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(54) ACTIVE SUSPENSION WITH STRUCTURAL ACTUATOR

(57) An active suspension system is configured in a strut arrangement. The active suspension system comprises a
hydraulic actuator and a hydraulic pump/electric motor assembly, wherein the actuator movement is preferably in lockstep
with the hydraulic motor-pump and electric motor-generator combination. Torque in the electric motor is instantaneously
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Description

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit under 35 U.
S.C. § 119(e) of U.S. provisional applications serial
number 61/815,251 filed April 23, 2013 and serial number
61/974,406 filed April 2, 2014, each of which is hereby
incorporated by reference herein in its entirety. This ap-
plication is also a continuation in part of international ap-
plication number PCT/US2014/029654 filed March 14,
2014, which is hereby incorporated by reference herein
in its entirety.

INCORPORATION BY REFERENCE

[0002] All references, including publications, patent
applications and patents cited herein are hereby incor-
porated by reference in their entireties to the extent al-
lowable to the same extent as if each reference was in-
dividually and specifically indicated to be incorporated
by reference and was set forth in its entirety.

FIELD

[0003] The present invention relates to active suspen-
sion systems and more specifically to active strut config-
uration suspensions.

BACKGROUND

[0004] The majority of suspension systems for vehicles
on the road today are passive. These systems utilize mul-
tiple linkages, springs and shock absorbers (dampers),
which dissipate energy imparted by the wheels to the
vehicle body. They play a critical role in the comfort, han-
dling and road holding ability that is provided by a vehicle.
One of the key elements of a suspension system is the
shock absorber or damper. Conventional dampers are
used only to dissipate the kinetic energy that is imparted
to the vehicle suspension, for example, by irregularities
in the road surface such as bumps and potholes.
[0005] A typical damper in a passive system is de-
signed to only dissipate energy. It includes a piston in a
cylinder that is rigidly attached to and supported by a
longitudinal piston rod.
[0006] The piston and shaft combination is moveable
in both a compression stroke, where the piston moves
further into the body of the damper, and an extension or
rebound stroke, where the piston moves in the opposite
direction. In a conventional suspension system, road in-
duced vertical wheel motion causes the piston within the
damper to travel axially relative to and within the cylinder
in a manner that forces a viscous fluid, contained in the
cylinder, through various restrictive orifices. This process
causes the road induced energy in the suspension to be
dissipated.
[0007] The force on the piston face opposite the shaft

(hereinafter referred to as the "front piston face") is de-
termined by multiplying the fluid pressure with the cross-
sectional area of the piston that is perpendicular to the
longitudinal axis of the cylinder. However, the force on
the piston face on the side which is attached to the shaft
(hereinafter referred to as the "rear piston face") is de-
termined by multiplying the fluid pressure with the annular
area determined by the difference in the cross-sectional
piston area perpendicular to the longitudinal axis of the
cylinder and the cross-sectional area of the shaft.
[0008] When operated within design tolerances (i.e.
without overheating), the performance of a damper in a
passive system is largely fixed and determined by its
structure and the physical properties of the viscous fluid
and damping valves used. Therefore, comfort, handling
and road holding ability offered by a particular vehicle
model remains largely unvarying. This limitation has
been ameliorated to a limited extent by the introduction
of adaptive suspension systems. Adaptive suspensions
are still largely passive systems in that they still can only
react to road induced forces except that these systems
are able to alter system behavior such as, for example,
by changing the firmness of the suspension.
[0009] Active suspension systems, on the other hand,
introduce much greater flexibility and control by utilizing
the damper, or shock absorber element, as an actuator,
i.e. a forcing (pushing and pulling) and damping (retard-
ing) device. Active suspensions (sometimes referred to
as active dampers) are not only capable of damping road
induced forces, but also of generating and applying active
forces in real time.
[0010] MacPherson struts are a specific class of damp-
ers used in many vehicle suspension systems where the
damper is arranged between the vehicle body and its
wheel assembly. A strut simultaneously acts as a struc-
tural member of the suspension system and a damping
element. Therefore, it is exposed to significant transverse
forces and bending moments. Although use of a strut
suspension allows for an economical system, the side
loading on the damper piston rod and damper housing
necessitates that the piston rod diameter and bearing
arrangement be larger than in non-strut damper applica-
tions. This results in a larger difference between front
and rear piston face areas. Because of this area differ-
ence, when the damper is compressed, the volume of oil
displaced by the piston cannot be accommodated by the
volume made available from behind the piston. On the
other hand, when the damper is extended or rebounds,
the volume of fluid displaced by the back face of the piston
cannot supply sufficient oil to fill the volume opened up
by the motion of the front face of the piston. Therefore,
conventional strut dampers are normally of the ’twin tube’
passive or semi-active configurations whereby the ex-
cess or deficit in hydraulic fluid is accommodated via a
low-pressure reservoir that is in fluid communication with
the compression and/or extension chambers via passive
or semi-active valving. The compression chamber is de-
fined as the fluid filled volume in front of the piston, while
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the extension chamber is the fluid filled volume that is
behind the piston.
[0011] Conventional systems use a low pressure ’twin-
tube’ arrangement where the excess hydraulic fluid is
stored in a low pressure reservoir until it is needed. How-
ever, active systems typically must utilize high hydraulic
pressures in order to provide the required forces in both
directions. Consequently, in an active strut system, ele-
vated reservoir pressures are oftentimes needed.
[0012] However, the larger piston rod diameter of a
strut damper results in a greater mismatch between the
front piston face area and the rear piston face area. When
the damper is in a neutral state, i.e. not being exposed
to longitudinal forces, the front and rear of the piston are
typically exposed to reservoir pressure. Therefore, be-
cause of the area mismatch, an unbalanced force is ap-
plied to the damper piston which would tend to cause the
damper to extend, resisted only by the force of the sus-
pension spring and vehicle weight. The situation is made
substantially more problematic during use when as the
damper temperature increases. As the oil and reservoir
gas expands reservoir gas pressure may reach 150 bar
(approximately 2200 psi) or more due to thermal expan-
sion.
[0013] Active suspension systems apply energy to the
suspension in response to various road loads applied to
a wheel in order to improve vehicle dynamics, occupant
comfort and safety. In order to achieve a desired level of
suspension performance, an active suspension system
needs to have energy either already present or capable
of being provided at an appropriate time. In the case of
hydraulic systems, the necessary energy corresponds to
a necessary hydraulic pressure and flow rate. A conven-
tional approach used in hydraulic active suspension sys-
tems, to ensure that energy is applied in a timely manner,
is a continuously operating pump that provides a desired
hydraulic pressure and flow.
[0014] These types of systems control the fluid flow
and pressure provided by continuously operating the
pump either by controlling the displacement of the pump
and/or using one or more electronically controlled valves
to control the fluid flow and pressure from the pump to
the actuator. Some systems, especially systems includ-
ing fixed displacement pumps, use valves to bypass the
actuator or fill the compression and rebound chambers.
However, it should be noted that in some hydraulic sys-
tems, the speed of the pump may be rapidly adjusted to
increase or decrease the hydraulic flow and/or pressure.
Hydraulic suspension systems are typically powered us-
ing a hydraulic actuator associated with a remotely lo-
cated hydraulic power source used to transfer hydraulic
fluid to and from the actuator via an arrangement of hy-
draulic hoses or tubes. Hydraulic power sources may in-
clude various components including, for example, an
electric motor and pump assembly as well as a fluid res-
ervoir.

