be added to the

single-acting strut 510 and/or one or more of the gas chambers 116, 118 of the double-acting

struts 506, 508.

-10 -
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[0050] The embodiment in Fig. 5 is intended to provide flexibility in suspension
stiffness tuning and considerable benefit in enhancing vehicle roll stiffness and thus vehicle
roll stability while also allowing for independently tuning suspension stiffness as well as
vehicle ride-height subject to a wide range of complex vehicle operating conditions. The
operation and concept are similar to the embodiment shown in Fig 1.

[0051] Fig. 6 schematically presents an embodiment of an interconnected pneumatic
suspension system 600 for a tandem-axle system 602. The tandem-axle system 602 includes
two axles 604a, 604b with wheels 606. For each axle 604 of the tandem-axle system 602, a
pneumatic suspension system 200, similar to that presented in Fig. 2 is used. Only a portion
of the two pneumatic suspension systems 200 is shown in Fig. 6 but it will be understood by

one of skill in the art how the system 200 will be applied. In this embodiment, there Is a
pneumatic connection 608 between each of the first air spring 116 on the first axle 604a and
the first air spring 116 on the second axle 604b as well as between the second air spring 113

on the first axle 604a and the second air spring 118 on the second axle 604b, so as to realize
an even load distribution on the two axles. Again, the intended independent stiffness and ride-
height tuning capability is provided by the regulating sub-system 120 including a high-
pressure gas supply 122, regulators/ servo valves 124, a controller 128 and the like, as

described in reference to Fig. 2.

[0052] Features of the systems and methods herein are intended to include:

(i) Suspension stiffness control by adjusting the pressures of the opposing pneumatic gas
chambers

(i) Height control implementation by controlling the volume of gas in each chamber.

(iii) Independent control of the stiffness and ride height with minimal energy consumption.

(iv) System integration of both stiffness and ride height control.

[0053] Embodiments herein and the ability to adjust stiffness are intended to enhance
the relative or absolute dynamics of load and support bodies with respect to each other. In
particular, this may be used to affect such characteristics as, but not limited to: vibration
isolation, force transmission, noise reduction, vehicle ride handling, roll stability and safety,
road-holding, road friendliness, ride height, and energy consumption.

[0054] The systems and methods described herein are intended to provide a class of
adaptive fluidic (including pneumatic and hydro-pneumatic) suspension systems that are
capable of independently tuning suspension stiffness and load-height characteristicé,

corresponding to different operating conditions. When applied to vehicles, the embodiments of
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road-adaptive suspension systems are intended to improve on existing compromises among
different vehicle dynamics and stability performance measures, with much less energy
consumption compared to fully-active suspensions. In addition to the effective volume and
piston area, air pressure in a pneumatic spring is a key factor that determines the overall
suspension stiffness. In a conventional single-chamber pneumatic spring, the pressure Is
generally not controllable and is determined only by load. Embodiments herein provide
systems and methods that employ a dual-chamber approach, and add a regulation sub-
system so that the chamber pressures can be adaptively adjusted as new design parameters.
Thus, instead of introducing extra volume to adjust stiffness, it is possible to vary the stiffness
by controlling pressures of cylinder chambers independent from just adding extra volume,
which impacts the ride height control. In addition, the ride height control is achieved without an
extra height control system because the regulators are also able to operate simultaneously to
adjust the amount of air that enters into each chamber so that the piston position (thus vehicle
ride height) can be controlled.

[0055] The embodiments of the fluidic suspension systems herein are intended to be
capable of controlling both stiffness and ride height independently, thus overcoming at least
some of the disadvantages of conventional systems. Moreover, no extra height control
components are needed, which leads to a relatively simpler, compact system.

[0056] Pneumatic Suspension System Testing

[0057] | In order to verify the feasibility and modeling of embodiments of the pneumatic
suspension system, a prototype has been built and testing conducted. Fig 7 shows a
schematic of the experimental setup of an experimental pneumatic suspension system 700
including a suspension system 100 similar to that described with respect to Fig. 1. In
particular, a pneumatic cylinder102 is provided between a load 104 and support 106 and
includes a first/upper chamber 116 and a second/lower chamber 118 and a movable piston
112 separating the chambers 116, 118. The gas pressure in the chambers 116, 118 can be
tuned by flow of gas from a gas tank 122 through pressure regulators 124. The suspension
system 700 also includes accumulators 130 connected to the gas chambers 116, 118 through
a flow valve 134 to control damping. A controller 128 is implemented by a computer that
controls the regulators 124 and collects data for analysis. The system 700 also includes
pressure gauges 702 for monitoring pressure at various points in the system for use in the
analysis/control, a hydraulic cylinder 704 to simulate motion of the load 104, a servo valve 706

and servo valve drain line 708 for controlling the hydraulic cylinder 704, a displacement
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sensor 710 to measure the motion of the load 104, and a solenoid valve 712 to disconnect the
gas tank 122 from the chambers 116, 118.