SUMMARY

[0015] It is an object of this invention to provide a hy-
draulic actuator for an active strut assembly for a vehic-
ular suspension system. It is a further object of this in-
vention to provide an active strut assembly for a vehicular
suspension system wherein the neutral state force im-
balance between the front face and rear face of a damper
piston is minimized. It is a yet further object of this inven-
tion to provide an active strut assembly for a vehicular
suspension system, with an internal gas reservoir and a
hollow piston rod. It is a yet further object of this invention
to provide an active strut assembly with an integral hy-
draulic motor-pump and electric motor-generator.
[0016] The active suspension system of the invention
may reduce the required overall reservoir gas pressure
necessary to provide damping or to provide force for an
active extension or compression stroke. Certain embod-
iments can eliminate the need for this high-pressure gas
force entirely. These mechanical improvements are pro-
vided while implementing a strut as an active suspension
system. It is a further object of the invention to provide a
less expensive strut assembly able to take side load with-
out significantly compromising active suspension per-
formance. This active suspension architecture of the in-
vention is more economical to produce than many other
active suspension system architectures.
[0017] It is still another object of the invention to provide
an active suspension system with mechanical improve-
ments to the traditional strut design and to respond to
road inputs and create a smoother vehicle ride with better
handling. It is an object of the invention to provide an
active strut that can be seamlessly integrated into many
vehicle suspension systems as they are currently de-
signed and manufactured.
[0018] It is yet another object of the invention to provide
an annular piston rod reducing the difference in effective
area of the two piston faces, reducing the overall gas
force of the system, while maintaining the structural ri-
gidity necessary to support the vehicle chassis and con-
trol wheel movement as implemented by the active sus-
pension.
[0019] It is a further object of the invention to provide
an active suspension strut using a lower maximum gas
force by increasing the volume of the gas chamber. This
improvement allows the overall pressure change in the
chamber to be less with each unit of distance moved by
the piston head, reducing the overall change in pressure
in the chamber and therefore the chamber’s maximum
pressure.
[0020] It is still a further object of the invention to pro-
vide an active strut which may be implemented with no
central DC/DC or energy storage and can use power from
any voltage source available in a vehicle. For example,
the active strut could be powered off a 12V vehicle battery
or off a 48V power electronic system. Using these sys-
tems to power the active strut reduces costs because it
eliminates the need for electrical energy storage within
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the active suspension system itself.
[0021] It is still another object of the invention to provide
a strut that utilizes a smaller motor, as compared to a
motor in a typical active suspension actuator architec-
ture. In some embodiments this may be implemented
with "smart" passive valving, such as, for example, a spe-
cifically-tuned diverter valve. A smaller motor reduces
overall system cost because fewer materials and parts
are required for production. This smaller motor would typ-
ically spin faster at a given actuator velocity in order to
produce force while compensating for its reduced size.
[0022] The diverter valve may be constructed and ar-
ranged to divert a portion of the fluid flow between the
compression volume and the extension volume past the
hydraulic motor-pump, and it might also be used to limit
a pressure, flow, and/or amount of energy applied to the
hydraulic motor-pump. The diverter valve may be con-
figured to activate at a preset fluid flow rate (i.e. a fluid
diversion threshold) and may divert hydraulic fluid away
from the hydraulic motor-pump in response to the hy-
draulic fluid flowing at a rate that exceeds the fluid diver-
sion threshold. The fluid diversion threshold may be se-
lected so that the maximum safe operating speeds of the
hydraulic motor-pump and electric motor are never ex-
ceeded, even at very high speed suspension events.
When the diverter activates and enters the diverted flow
mode, fluid flow to the hydraulic motor-pump is restricted,
and a controlled split flow path is created so that fluid
flow can bypass the hydraulic pump in a controlled man-
ner, thereby creating a damping force on the actuator so
that wheel damping is achieved when the diverter valve
is in the diverted flow mode. A diverter valve may be
incorporated to operate in at least one of the compression
and rebound (extension) stroke directions. The diverter
valve(s) may be located in at least one of the extension
and compression volumes or elsewhere in the hydraulic
circuit.
[0023] It is still another object of the invention to elim-
inate the need for vehicle body accelerometers. The elim-
ination of these components reduces the overall system
cost and enable the active strut to be implemented as
part of a low cost active suspension system.
[0024] It is still another object of the invention to provide
an active strut that utilizes a low-pressure twin-tube with
a base-mounted hydraulic motor-pump configuration.
Packaging the valve and strut together in a housing pro-
vides increased durability and allows for a compact form
factor. This configuration may integrate seamlessly with
current vehicle suspension system designs.
[0025] It is yet a further object of this invention to pro-
vide an active suspension system capable of providing
on demand power which may reduce energy consump-
tion since it does not require continuously operating a
pump. A hydraulic system capable of providing on de-
mand power may include a hydraulic actuator body, a
hydraulic motor-pump, an associated electric motor-gen-
erator operatively coupled to the hydraulic motor-pump,
and a controller. Additionally, the hydraulic motor-pump

may be operated in lockstep with the hydraulic actuator.
In this manner, the energy delivery to the electric motor
may rapidly and directly control a pressure applied to,
and thus the response of, the hydraulic actuator without
the need for ancillary electronically controlled valves. A
hydraulic system capable of providing on demand power
may also reduce the complexity of a system while pro-
viding a desired level of performance.
[0026] According to one aspect, an active suspension
system includes, for example, a hydraulic motor-pump
with two ports. Also included is an actuator assembly with
a first end, a second end, and an internal volume which
includes a rebound volume and a compression volume.
The actuator assembly also includes a piston which sep-
arates the rebound volume from the compression vol-
ume. A hollow piston rod, which is connected to the pis-
ton, includes at least two conduits. One conduit connects
the compression volume to one of the ports of the hy-
draulic motor-pump. The second conduit connects the
rebound volume to the second port of the hydraulic motor-
pump. The conduits in the piston rod may have, for ex-
ample, a circular or an annular cross-section. The system
may include a reservoir that may be at least partially filled
with a compressible material, for example, a gas such
as nitrogen, argon or air. An actuator housing may be
included which comprises a substantially cylindrical cav-
ity, with a substantially open first end, and a second end
with an attachment surface. The actuator assembly may
be slidably held in the cavity while the piston rod is axially
supported with a radially flexible joint attached to the at-
tachment surface at the second end of the housing. The
actuator housing and actuator assembly may comprise
or be a part of a vehicle strut. The hydraulic motor-pump,
which may be a gerotor hydraulic motor-pump, is driv-
ingly connected to an electric motor-generator. The hy-
draulic motor-pump, electric motor-generator and control
electronics may be consolidated into an integral unit. The
hydraulic motor-pump and electric motor-generator may
operate in as many as three or four of the quadrants of
the force velocity domain of the actuator. A hydraulic
valve may be added to the system to limit the operating
speed of the motor-pump.
[0027] According to another aspect, an active suspen-
sion system includes a structural strut actuator, which
includes a hydraulic motor-pump with a first port and a
second port, an electric motor-generator drivingly con-
nected to said hydraulic motor-pump, and an actuator
housing. The actuator includes a cylinder, at least a part
of which is divided into a rebound volume and a com-
pression volume by a piston that is slidably received in
the cylinder. The piston is attached to a piston rod. The
rebound volume is in fluid communication with the first
port and the compression volume is in fluid communica-
tion with the second port. The system may include a low
pressure reservoir and a control system that connects
the reservoir to the port that has the lower pressure. A
strut may be reinforced by, for example, increasing the
piston rod diameter, using an annular piston rod that has
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a cross-section with a stiffer bend tolerance (better struc-
tural rigidity), or by placing the actuator in a ruggedized
housing adapted to accommodate a side-load from the
suspension. The strut actuator may be configured to op-
erate as a load bearing element of a suspension system.
The control system may include, for example, an elec-
tronically controlled valve (such as a solenoid valve), a
pressure actuated valve (such as a blowoff or pilot-op-
erated valve), an inertial valve (such as a spool valve
actuated by external inertial force), or some combination
of valves and other fluid control devices. A pilot valve
may be a pilot operated shuttle valve. The reservoir may
be formed, at least partially, to be an annular volume that
surrounds at least a portion of the actuator cylinder. An
annular volume surrounding the actuator cylinder may
also be used to connect either the compression or the
rebound volume to the appropriate ports of the hydraulic
motor-pump. The reservoir may contain a gas liquid in-
terface or the gas and the liquid may be separated by a
piston or a flexible material. The strut may be configured
to withstand operational loads that are directed at an an-
gle to the longitudinal axis of the piston rod (transverse
or side forces) and to also withstand moments with axes
that are at an angle to the longitudinal axis of the piston
rod.
[0028] According to yet another aspect, an active strut
system of a vehicle is attached to the wheel assembly
and to the body of a vehicle. The strut system includes
a hydraulic actuator comprising a rebound volume and
a compression volume divided by a piston which is at-
tached to a piston rod. A hydraulic motor-pump is includ-
ed which has a first port that is connected to the rebound
chamber volume and a second port connected to the
compression chamber. The hydraulic motor-pump con-
trols the rebound and compression motion of the hydrau-
lic actuator. An electric motor-generator is drivingly cou-
pled to the hydraulic motor-pump. A controller electrically
coupled to the electric motor-generator may be used to
operate the actuator in at least three of four quadrants
of a force velocity domain of the hydraulic actuator. The
strut system may be configured to tolerate side-loading
from said wheel assembly and said body. The hydraulic
motor-pump, the electric motor-generator, and control
electronics may be an integral unit attached to the strut
system. The integral unit is formed by closely coupling
the motor-generator and the motor-pump and housing
them in a single unit with the controller electronics. In a
co-housed configuration, at least the hydraulic motor-
pump and the electric motor-generator share a common
housing with the hydraulic actuator (such as, for example,
side-mounted, base-mounted, or piston head mounted
configurations). The active strut system, including the hy-
draulic actuator, hydraulic motor-pump, and electric mo-
tor-generator, may be preferably packaged to fit in the
wheel well of the vehicle. Additionally, the active strut
system may be coupled with, for example, a mechanical
coil, a leaf spring, or an air spring (such as a folding rubber
bellow active air spring surrounding at least a portion of

the strut).
[0029] The hydraulic motor-pump may be used to
dampen, or retard, the motion of the piston or assist its
motion (actively drive or push/pull) in both the compres-
sion and rebound modes. It is preferred that the response
time of the system be less than 100 milliseconds, more
preferred that it be less than 50 milliseconds, and yet
more preferred that it be less than 25 milliseconds.
[0030] According to yet another aspect, a low cost ac-
tive suspension strut is configured such that a triple tube
arrangement comprises a low-pressure reservoir in one
of the two outer tubes, a base-mounted activalve in fluid
communication with the compression volume, and with
the rebound volume via a concentric tube passageway,
and a valve assembly that keeps the reservoir volume in
fluid communication with the lower pressure of the com-
pression or rebound chambers. A controller is integral to
the activalve housing (and therefor with the electric mo-
tor-generator), and connects directly to a vehicle electri-
cal system (e.g. 12V). The electric motor-generator in
the activalve may be sized smaller than in a typical active
suspension, and run with a high motion ratio such that
movement of the piston creates a high rotational velocity
of the electric motor-generator. Hydraulic valving such
as a diverter valve limits maximum motor speed, and an
electronically controlled or passively controlled force ve-
locity characteristic is affected beyond this speed range.
This embodiment may be used in conjunction with with
one or more anti-roll bars of the vehicle to assist with roll
holding force. The anti-roll bar may be, for example, con-
ventional, tuned to provide a specific roll stiffness, or con-
figured to provide hysteretic performance wherein mini-
mal anti-roll force is provided by the bar for small roll
angles.
[0031] One or more hydraulic valves may be located
in parallel, series, or parallel and series relationship to
the hydraulic motor-pump in order to bypass fluid under
certain circumstances and protect the pump from over-
speeding. The hydraulic valves may be, for example, one
or more diverter valves, velocity sensitive throttle valves
in conjunction with a blow off valve, or electronically con-
trolled solenoid valves. A reservoir is preferably included
in the system that can accommodate piston rod volume.
The fluid used in such active systems may be, for exam-
ple, conventional hydraulic shock absorber fluid or fluid
with controllable properties (such as magnetorheological
and electrorheological fluid wherein viscosity can be con-
trollably altered).
[0032] It should be appreciated that the foregoing con-
cepts, and additional concepts discussed below, may be
arranged in any suitable combination, as the present dis-
closure is not limited in this respect. It should be further
understood, however, that the invention(s) are not limited
to the precise arrangements, variants, structures, fea-
tures, embodiments, aspects, methods, advantages, im-
provements, and instrumentalities shown, and the ar-
rangements, variants, structures, features, embodi-
ments, aspects, methods, advantages, improvements,
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and instrumentalities shown and/or described may be
used singularly in the system or method or may be used
in combination with other arrangements, variants, struc-
tures, features, embodiments, aspects, methods, and in-
strumentalities. Further, other advantages and novel fea-
tures of the present disclosure will become apparent from
the following detailed description of various non-limiting
embodiments when considered in conjunction with the
accompanying figures.
[0033] In cases where the present specification and a
document incorporated herein by reference include con-
flicting and/or inconsistent disclosure, the present spec-
ification shall control. If two or more documents incorpo-
rated by reference herein include conflicting and/or in-
consistent disclosure with respect to each other, then the
document having the later effective date shall control.

BRIEF DESCRIPTION OF DRAWINGS

[0034] The accompanying drawings are not intended
to be drawn to scale. In the drawings, each identical or
nearly identical component that is illustrated in various
figures may be represented by a like numeral. For pur-
poses of clarity, not every component may be labeled in
every drawing. In the drawings:

Fig. 1 is a representation of an exemplary conven-
tional strut suspension system.

Fig. 2 is a representation of an exemplary active sus-
pension strut element with a hollow piston rod.

Fig. 3a is a representation of an exemplary low pres-
sure hydraulic circuit with an active suspension ac-
tuator.

Fig. 3b is a representation of an exemplary pilot valve
used in the hydraulic circuit shown in Fig. 3a.

Fig. 4 is a representation of an exemplary actuator
assembly with an active valve and an actuator in-
cluding an annular piston with an internal accumu-
lator and reservoir.

Fig. 5a is a representation of an exemplary active
strut hydraulic circuit with an actuator including an
annular piston and piston rod.

Fig. 5b is a representation of a second exemplary
active strut hydraulic circuit with an actuator includ-
ing an annular piston and piston rod.

Fig. 6 is a representation of an exemplary hydraulic
actuator with an annular piston and piston rod.

Fig. 7a is an exemplary force/velocity graph for a
conventional semi-active suspension system.

Fig. 7b is an exemplary force/velocity graph for an
active suspension system using four-quadrant con-
trol.

DETAILED DESCRIPTION

[0035] Certain exemplary embodiments will now be
described to provide an overall understanding of the prin-
ciples of the structure, function, manufacture and use of
the system and methods disclosed herein. One or more
examples of these embodiments are illustrated in the ac-
companying drawings and described herein. Those of
ordinary skill in the art will understand that the systems,
methods and examples described herein and illustrated
in the accompanying drawings are non-limiting exempla-
ry embodiments and that the scope of the present inven-
tion is defined solely by the claims. The features illustrat-
ed or described in connection with one exemplary em-
bodiment may be combined with features of other em-
bodiments and these features may be used individually,
singularly and/or in various combinations. Such modifi-
cations are intended to be included within the scope of
the present invention.
[0036] Fig. 1 illustrates conventional strut assembly 1
which comprises a coil spring 2 and damper 3. The strut
assembly 1 is a load bearing element of the suspension
that is attached to the wheel hub 4. As a result, the damp-
er 3 is exposed to forces and moments that are trans-
verse to its longitudinal axis.
[0037] Fig. 2 illustrates an aspect of an embodiment
of the invention. The actuator assembly comprises an
actuator body 10 that is slidably received and reinforced
by the actuator housing 11. The actuator body volume is
divided into compression volume 12 and extension vol-
ume 13 by a piston 14. The actuator body may also in-
clude a gas filled reservoir 15. The actuator body is con-
figured to slide in the housing in response to road induced
forces applied to attachment device 16 and due to pres-
sures generated internally in volumes 12 and 13. The
housing 11 may contain an attachment bracket 25. The
attachment device 16 and bracket 25 may be adapted
so as to connect the actuator assembly to a strut-type
suspension assembly, whereby the actuator assembly
is coupled to a vehicle chassis (i.e. a sprung mass) and
the wheel assembly (i.e. an unsprung mass). Such at-
tachment arrangements are well known in the art and the
invention is not limited in this regard. The housing and
the actuator body may be adapted so that it can support
the forces and moments that are transverse to its longi-
tudinal axis that may be placed upon it due to the strut-
type suspension assembly.
[0038] At least one bearing 26 may be interposed be-
tween the actuator housing 11 and the actuator body 10
so that the actuator body may slide more freely within
the housing while supporting the said forces and mo-
ments. Such a bearing may comprise a low friction sur-
face, a dual seal hydrobearing with hydraulic fluid trapped
between two seals, a ball bearing assembly, or any other
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suitable bearing that reduces static and/or dynamic fric-
tion. The actuator housing 11 may contain a spring sup-
port (not shown) that may allow for a spring (a mechanical
spring, an air spring or other type of spring) to be coupled
between the wheel assembly and the chassis.
[0039] The piston rod 17 penetrates an opening in the
distal end of the housing. Cap 22 seals extension volume
13 and guides piston rod 17. Piston rod 17 is attached
to the housing with collar 18 and fixed in the axial direc-
tion. Collar 18 is preferably configured to allow limited
radial movement relative to the housing, and may be
adapted so that the piston rod is subjected to primarily
an axial load thereby substantially alleviating transverse
loading. In order to reduce transverse loading on the pis-
ton rod 17, other devices may be similarly used so that
the attachment may shift in a radial direction while pro-
viding stiffness in the axial direction. For example, a slid-
ing disc or pivot joint may be used. In addition, for em-
bodiments that include a moveable attachment piston
rod mount 18, a compliant connection between the hy-
draulic motor-pump (activalve) assembly 27 and the rod
ports 19a and 19b may be used. For example, a flexible
hose, an intermediate fluid chamber wherein the rod
ports empty into chambers which are further in fluid com-
munication with the hydraulic motor-pump, a telescoping
fluid channel, or other suitable fluid connection device.
While the embodiment of Fig. 2 shows a side-mounted
activalve 27, the activalve 27 may also be attached to
the piston rod near the base of the assembly such that
it is free to pivot with the piston rod. In such an embodi-
ment, the rod ports 19a and 19b may also directly connect
between the piston rod 17 and the hydraulic motor-pump.
[0040] Fluid may flow into or out of compression vol-
ume 12 through piston port 20a and flow tube 21a in
hollow piston rod 17 and rod port 19a. Fluid may flow into
or out of extension volume 13 through rod port 20b, an-
nular region 21b in hollow piston rod 17, and rod port
19b. A hydraulic motor-pump in an activalve 27 may be
installed in the fluid circuit between ports 19a and 19b.
Whereby the compression volume 12 is in fluid commu-
nication with a first port of the hydraulic motor-pump and
the extension volume is in fluid communication with a
second port of the hydraulic motor-pump. The hydraulic
motor-pump is drivingly connected to an electric motor-
generator, to form a hydraulic motor-pump/electric mo-
tor-generator assembly. The hydraulic motor-pump is
adapted so that when the piston rod moves in a first di-
rection (i.e. a compression stroke), the electric motor-
generator rotates in a first rotational direction, and when
the piston rod moves in a second direction (i.e. an exten-
sion stroke), the electric motor-generator rotates in a sec-
ond rotational direction. In some embodiments therefore,
the motor-generator rotates substantially in lockstep with
the motion of the piston rod (not accounting for leakages
in the system). During some modes, passive valving may
allow the piston rod to move wherein the electric motor-
generator is not in lockstep. The electric motor-generator
may be adapted so that when electrical power is applied,