[0058] Figures 8 to 10 show suspension force vs. displacement at three different ride
heights, considered using the experimental pneumatic suspension system 700 of Fig. 7. The
differing ride heights are provided by adjusting the volume of air in each chamber of the

~ pneumatic cylinder 102. Fig. 8 shows the results at a nominal position (nominal ride height).
The three curves with different slopes indicate that at this nominal position, by controlling the
pressures of the two chambers, suspension stiffness can be varied easily. In the experiment
conducted, the suspension stiffness can be adjusted from 16 KN/m to 67 KN/m at nominal
height. The pressure of the upper chamber varies from 1.25 bar to 18.8 bar, while pressure of
the lower chamber varies from 7.6 bar to 21.26 bar. Similarly, Figs. 9 and 10 present the
suspension stiffness tuning flexibility at lower and higher ride height options, respectively.
[0059] The results shown in Figs. 8 to 10 indicate that the embodiment of the
pneumatic suspension system shown in Fig. 7, which is an experimental implementation of
Embodiment shown in Fig 1, is able to tune the stiffness and ride-height independently.
[0060] It will be understood that the systems described above also provide a basis for
a method of independently adjusting suspension stiffness and distance between two bodies,
in particular between a load and a support such as the situation in vehicles. In particular, the
method may include: providing a first pressure chamber and at least one other pressure
chamber between the bodies such that the at least one other pressure chamber opposes the
action of the first pressure chamber; adjusting the pressure in the first pressure chamber and
the at least one other pressure chamber to adjust the suspension stiffness; and adjusting the
volume of the first pressure chamber and the at least one other pressure chamber to adjust
the distance between the bodies. It will be understood that the pressure and volume of a gas
are inter-related properties and that a change in each property can result in a change In the
other property such that, depending on the configuration, a controller or controi system can
generally make use of either property to produce an appropriate result.

[0061] In the preceding description, for purposes of explanation, numerous details are
set forth in order to provide a thorough understanding of the embodiments. However, it will be
apparent to one skilled in the art that, in some cases, these specific details may not be
required. In other instances, well-known structures may be shown in block diagram form in

order not to obscure the understanding.
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[0062] Embodiments herein may include a computer program product (software)
stored in a machine-readable medium (also referred to as a computer-readable medium, a
processor-readable medium, or a computer usable medium having a computer-readable
program code embodied therein). The machine-readable medium can be any suitable
tangible, non-transitory medium, including magnetic, optical, or electrical storage medium
including a diskette, compact disk read only memory (CD-ROM), memory device (volatile or
non-volatile), or similar storage mechanism. The machine-readable medium can contain
various sets of instructions, code sequences, configuration information, or other data, which,
when executed, cause a processor to perform steps in a method according to an embodiment
of the disclosure. Those of ordinary skill in the art will appreciate that other instructions and
operations necessary to implement the described implementations can also be stored on the
machine-readable medium. The instructions stored on the machine-readable medium can be
executed by a processor or other suitable processing device, and can interface with circuitry
to perform the described tasks.

[0063] The above-described embodiments are intended to be examples only.
Alterations, modifications and variations can be effected to the particular embodiments by

those of skill in the art without departing from the scope, which is defined solely by the claims

appended hereto.
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CLAIMS:

L. A suspension system between two bodies, the suspension system comprising:

a first pressure chamber provided between the bodies; and

at least one other pressure chamber provided between the bodies such that the at least one
other pressure chamber opposcs the action of the first pressure chamber;

a lever, wherein the first pressure chamber and the at least onc other pressure chamber are
positioned on opposite sides of the lever and the lever and the first pressure chamber and the at
least one other pressure chamber are positioned between the two bodies such that the lever pivots
in relation to at least one of the two bodies; and

a control system configured to independently control the pressure and volume in the first
pressure chamber and the at lcast one other pressure chamber to independently adjust the

stiftness value of the suspension system and distance between the bodies.

2. The suspension system of claim 1 wherein the first pressure chamber and the at least one
other pressure chamber are pneumatic chambers and the control system comprises at least one

reeulator and a gas supply for controlling the pressure and volume in the pneumatic chambers.

H»
| 4

The suspension system of claim 1 wherein the suspension system turther comprises:
a gas accumulator; and
a valve for controlling the flow of gas between the pressure chamber and the gas

accumulator for damping motion of the two bodies.

1 The suspension system of claim 3 wherein the valve comprises a variable valve
controlled by the control system to adjust the dampening characteristics according to desired

performance.

A

The suspension system of claim 1 further comprising:
a sensor in communication with the first pressure chamber and the at least one other

pressure chamber for detecting pressure values; and
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wherein the control system further monitors the detected pressure values and deternines
an appropriate pressure and volume for each pressure chamber to independently achieve a

desired stiftness value and nominal distance between bodies for the suspension system.

0. A suspension system between two bodies, the suspension system comprising:
first and second opposing-action suspensions, each of the first and second opposing-
acting suspensions cComprising:

a first pressure chamber provided between the bodies; and

at least one other pressure chamber provided between the bodies such that the at
least one other pressure chamber opposes the action of the first pressure chamber:

a lever, wherein the first pressure chamber and the at least one other pressure
chamber are positioncd on opposite sides of the lever and the lever and the first pressure chamber
and the at least one other pressure chamber are positioned between the two bodies such that the
lever pivots in relation to at least one of the two bodies: and

a control system configured to independently control the pressure in the first

pressure chamber and the at least one other pressure chamber.

7. The suspension system of claim 6 wherein the first pressure chamber of the first
opposing-action suspension is fluidically connected with the at least one other pressure chamber
of the second opposing-action suspension and the first pressure chamber of the second opposing-
action suspension is fluidically connected with the at least one other pressure chamber of the first

opposing-action suspensi1on.

8. The suspension system of claim 6 wherein the first pressure chamber of the first
opposing-action suspension is tluidically connected with the first pressure chamber of the second
opposing-action suspension and the at least one other pressure chamber of the first opposing-
action suspension is fluidically connected with the at least one other pressure chamber of the

second opposing-action suspension.
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9. The suspension system ot claim 6, wherein the tirst and second opposing-action
suspensions are positioned in relation to the bodies and interconnected to provide control of roll

or pitch of the bodies in relation to each other.
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