it will generate a torque that may rotate the electric motor-
generator in either a first or second direction to create a
force (and/or motion) in either the compression or exten-
sion direction, i.e. creating an active force in the second
and forth quadrants of the force velocity graph. The elec-
tric motor-generator may be adapted so that a resistive
torque in the electric motor-generator can create a resis-
tive force in either the compression or extension direc-
tion, i.e. creating a resistive (i.e. damping) force in the
first and third quadrants of the force velocity domain. It
should be appreciated that a controller may merely con-
trol a current in the motor and depending on the operating
point of the overall system, it will operate at a given point
on the force velocity graph. While the first and third quad-
rants are typically referred to as damping quadrants, en-
ergy may be dissipated (or regenerated in recuperative-
capable systems such as several embodiments dis-
closed herein), or for some operating points in the first
and third quadrants net energy may be consumed in the
motor due to inefficiencies. Similarly, energy may be con-
sumed in the second and third operational quadrants.
[0041] Internal reservoir 15 may be included in the ac-
tuator body 10. In the embodiment shown, the reservoir
is incorporated in the compression volume, but may be
incorporated in the extension volume. Alternatively, the
reservoir may be located in the fluid circuit at a point that
is external to the actuator assembly. Similarly, the res-
ervoir may reside in a concentric cavity about the actuator
body or the actuator housing in the case of a multi-tube
(i.e. twin-tube or triple tube) topology. The reservoir may
contain a compressible medium such as, for example, a
gas or foam. In the embodiment shown, the reservoir
comprises a gas piston 23 that forms a gas volume in
the reservoir and separates it from the compression vol-
ume 12. The reservoir may also comprise a gas bag or
other type of compressible medium as is well known in
the art and the invention is not limited in this regard.
[0042] The reservoir functions to take up differences
caused primarily by the volume occupied by the rod 17
in rebound (extension) volume 13. The reservoir can also
compensate for the expansion or contraction of the fluid
in the system due to temperature change or due to fluid
loss due to leakage through the seals. The reservoir may
contain a pre-charge pressure. The pre-charge pressure
will limit the pressure and hence the forces that are gen-
erated in the compression volume (or rebound volume
depending on the reservoir location), and in some em-
bodiments the pre-charge pressure must be at least
equal to the maximum hydraulic pressure in the com-
pression volume (or rebound volume). The gas pre-
charge pressure will impart an axial extension force on
the piston rod that is equal to the gas pre-charge pressure
multiplied by the area of the piston rod and is known as
the gas force. If, in an active suspension, high forces are
required in both the extension and compression direc-
tions, then the gas pre-charge pressure must be ade-
quately high.
[0043] The gas force will act in parallel with the sus-
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pension supporting spring force to create an overall
spring force, and as such the suspension supporting
spring force must be adjusted to account for the gas force
to achieve, for example, the desired static vehicle ride
height. However, the gas force will change due to chang-
es in the pre-charge pressure which may change with,
for example, actuator extension and temperature and the
change in gas force may adversely affect the overall
spring force. It may be, therefore, desirable to reduce the
gas force as much as possible. However if in an active
suspension a high pre-charge pressure is required,
whereby the pre-charge pressure is determined by the
required compression or rebound forces, then it is impor-
tant to keep the piston rod cross-section area to a mini-
mum. By reducing or eliminating any transverse loads
on the piston rod and applying a primarily axial force on
the piston rod, as mentioned previously, the cross-sec-
tion area of the piston rod may be reduced as it only
needs to resist primarily a buckling load as opposed to
a bending moment, therefore reducing the gas force. The
embodiment of Fig. 2 comprises an actuator body and
housing that are adapted to support transverse loads on
the strut while reducing such loads on the piston rod. This
allows the piston rod diameter to be reduced.
[0044] Passive valves (such as diverter valves for ex-
ample) or semi-active valving (such as solenoid operated
valves) may be placed in the fluid circuit in parallel or in
series with the hydraulic motor-pump, and may be con-
figured to limit the maximum rotational velocity of the hy-
draulic motor-pump and/or the maximum pressure within
the compression or extension volumes. The valving may
be located in the actuator assembly, in the hydraulic mo-
tor-pump/electric motor-generator assembly, or else-
where. Such valving is well known in the art and the in-
vention is not limited in this regard.
[0045] In the embodiment shown in Fig. 2, the actuator
assembly and the hydraulic motor-pump/electric motor-
generator assembly are configured as a compact single
body construction thereby eliminating external hydraulic
connections of, for example, flexible hoses, etc. and
therefore reducing the installation cost, and facilitating
the integration of the active suspension strut system into
the vehicle.
[0046] Fig. 3a illustrates another embodiment wherein
a large diameter piston rod may be used to provide struc-
tural rigidity. The actuator assembly 30, which represents
the active portion of a strut, is in fluid communication with
hydraulic motor-pump 31. Piston 32 is attached to rod 33
and separates compression volume 34 from extension
volume 35. The piston in hydraulic cylinder 36 moves in
response to external forces applied to rod 33 and the
balance of hydraulic forces applied to the front face 32a
and rear face 32b of the piston. The actuator assembly
comprises mounting features at the housing 45 and the
piston rod 33 (not shown) so that the actuator assembly
may be connected to a strut-type suspension assembly,
whereby the actuator assembly is coupled to a vehicle
chassis (i.e. a sprung mass) and the wheel assembly (i.

e. an unsprung mass). Such attachment arrangements
are well known in the art and the invention is not limited
in this regard. The housing and the piston rod assembly
may be adapted so that it can support the forces and
moments that are transverse to its longitudinal axis that
may be placed upon it due to the strut-type suspension
assembly.
[0047] Annular volume 37 allows fluid to flow from ex-
tension volume 35 through ports 35a and 35b to a first
port of the hydraulic motor-pump 31. Fluid from compres-
sion volume 34 flows to a second port of hydraulic motor-
pump 31 through port 38. Hydraulic motor-pump 31 is
drivingly connected to electric motor-generator circuitry
such as an H-bridge motor controller. The combination
of the hydraulic motor-pump and electric motor-pump
with electric driver/controller (not shown) is used to alter-
natively absorb energy from the motion of the piston or
provide energy to it, thus controlling its motion. The mo-
tion of the piston is synchronized with the operation of
the motor pump. Therefore in some embodiments energy
or current flow may be bidirectional between the electric
motor-generator and the electric driver/controller.
[0048] Because of the differences in the swept volume
of the front piston face 32a and rear piston face 32b, the
amount of fluid flowing through port 35b is not equal to
that flowing through port 38. The difference is made up
by reservoir 39. Hydraulic liquid flowing into the reservoir
compresses the gas (or other compressible medium) in
the reservoir. The liquid and gas in the reservoir may
form a direct interface or may be separated by, for ex-
ample, a diaphragm, gas filled bag or piston. Alternative-
ly, the gas expands as fluid leaves the reservoir. In the
embodiment shown, reservoir 39 is formed by the annular
volume formed between the housing 45 and a middle
tube 49, so that the reservoir is internal to the actuator
assembly. In alternate embodiments, the reservoir may
be located elsewhere in the actuator assembly or exter-
nal to the actuator assembly.
[0049] Valving system 40 is located in the fluid circuit
parallel to the ports of hydraulic motor-pump 31. The valv-
ing system can be used to alternately connect the reser-
voir such that it is in fluid communication with one or the
other of the motor-pump ports (note this connection may
be through one or more valves, restrictions, chambers,
or similar). Preferably the valving system in this embod-
iment ensures the reservoir is substantially always con-
nected to the port with the lower pressure.
[0050] Valves 40a and 40b may be pilot operated
valves that are activated based on pressure at ports 31a
and 31b. In this embodiment, when pressure at port 31a
is greater than pressure at port 31b, valve 40b opens so
that the reservoir 39 is in fluid communication with the
compression volume 34, while valve 40a is closed. How-
ever, when pressure at port 31b is greater than the pres-
sure at port 31a, then pilot valve 40a is open so that the
reservoir 39 is in fluid communication with the extension
volume 35, while valve 40b is closed. In a similar em-
bodiment, a single shuttle valve with dual pilot ports on
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each side of the moveable slider may be used to selec-
tively communicate fluid from the reservoir 39 to one of
the compression and extension volumes (which are in
fluid communication with respective ports of the hydraulic
motor-pump 31). Alternative valve configurations may be
used and may include, for example, an electronically con-
trolled valve (such as a solenoid valve), a pressure ac-
tuated valve (such as a blowoff or pilot-operated valve),
an inertial valve (such as a spool valve actuated by ex-
ternal inertial force), or some combination of valves and
other fluid control devices. A pilot valve may be a pilot
operated shuttle valve.
[0051] Also, as an alternative, annular volume 37 may
be eliminated and port 35a may be connected directly to
port 35b. In some embodiments, the valving to keep the
low pressure reservoir on the low pressure side of the
hydraulic motor-pump 31 may additionally include sec-
ondary valving or features such as damping and cross-
fluid-communication bleed ports in order to reduce noise,
vibration, and harshness associated with switching the
reservoir between fluid volumes.
[0052] In Fig. 3a, the motor-pump 31 is shown outside
the actuator assembly 30. Alternatively, the motor-pump
31 and the electric motor-generator may be incorporated
with the piston 32 or elsewhere in the cylinder 36 such
as at the base (bottom) of the housing. In the embodiment
depicted in Fig. 3a, the valve system 40 is adapted so
that the reservoir is in fluid communication with the motor-
pump port (and hence the respective compression or ex-
tension volume) that is at the lower pressure. Thereby,
the pressure in the reservoir is not determined by the
required maximum operating pressure within either the
compression or extension volume, as is the case in the
embodiment of Fig. 2, therefore allowing for a low reser-
voir pre-charge pressure. The low pre-charge pressure
reduces the gas force (as described previously) and as
such allows for a large diameter piston rod to be used so
that it can withstand the longitudinal forces and moments
that may be imparted upon it from the strut type suspen-
sion configuration. Such a configuration may have im-
proved durability and lower manufacturing cost.
[0053] Passive valves (such as diverter valves for ex-
ample) or semi-active valving (such as solenoid operated
valves) may be placed in the fluid circuit in parallel or in
series with the hydraulic motor-pump, and may be con-
figured to limit the maximum rotational velocity of the hy-
draulic motor-pump and or the maximum pressure within
the compression or extension volumes. The valving may
be located in the actuator assembly or the hydraulic mo-
tor-pump/electric motor-generator assembly. Such valv-
ing is well known in the art and the invention is not limited
in this regard.
[0054] In the embodiment shown in Fig. 3, the actuator
assembly, the valve system and the hydraulic motor-
pump/electric motor-generator assembly and reservoir,
may be configured as a compact single body construction
thereby eliminating external hydraulic connections of, for
example, flexible hoses, etc. and therefore reducing the

installation cost, and facilitating the integration of the ac-
tive suspension strut system into the vehicle.
[0055] Fig. 3b is a detailed view of a pilot operated
valve 40a that may be used in valving system 40 shown
in Fig. 3a. The valve system 40a comprises a first port
41 and a second port 42 located in a body 43, a pilot
chamber 44, a pilot diaphragm 45, a sealing element 46,
a connecting member that couples the diaphragm to the
sealing element, and a spring element 47. The body con-
tains a sealing surface 48. The spring element 47 applies
a force to the sealing element so that the sealing element
is in contact with the sealing surface 48 in the body, to
provide at least a partial fluid seal.
[0056] The valve is adapted so that in a first mode, if
the pressure in the first port is higher than that of the
pressure in the second port, pressure in the first port will
act upon the first side 46a of the sealing element 46 to
unseat the sealing element from the sealing surface,
thereby allowing fluid flow from the first port to the second
port - regardless of the pressure in the pilot chamber 44.
In a second mode, fluid flow from the second port to the
first port is at least partially blocked by the sealing ele-
ment forming at least a partial seal with the sealing sur-
face when the pressure in the pilot chamber is below a
threshold. In a third mode, there is fluid flow from the
second port to the first port when pressure in the pilot
chamber reaches, or is above, a threshold. In the second
mode, pressure in the second port will act upon the sec-
ond side 46b of the sealing element generating an axial
force that will act in parallel with the spring force to gen-
erate a sealing axial force. The sealing axial force will act
upon the sealing surface so that it is in contact with the
sealing surface in the body to provide at least a partial
fluid seal from the second port to the first port. In the third
mode however, pressure in the pilot chamber will act up-
on the diaphragm to generate an unseating axial force,
opposing the sealing axial forces from the spring element
and the pressure in the second port. The unseating axial
force is transmitted to the sealing element via the con-
necting member, and when a threshold pressure is
reached in the pilot chamber, the unseating axial force
will overcome the sealing axial force and unseat the seal-
ing element from the sealing surface, thereby allowing
fluid to flow from the second port to the first port.
[0057] In the embodiment depicted, the first port is in
fluid communication with the reservoir, the second port
is in fluid communication with either the compression vol-
ume or the extension volume. If the second port is in fluid
communication with the compression volume, the pilot
chamber is in fluid communication with the extension vol-
ume, and if the second port is in fluid communication with
the extension volume, the pilot chamber is in fluid com-
munication with the compression volume.
[0058] Although in the embodiment shown a spring el-
ement is used to provide a partial sealing axial force to
help the sealing element form a seal against the sealing
surface, the diaphragm itself may be adapted to provide
at least a partial sealing axial force. It is also possible to
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rely solely upon the pressure in the second port acting
upon the second side of the sealing element to provide
the sealing axial force, and the invention is not limited in
this regard.
[0059] In the embodiment shown, a diaphragm is dis-
closed to generate the unseating axial force from the
pressure in the pilot chamber. This diaphragm may be
constructed from a metallic material, an elastomeric ma-
terial or other type of material. The diaphragm may be
replaced by a piston or disk or other type of element or
device to transmit the unseating force from the pressure
in the pilot chamber, and the invention is not limited in
this regard.
[0060] Fig. 4 illustrates an aspect of yet another em-
bodiment of the invention. The actuator assembly 50,
and hydraulic motor-pump/electric motor-generator as-
sembly (herein called "activalve" 51"), are consolidated
in a single body housing 52. The piston rod 53 is annular
in construction. Annular piston 54 is rigidly attached to
the distal end of annular piston rod 53 (or may be formed
from the annular piston rod). The bore of the annular
piston head contains a seal 55 that seals against the
outside surface of an inner tube 56. The outside diameter
of the annular piston 54 is greater than that of the piston
rod outside diameter. The outside cylindrical surface of
the piston head contains a seal that seals against the
inside diameter of a pressure tube 57. A rod guide 58a
and rod seal 58b seals between the inside diameter of
the pressure tube 57 and the outside of annular piston
rod 53 to form an annular extension volume 59.
[0061] A seal block 60 seals one end of the annular
space between the inside surface of the pressure tube
and the outside surface of the inner tube to form an an-
nular compression volume 61. The inner tube contains
an accumulator 62 that is in fluid communication with the
compression volume 61, via passages or ports 63 in seal
block 60. Alternatively, openings (not shown) in the inner
tube may be utilized for fluid transfer between the accu-
mulator 62 and compression volume 61. A floating piston
64 separates the accumulator from reservoir 65 that con-
tains a compressible medium. The accumulator is pref-
erably sized such that it can at least accept fluid displaced
by the annular rod. The compression volume 61 is in fluid
connection with a first port 66 of the hydraulic motor-
pump.
[0062] The annular passage 67 is in fluid communica-
tion with the extension volume 59, by means of passages
or ports 68 in the pressure tube 57. Alternatively, this
fluid communication may be attained by using passages
in rod guide 58. The annular volume is in turn in commu-
nication with a second port 69 of the hydraulic motor-
pump of the activalve 51.
[0063] The activalve is adapted so that when piston
rod moves in a manner that enlarges compression vol-
ume 61, fluid flows from the annular extension volume
59, through the annular passage 67, to port 69 of the
hydraulic motor-pump of the activalve 51. Fluid then flows
out of port 66 of the hydraulic motor-pump of the activalve

to the compression volume 61. Simultaneously, the vol-
ume of the displaced annular piston rod 53 is replenished
from fluid flow from the accumulator 62 to the compres-
sion volume 61.
[0064] When the actuator assembly 50 is in compres-
sion, fluid will flow from the compression volume to port
66 of the hydraulic motor-pump of the activalve 51, and
will flow out of port 69 of the hydraulic motor-pump of the
activalve 51, to the annular extension volume 59. The
fluid volume displaced by the introduction of the annular
rod is accepted by the accumulator 62 in the inner tube.
[0065] A volume exists between the inside surface of
the annular piston rod 53 and the outside surface of the
inner tube 56 that is a ’dead volume’ and does not sig-
nificantly affect the operation of the damper. This volume
can be vented to the atmosphere via a passage at the
near end of the annular piston rod 53 or can be filled with
a gas at or near atmospheric pressure when the actuator
assembly 50 is at full compression. The trapped gas will
then expand as the piston rod 50 is withdrawn so that
the gas pressure falls below this initial charge pressure.
[0066] As mentioned previously, it is desirable to keep
the gas force to a minimum and by the proper selection
of the annular piston rod inside and outside diameters,
it is possible to have a small annular area (that is similar
to that of conventional monotube dampers) and yet have
the annular piston rod have the structural rigidity similar
to that of conventional passive strut dampers, making
the arrangement of Fig. 4 suitable for strut applications
without the penalty of high gas forces from a large piston
rod. This arrangement also has the further advantage
that the accumulator volume is contained inside the an-
nular piston rod, thereby not impacting the ’dead length’
of the damper or requiring an external accumulator.
[0067] Fig. 5a illustrates an aspect of yet another em-
bodiment of the invention. Actuator assembly 70 having
substantially cylindrical housing 71 slidably receives an-
nular piston rod 72. Annular piston 73 is attached to the
distal end of piston rod 72 and forms a seal against the
inner cylinder surface of housing 71.
[0068] Guide 74 is sealably attached to the inner cy-
lindrical surface of housing 71 and seals against the outer
cylindrical surface of piston rod 72. An annular volume
is defined by the inner cylindrical surface of the housing
71 and the outer cylindrical surface of piston rod 72. An-
nular surface 73a of piston 73 and annular surface 74a
of guide 74 is the rebound (extension) volume 75 of the
actuator assembly 70. Cylindrical inner tube 76 is at-
tached to the substantially cylindrical housing 71 at its
distal end. Seal 77 is attached to the outer surface of
inner tube 76 at its near end and seals against the cylin-
drical inner surface of piston rod 72 defining a compres-
sion volume 78. The fluid in compression volume 78 ex-
erts an axial force on piston rod 72 that is equal to the
product of the pressure in compression volume 78 with
the area of circular section 79.
[0069] The axial force exerted on piston rod 72 by the
pressure of the fluid in rebound (extension) volume 75 is
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equal to the pressure in rebound (extension) volume 75
multiplied by the annular area 73a. Therefore, if the pres-
sure in extension volume 75 is equal to the pressure in
compression volume 78, and areas 73a and 79 are equal,
then there would be no net axial force on piston rod 72.
Furthermore, if the annular area 73a is equal to circular
area 79, then volume displaced in the extension volume
as a result of the outward motion of the piston rod is equal
to the change in the size of the compression volume.
[0070] However, because of manufacturing toleranc-
es, it is likely that the changes in these volumes will not
balance precisely and the use of a small reservoir in the
fluid circuit is preferred to accommodate any changes in
these volumes. Compression volume 78 is in fluid com-
munication with a first port of hydraulic motor-pump 80.
Rebound volume 75 is in fluid communication with a sec-
ond port of hydraulic motor-pump 80. Hydraulic motor-
pump 80 is drivingly connected to an electric motor-gen-
erator. The hydraulic motor-pump 80 can be driven in
one direction to draw fluid from the compression volume
and force it into the extension volume exerting a force on
the piston in the rebound (outward) direction. The proc-
ess could be reversed by reversing the direction of the
hydraulic motor-pump.
[0071] As explained above, minor differences may ex-
ist between annular area 73a and circular area 79, for
example, because of manufacturing tolerances. There-
fore, when the piston moves in one direction, there could
be an excess of fluid in the fluid circuit and a deficit of
fluid when it is moved in a reverse direction. Under certain
circumstances, such as change in temperature, fluid may
again have to be removed or added to the circuit. It is,
therefore, desirable to include reservoir 81. Reservoir 81
is fluidly connected at a convenient point in the fluid circuit
but preferably in close proximity to the first or second port
of hydraulic motor-pump 80. The reservoir may be con-
nected via check valves 82a and 82b that will allow fluid
to be withdrawn from the fluid circuit or replenished to it
respectively. The reservoir may contain a compressible
medium such as, for example, a gas, foam or spring and
diaphragm, or may also comprise a gas bag or other type
of compressible medium as is well known in the art and
the invention is not limited in this regard.
[0072] If a valve is used to allow fluid flow in the direc-
tion from the hydraulic circuit to the reservoir, then this
valve must also allow for adequate pressure to be gen-
erated in the hydraulic circuit to create the desired max-
imum compression or rebound forces. This can be
achieved in several ways, such as: the valve might be a
relief type valve whereby fluid flow is substantially
blocked from the hydraulic circuit to the reservoir until a
pressure threshold is reached, whereby the pressure
threshold is equal to or greater than the maximum desired
pressure generated in either the compression or rebound
chambers; the valve could offer a flow restriction (by
means of an orifice, for example, or other means), where-
by this flow restriction would offer a small pressure drop
under small flow rates (such as due to thermal expansion

or area mismatch), but then offer a large pressure drop
(and hence flow restriction) under higher flow rates such
as when the actuator assembly is under a compression
or rebound stroke. Other forms of valve can achieve sim-
ilar functionality and these types of devices are well
known in the art, and the invention is not limited in this
regard.
[0073] It is possible that the reservoir could be in direct
fluid communication with the hydraulic circuit without the
use of valves, whereby the pre-charge pressure of the
reservoir is such that the desired maximum pressures in
the compression and rebound volumes can be attained.
As the compression and rebound areas are substantially
similar, a high reservoir pre-charge pressure results in
little or no gas force.
[0074] A volume 83 exists between the inside surface
of the housing 71 and the outside surface of the cylindrical
inner tube 76 that is a ’dead volume’ and does not sig-
nificantly affect the operation of the damper. This volume
can be vented to the atmosphere via a passage in the
housing or can be filled with a gas at or near atmospheric
pressure when the actuator assembly 70 is at full com-
pression. The trapped gas will then expand as the piston
rod 72 is withdrawn so that the gas pressure falls below
this initial charge pressure.
[0075] The housing and annular piston rod combina-
tion may be adapted so that it can support the forces and
moments that are transverse to its longitudinal axis that
may be placed upon it due to its use in a strut-type sus-
pension assembly.
[0076] Fig. 5b illustrates an aspect of still another em-
bodiment of the invention. The actuator assembly 90 is
similar to the actuator of Fig. 5a. The elements in Fig. 5b
that are the same as corresponding elements in Fig. 5a
are numbered accordingly.
[0077] The principal differences between the embodi-
ments of Figs. 5a and 5b are that an annular seal 91 has
been added in Fig. 5b and seal 77 that was present in
the embodiment of Fig. 5a is not used in the apparatus
of Fig. 5b.
[0078] Seal 91 is attached to the inner cylindrical sur-
face of annular piston 72 and seals against the outer
cylindrical surface of inner tube 76, whereas the seal 77
seals against the inner diameter of annular piston 72.
Using a seal that seals against an outer cylindrical sur-
face as opposed to an inner diameter is preferred in terms
of manufacturability and cost, as it is easier to manufac-
ture a smooth running, close tolerance surface suitable
for a hydraulic seal on an outer profile as opposed to an
inner profile.
[0079] The annular volume defined by the inner cylin-
drical surface of the housing 71, the outer cylindrical sur-
face of piston rod 72, the annular surface 73a of piston
73 and the annular surface 74a of guide 74 is the rebound
(extension) volume 75 of the actuator assembly 70. Cy-
lindrical inner tube 76 is attached to the substantially cy-
lindrical housing 71 at its distal end. The fluid compres-
sion volume 93 of the embodiment in Fig. 5b includes
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the annular region 93a. The fluid in compression volume
93 exerts an axial force on piston rod 72 that is equal to
the product of the pressure in compression volume 93
with the area of circular section 79 minus pressure in
compression volume 93 with the area of circular section
92.
[0080] The axial force exerted on piston rod 72 by the
pressure of the fluid in rebound (extension) volume 75 is
equal to the pressure in rebound (extension) volume 75
multiplied by the annular area 73a. Therefore, if the pres-
sure in the rebound (extension) volume 75 is equal to the
pressure in compression volume 93, and area 73a is
equal to area 79 minus area 92, then there would be no
net axial force on the piston rod 72. Furthermore, if the
annular area 73a is equal to circular area 79 minus area
92, then the volume displaced in the rebound (extension)
volume as a result of the outward motion of the piston
rod is equal to the change in the size of the compression
volume.
[0081] However, because of manufacturing toleranc-
es, it is likely that the changes in these volumes will not
balance precisely and the use of a small reservoir in the
fluid circuit is preferred. The arrangements of the reser-
voir may be similar to that of the embodiment of Fig. 5a
[0082] Fig. 6 illustrates an aspect of yet another em-
bodiment of the invention. The actuator assembly 100
and hydraulic motor-pump/electric motor-generator as-
sembly (herein called "activalve" 101) are consolidated
in a single body housing 102. The piston rod 103 is an-
nular in construction. Annular piston 104 is rigidly at-
tached to the distal end of annular piston rod 103 (or may
be formed from the annular piston rod). The bore of the
annular piston head contains a seal 105 that seals
against the outside surface of an inner tube 106. The
outside diameter of the piston head 104 is greater than
that of the piston rod outside diameter. The outside cy-
lindrical surface of the piston head contains a seal that
seals against the inside diameter of a pressure tube 107.
A rod guide 108a and rod seal 108b seals between the
inside diameter of the pressure tube 107 and the outside
of annular piston rod 103 to form an annular extension
volume 109.
[0083] A seal plate 110 seals one end of the annular
space between the inside surface of the pressure tube
and the outside surface of the inner tube to form an an-
nular compression volume 111a and a compression vol-
ume 111b. Seal plate 110 is pervious and allows fluid to
flow freely between compression volumes 111a and
111b. Reservoir 112 is at least partially filled with a com-
pressible material. The reservoir is preferably separated
from volume 111b by piston 113. The reservoir is pref-
erably sized such that it can at least accept fluid displaced
by the annular rod. The compression volume 111a is in
fluid connection with a first port 114 of the hydraulic mo-
tor-pump. The annular passage 115 is in fluid communi-
cation with the extension volume 109, by means of pas-
sages or ports 116 in the pressure tube 107. Alternatively,
this fluid communication may be attained by using pas-

sages in rod guide 108. The annular volume is in turn in
communication with a second port 117 of the hydraulic
motor-pump of the activalve 101.
[0084] The activalve is adapted so that when the piston
rod moves in a manner that enlarges compression vol-
ume 111, fluid flows from the annular extension volume
109, through the annular passage 115, to port 117 of the
hydraulic motor-pump of the activalve 101. Fluid then
flows out of port 114 of the hydraulic motor-pump of the
activalve to the compression volume 111a. Simultane-
ously, the volume of the displaced annular piston rod 103
is replenished from fluid flow from the compression vol-
ume 111b to the compression volume 111a.
[0085] When the actuator assembly 100 is in compres-
sion, fluid will flow from the compression volume to port
114 of the hydraulic motor-pump of the activalve 101,
and will flow out of port 117 of the hydraulic motor-pump
of the activalve 101, to the annular extension volume
109. The fluid volume displaced by the introduction of
the annular rod is accepted by the volume 111b.
[0086] A volume exists between the inside surface of
the annular piston rod 103 and the outside surface of the
inner tube 106 that is a ’dead volume’ and does not sig-
nificantly affect the operation of the damper. This volume
can be vented to the atmosphere via a passage at the
near end of the annular piston rod 103 or can be filled
with a gas at or near atmospheric pressure when the
actuator assembly 100 is at full compression. The
trapped gas will then expand as the piston rod 100 is
withdrawn so that the gas pressure falls below this initial
charge pressure.
[0087] As mentioned previously, it is desirable to keep
the gas force to a minimum and by the proper selection
of the annular piston rod inside and outside diameters,
it is possible to have a small annular area (that is equal
in area to that of conventional monotube dampers) and
yet have the annular piston rod have the structural rigidity
similar to that of conventional passive strut dampers,
making the arrangement of Fig. 6 suitable for MacPher-
son strut applications without the penalty of high gas forc-
es from a large piston rod.
[0088] Figs. 7a and 7b present plots of various ways
to control a hydraulic actuator integrated into a suspen-
sion system within a force velocity domain. As illustrated
in the figures, the force velocity domain includes a first
quadrant I corresponding to rebound (extension) damp-
ing where a force is applied by the hydraulic actuator to
counteract rebound (extension) of hydraulic actuator.
Similarly, quadrant III corresponds to compression
damping where a force is applied by the hydraulic actu-
ator to counteract compression of the hydraulic actuator
by a compressive force. In contrast, quadrants II and IV
correspond to active compression and active extension
of the hydraulic actuator where it is driven to a desired
position or with a desired force.
[0089] In some embodiments, a fully active system op-
erated in at least three of the four quadrants of a force
velocity domain provides bidirectional energy flow. More
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specifically, in at least a portion of quadrants I and III,
energy is regenerated by the electric motor-generator
being driven during compression damping and rebound
(extension) damping, and in quadrants II and IV energy
is applied to and consumed by the electric motor-gener-
ator to actively extend or compress the hydraulic actua-
tor. Energy being regenerated refers to net energy being
delivered from the electric motor to/through the motor
controller, and it is not necessarily transferred to an out-
side load (e.g. it may be intentionally dissipated in the
windings of the motor). Such a hydraulic actuation sys-
tem may be particularly beneficial as compared to previ-
ous hydraulic actuation systems integrated with a sus-
pension system because it does not require the use of
separate actively controlled valves to control the flow of
fluid to and from various portions of the hydraulic actuator
body. In other embodiments, electronically controlled
valves may be used to create a dissipating force in quad-
rants I and III. In such systems, energy might only be
consumed.
[0090] While embodiments of a hydraulic actuator as
described herein are capable of operating in all four quad-
rants of the force velocity domain, the energy delivered
to the hydraulic actuator is controlled by the force, speed
and direction of operation of the electric motor-generator
and hydraulic motor-pump. In some embodiments the
force from the actuator is directly controlled by controlling
a current or other characteristic in the electric motor-gen-
erator. In some embodiments, when an active actuator
force is commanded, energy may consumed on demand.
More specifically, the electric motor-generator and the
hydraulic motor-pump, as well as other associated com-
ponents, continuously reverse operation directions, ac-
celerate from one operation speed to another, and go
from a stop to a desired operation speed throughout op-
eration of the hydraulic actuator. Consequently, a re-
sponse time of the hydraulic actuator will include delays
associated with the ability of these various components
to quickly transition between one operation state and the
next. This is in comparison to systems that simply open
and close valves associated with a hydraulic line includ-
ing a constant flow of fluid and/or pressure to control an
associated hydraulic actuator. Therefore, in some em-
bodiments, it is desirable to design a system to provide
a desired response time in order to achieve a desired
system performance while taking into account response
delays associated with other devices as well.
[0091] Accelerometers and similar sensors are typical-
ly used in semi-active and fully-active suspensions in or-
der to monitor vehicle body and wheel motion. According
to one embodiment, an active suspension strut is config-
ured to operate with a reduced number of sensors (such
as accelerometers and wheel position sensors), or in
some cases, with no accelerometers at all. In such an
embodiment, a controller is electrically connected to the
electric motor-generator. The controller contains voltage
and/or current sensors on the phase windings of the mo-
tor (such as two or three sets of sensors for a 3-phase

BLDC motor) such that it can sense motor rotation, cur-
rent, and voltage. Optionally, a rotary encoder or other
rotational position sensor may be used. In many of the
embodiments disclosed above, the piston is preferably
in substantial lockstep with the movement of the hydraulic
motor-pump (and thus the electric motor-generator). As
a result, the controller can estimate movement of the pis-
ton in relation to movement of the electric motor-gener-
ator. The correlation between wheel and body movement
may comprise a model-based algorithm, function, or
lookup table. A vehicle dynamics algorithm may be run-
ning on the active suspension strut (motor) controller or
another controller on the vehicle, and it may use the
wheel or body movement estimate, based on the motor
rotation/position, to control the vehicle or wheel dynam-
ics. In such a way, by sensing the motor kinematics
and/or state, the kinematics and/or state of the vehicle
and wheels may be determined. This may allow a re-
duced number of sensors.
[0092] While the above descriptions discuss a hydrau-
lic motor-pump, it should be appreciated that any hydrau-
lic motor-pump may be utilized. In some embodiments
this is a positive-displacement hydraulic pump such as
a gerotor that may be reversed (directionally) and may
operate as both a hydraulic pump or as a hydraulic motor.
In other embodiments it may only be one of these two.
Similarly, the electric motor-generator may be capable
of both motoring and generating (for example, a BLDC
motor), or it may only be one of these two.
[0093] While the above descriptions discuss strut sus-
pension arrangements such as a MacPherson strut, any
suspension that requires the damper or active suspen-
sion actuator to take a structural load (including in addi-
tion to the longitudinal load) may benefit from the em-
bodiments described herein. The embodiments dis-
closed describe several methods to accomplish a fully-
active suspension strut, however, other embodiments
exist and the invention is not limited in this regard. For
example, a configuration may be used that includes a
through piston rod, wherein the piston rod in the strut
assembly emanates from both ends of the actuator hous-
ing such that the piston rod volume in the fluid filled cham-
ber does not change with respect to the extended/com-
pressed position of the rod.
[0094] While the embodiments disclosed demonstrate
activalve placement in specific locations, concepts from
different embodiments may be combined in a variety of
ways. For example, the activalve may be located on the
piston head, side-mounted to the actuator housing, in the
base of the actuator housing, attached to the opposite of
the piston rod from the piston head, externally mounted
with fluid connections, or any other suitable location. Sim-
ilarly, the reservoir (sometimes called an accumulator)
may be located in a variety of locations and via a number
of configurations such as in a concentric tube of the ac-
tuator, in the base (compression volume) of the housing,
as a separate device attached to the activalve or external
to the assembly, or any other suitable location/configu-
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ration. While some embodiments are described as cylin-
drical housings, the invention is not limited in this regard
and other shapes may be used.
[0095] The invention has been described in terms of
functional principles and illustrations of specific embod-
iments. Embodiments described herein, including de-
scriptions of the figures, are merely intended as exem-
plary, but the concept of the invention is not limited to
these embodiments. On the contrary, the present teach-
ings encompass various alternatives, modifications, and
equivalents, as will be appreciated by those of ordinary
skill in the art. The following claims are not limited to or
by the described illustrative embodiments, figures, and
stated objectives of the invention or the abstract.
[0096] The following numbered paragraphs/items also
form part of the present invention and disclosure:

1. An active suspension system comprising:

a hydraulic motor-pump with a first port and a
second port;

an actuator assembly comprising a first end, a
second end, an internal volume which compris-
es a rebound volume and a compression vol-
ume, and a hollow piston rod with a first end
attached to said piston, and a second end; and

a reservoir at least partially filled with a com-
pressible medium;

wherein said rebound volume is separated from
said compression volume by said piston, and
said piston rod comprises a first conduit with a
first end in fluid communication with said com-
pression volume and a second end in fluid com-
munication with said first port of said hydraulic
motor-pump, and a second conduit with a first
end in fluid communication with said rebound
volume and a second end in fluid communication
with said second port of said hydraulic motor-
pump.

2. The system of 1 wherein said first end of said first
conduit is in fluid communication with said compres-
sion volume through an opening in said piston.

3. The system of 1 wherein said first conduit is sub-
stantially cylindrical with a circular cross-section and
located along the axis of said piston rod.

4. The system of 1 wherein said second conduit is
substantially annular in shape and circumferentially
surrounding said first conduit.

5. The system of 1 further comprising a hydraulic
motor-pump housing supporting said hydraulic mo-
tor-pump, wherein said housing is fixedly attached

to said piston rod.

6. The system of 1 wherein said reservoir is incor-
porated in said actuator assembly.

7. The system of 1 further comprising a substantially
cylindrical actuator housing forming a substantially
cylindrical cavity comprising a substantially open first
end, and a second end comprising an attachment
surface, wherein said actuator assembly is slidably
received in said cavity and said second end of said
piston rod is axially supported with a radially flexible
joint attached to said attachment surface at said sec-
ond end of said housing.

8. The system of 6 wherein said reservoir is at least
partially filled with gas.

9. The system of 7 wherein said actuator housing
and actuator assembly are part of a strut assembly.

10. The system of 6 wherein said reservoir is sepa-
rated from said compression volume by a floating
piston.

11. The system of 6 wherein said gas is selected
from the group consisting of nitrogen, argon, and air.

12. The system of 9 wherein said actuator housing
is configured to be a structural member of said sus-
pension system and to resist a force in a direction
transverse to the longitudinal axis of said actuator
and a moment with an axis perpendicular to said
longitudinal axis.

13. The system of 12 wherein said hydraulic motor-
pump is a gerotor hydraulic motor-pump that is driv-
ingly connected to an electric motor-generator.

14. The system of 13 further comprising a motor gen-
erator controller, an electric motor-generator driving-
ly attached to said hydraulic-motor pump, wherein
said actuator assembly, said hydraulic motor pump,
said electric motor-generator and said controller
form an integral unit.

15. The system of 14 wherein said unit is configured
to operate in at least three of four quadrants of a
force velocity domain of said actuator.

16. The system of 15 further comprising a hydraulic
valve configured to limit the operating speed of said
hydraulic motor-pump.

17. A strut actuator for a vehicle suspension, com-
prising:

a hydraulic motor-pump with a first port and a
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second port;

an electric motor-generator drivingly connected
to said hydraulic motor-pump;

a strut actuator comprising a cylinder divided in-
to a rebound volume and a compression volume
by a piston, with an attached piston rod, slidably
received in said cylinder wherein said rebound
volume is in fluid communication with said first
port and said compression volume is in fluid
communication with said second port;

a fluid reservoir; and

a flow control system means for fluidly connect-
ing said reservoir to one of said first port and
said second port with lower pressure;

wherein said strut actuator is configured to with-
stand forces applied in a direction that is trans-
verse to the longitudinal axis of said actuator.

18. The apparatus of 17, wherein said control system
means comprises at least one passive valve.

19. The apparatus of 17, wherein said control system
means comprises at least one electronically control-
led valve.

20. The apparatus of 17, wherein said fluid reservoir
comprises a sealed gas-filled bag.

21. The apparatus of 17, wherein said fluid reservoir
comprises a liquid gas interface.

22. The apparatus of 17, wherein said hydraulic ac-
tuator is configured to operate in at least three of four
quadrants of a force velocity domain of said hydraulic
actuator.

23. The apparatus of 17, further comprising an an-
nular conduit at least partially surrounding said cyl-
inder and fluidly interposed between said first port
and said rebound volume.

24. The apparatus of 17, further comprising an an-
nular conduit at least partially surrounding said cyl-
inder and fluidly interposed between said second
port and said compression volume.

25. The apparatus of 17, wherein said reservoir com-
prises an annular volume at least partially surround-
ing said cylinder.

26. The apparatus of 18, wherein said at least one
passive valve is a pilot operated valve.

27. The apparatus of 26, wherein said pilot operated
valve is a pilot operated shuttle valve.

28. An active strut system of a vehicle, comprising:

a wheel assembly of said vehicle attached to
said strut system;

a vehicle body of said vehicle attached to said
strut system;

a hydraulic actuator comprising a rebound vol-
ume and a compression volume divided by a
piston attached to a piston rod;

a hydraulic motor-pump with a first port in fluid
communication with said rebound volume and
a second port in fluid communication with said
compression volume configured to control re-
bound and compression of said hydraulic actu-
ator;

an electric motor-generator drivingly coupled to
the hydraulic motor-pump; and

a controller electrically coupled to the electric
motor-generator, wherein said controller is con-
figured to operate said hydraulic actuator in at
least three of four quadrants of a force velocity
domain of said hydraulic actuator;

wherein said strut is configured to tolerate side-
loading applied by said wheel assembly and said
body.

29. The system of 28, wherein said hydraulic motor-
pump and said electric motor are integral with said
piston.

30. The system of 28, wherein said hydraulic motor-
pump and said electric motor-generator are co-
housed with said strut.

31. The system of 28, further comprising an electric
motor-generator controller configured to operate
said hydraulic motor-pump substantially in lockstep
with said piston.

32. The system of 28, wherein said system is con-
figured to operate said hydraulic motor-pump to
dampen and drive the motion of said piston.

33. The system of 28, wherein said electric motor-
generator and said hydraulic motor-pump are closely
coupled to said hydraulic actuator.

34. The system of 28, wherein the response time of
said actuator is less than 100 milliseconds.
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35. The system of 28, further comprising a reservoir.

36. The system of 28, further comprising at least one
hydraulic valve located in a parallel relationship with
respect to said hydraulic motor-pump.

37. The system of 28, further comprising at least one
hydraulic valve located in a series relationship with
respect to said hydraulic motor-pump.

38. The system of 31, further comprising a sensing
device for measuring an electric motor-generator pa-
rameter selected from the group consisting of volt-
age, current, and rotor position, wherein at least one
of vehicle body motion and wheel motion is estimat-
ed as a function of said electric motor-generator pa-
rameter.

39. The system of 28, further comprising at least one
hydraulic valve located in a series and parallel rela-
tionship with respect to said hydraulic motor-pump.

40. The system of 35, wherein said reservoir is dis-
posed at least partially within said actuator.

41. The system of 35, wherein the reservoir is dis-
posed at least partially within said piston rod.

42. The system of 39, wherein said at least one hy-
draulic valve is a diverter valve.

43. A method of operating a strut of a vehicle, com-
prising:

installing a strut actuator between a vehicle body
and a wheel assembly;

filling a first volume on one side of a piston in
said actuator and a second volume on an oppo-
site side of said piston with hydraulic fluid;

generating a force on said piston in response to
a hydraulic fluid pressure;

displacing a quantity of hydraulic fluid contained
within said first volume;

receiving at least a portion of said displaced fluid
at a first port of a hydraulic motor-pump;

passing at least some of said portion through
said hydraulic motor-pump from said first port to
a second port of said motor-pump;

returning at least some of said fluid passed
through said motor-pump to said second vol-
ume;

using a control system to determine which of
said first port and said second port has a lower
pressure; and

providing fluid communication between a reser-
voir and one of said first port and said second
port with said lower pressure.

44. The method of 43, wherein said control system
is a passive control system.

Claims

1. An actuator assembly (100), having
a piston rod (103) annular in construction;
an annular piston (104) that is rigidly attached to the
distal end of the annular piston rod (103) or formed
from the annular piston rod (103);
an inner tube (106); and
a pressure tube (107) for accommodating the piston
rod (103), the annular piston (104) and the inner tube
(106), wherein
the outside diameter of the piston head of the annular
piston (104) is greater than that outside diameter of
the piston rod (103) thus separating
an annular extension volume (109) formed between
the inside diameter of the pressure tube (107) and
the outside of the annular piston rod (103) and an
annular compression volume (111a) between the in-
side surface of the pressure tube (107) and the out-
side surface of the inner tube (106).

2. The actuator assembly (100) according to claim 1,
further having
a seal plate (110) sealing one end of the annular
space between the inside surface of the pressure
tube (107) and the outside surface of the inner tube
(106) to form the annular compression volume
(111a) and a further compression volume (111b),
optionally wherein
the seal plate (110) is pervious and allows fluid to
flow freely between the compression volumes (111a)
and (111b)

3. The actuator assembly (100) according to claim 1 or
2, further having
a reservoir (112) that is at least partially fillable with
a compressible material and preferably
separated from the compression volume (111b) by
piston (113) and/or sized such that it can at least
accept fluid displaced by the annular rod (103).

4. A system, comprising:

the actuator assembly (100) according to any
one of the preceding claims; and
a hydraulic motor-pump/electric motor-genera-
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tor assembly (101); wherein
both components are consolidated in a single
body housing (102).

5. An actuator assembly (70; 90), having:

a substantially cylindrical housing (71) slidably
receiving an annular piston rod (72) having a
circular area (79) ;
an annular piston (73) having an annular surface
(73a) and being attached to the distal end of the
piston rod (72) and forming a seal against the
inner cylinder surface of housing (71);
an extension volume (75); and
a compression volume (78; 93); wherein
the annular area (73a) is equal to the circular
area (79).

6. The actuator assembly (70; 90) according to claim
5, further having:

a guide (74) sealably attached to the inner cy-
lindrical surface of the housing (71) that seals
against the outer cylindrical surface of the piston
rod (72); wherein
the annular surface (73a) of the annular piston
(73) and the annular surface (74a) of the guide
(74) is the extension volume (75) of the actuator
assembly (70).

7. The actuator assembly (70) according to claim 5 or
6, further having:
a seal (77) attached to the outer surface of an inner
cylindrical tube (76) at its near end and sealing
against the cylindrical inner surface of the piston rod
(72) defining the compression volume (78).

8. The actuator assembly (90) according to claim 5 or
6, further having:
a seal (91) attached to the inner cylindrical surface
of the annular piston (72) and sealing against the
outer cylindrical surface of an inner cylindrical tube
(76).

9. The actuator assembly (70; 90) according to any one
of the preceding claims 5 to 8, further having:

a hydraulic motor-pump (80); wherein
the compression volume (78; 93) is in fluid com-
munication with a first port of the hydraulic mo-
tor-pump (80); and
the extension volume (75) is in fluid communi-
cation with a second port of the hydraulic motor-
pump; and optionally
the hydraulic motor-pump (80) is drivingly con-
nected to an electric motor-generator.

10. The actuator assembly (70; 90) according to any one

of the preceding claims 5 to 9, further having:

a reservoir (81) fluidly connected at a convenient
point in the fluid circuit of the actuator assembly
(70; 90), preferably in close proximity to the first
or second port of the hydraulic motor-pump (80);
optionally
connected via check valves (82a) and (82b) that
allow fluid to be withdrawn from the fluid circuit
or replenished to it respectively.

11. The actuator assembly (70; 90) according to claim
7, further having:
a volume (83) between the inside surface of the
housing (71) and the outside surface of the inner
cylindrical tube (76) .
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