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(57) ABSTRACT

A through the road (TTR) hybridization strategy is proposed
to facilitate introduction of hybrid electric vehicle technol-
ogy in a significant portion of current and expected trucking
fleets. In some cases, the technologies can be retrofitted onto
an existing vehicle (e.g., a truck, a tractor unit, a trailer, a
tractor-trailer configuration, at a tandem, etc.). In some
cases, the technologies can be built into new vehicles. In
some cases, one vehicle may be built or retrofitted to operate
in tandem with another and provide the hybridization ben-
efits contemplated herein. By supplementing motive forces
delivered through a primary drivetrain and fuel-fed engine
with supplemental torque delivered at one or more electri-
cally-powered drive axles, improvements in overall fuel
efficiency and performance may be delivered, typically
without significant redesign of existing components and
systems that have been proven in the trucking industry.
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VEHICLE ENERGY MANAGEMENT
SYSTEM AND RELATED METHODS

CROSS-REFERENCE TO RELATED
APPLICATION(S)

[0001] This application claims benefit under 35 U.S.C.§
119(e) of U.S. Provisional Application Nos. 62/403,026,
filed Sep. 30, 2016, and 62/460,734, filed Feb. 17, 2017,
each of which is incorporated by reference herein.

BACKGROUND

Field of the Invention

[0002] The invention relates generally to hybrid vehicle
technology, and in particular to systems and methods to
intelligently control regeneration and reuse of captured
energy in a through-the-road (TTR) hybrid configuration.

Description of the Related Art

[0003] The U.S. trucking industry consumes about 51
billion gallons of fuel per year, accounting for over 30% of
overall industry operating costs. In addition, the trucking
industry spends over $100 billion on fuel annually, and the
average fuel economy of a tractor-trailer (e.g., an
18-wheeler) is only about 6.5 miles per gallon. For trucking
fleets faced with large fuel costs, techniques for reducing
those costs would be worth considering.

[0004] Hybrid technology has been in development for use
in the trucking industry for some time, and some hybrid
trucks have entered the market. However, existing systems
are generally focused on hybridizing the drivetrain of a
heavy truck or tractor unit, while any attached trailer or dead
axles remain a passive load. Thus, the extent to which the
fuel efficiency of a trucking fleet may be improved using
these technologies may be limited to the fuel efficiencies
obtained from improvement of the hybrid drivetrain and the
in-fleet adoption of such hybrid drivetrain technologies.
Given the large numbers of heavy trucks and tractor units
already in service and their useful service lifetimes (often
10-20 years), the improved hybrid drivetrains that are can-
didates for introduction in new vehicles would only address
a small fraction of existing fleets. Improved techniques,
increased adoption and new functional capabilities are all
desired.

SUMMARY

[0005] It has been discovered that a through the road
(TTR) hybridization strategy can facilitate introduction of
hybrid electric vehicle technology in a significant portion of
current and expected trucking fleets. In some cases, the
technologies can be retrofitted onto an existing vehicle (e.g.,
a truck, a tractor unit, a trailer, a tractor-trailer configuration,
at a tandem, etc.). In some cases, the technologies can be
built into new vehicles. In some cases, one vehicle may be
built or retrofitted to operate in tandem with another and
provide the hybridization benefits contemplated herein. By
supplementing motive forces delivered through a primary
drivetrain and fuel-fed engine with supplemental torque
delivered at one or more electrically-powered drive axles,
improvements in overall fuel efficiency and performance
may be delivered, typically without significant redesign of
existing components and systems that have been proven in
the trucking industry.
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[0006] In general, through-the-road (TTR) designs using
control strategies such as an equivalent consumption mini-
mization strategy (ECMS) or adaptive ECMS are contem-
plated and implemented at the supplemental torque deliver-
ing electrically-powered drive axle (or axles) in a manner
that follows operational parameters or computationally esti-
mates states of the primary drivetrain and/or fuel-fed engine,
but does not itself participate in control of the fuel-fed
engine or primary drivetrain. Instead, techniques of the
present inventions rely on operating parameters that can be
observed and/or kinematic variables that are sensed to
inform its controller.

[0007] In some embodiments, an ECMS-type controller
for electrically-powered drive axle is not directly responsive
to driver-, autopilot- or cruise-type throttle controls of the
fuel-fed engine or gear selections by a driver or autopilot in
the primary drivetrain. Instead, the controller is responsive
to sensed pressure in a brake line for regenerative braking
and to computationally-estimated operational states of the
fuel-fed engine or of the drive train. In some cases, observ-
ables employed by the controller include information
retrievable via a CANbus or SAE J1939 vehicle bus inter-
face such as commonly employed in heavy-duty trucks.
While the ECMS-type controller employed for the electri-
cally-powered drive axle (or axles) adapts to the particular
characteristics and current operation of the fuel-fed engine
and primary drivetrain (e.g., apparent throttle and gearing),
it does not itself control the fuel-fed engine or of the primary
drivetrain.

[0008] In some embodiments in accordance with the pres-
ent invention(s), a vehicle includes a vehicle frame, an
energy store on the vehicle, and a controller. The vehicle
frame is configured for travel over a roadway under power
of plural drive axles, wherein at least one of the plural drive
axles is coupled via a primary drivetrain to a fuel-fed engine
to drive at least a pair of wheels, and wherein at least one
other of the plural drive axles is a first electrically-powered
drive axle configured to supply supplemental torque to one
or more additional wheels of the vehicle. The energy store
is on the vehicle and is configured to supply the first
electrically powered drive axle with electrical power in a
first mode of operation and further configured to receive
energy recovered using the first electrically powered drive
axle in a second mode of operation. The controller is
operatively coupled between the first electrically-powered
drive axle and one or more sensor inputs, including at least
a brake line sensor, to transition between the first, the second
and at least a third mode of operation, wherein the controller
is not coupled to control the fuel-fed engine or the primary
drivetrain.

[0009] In some cases or embodiments, the controller is not
directly responsive to controls of the fuel-fed engine and
primary drivetrain, but instead computationally estimates
operational states of the fuel-fed engine or primary drive-
train and supplies the supplemental torque in correspon-
dence therewith. In some cases or embodiments, in the first
mode of operation, the first electrically powered drive axle
supplements primary motive forces applied through the
primary drivetrain, and in the second mode of operation, the
first electrically powered drive axle provides a regenerative
braking force.

[0010] In some cases or embodiments, the vehicle
includes a tractor unit for use in a tractor-trailer vehicle
configuration, the vehicle frame is that of the tractor unit,
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and the primary drivetrain, the fuel-fed engine and the first
electrically-powered drive axle are each fixed to the vehicle
frame of the tractor unit. In some embodiments, the vehicle
further includes a trailer, the trailer including at least a
second electrically-powered drive axle controlled in the
same manner as the first electrically-powered drive axle on
the tractor unit.

[0011] Insome cases or embodiments, the vehicle includes
a trailer for use in a tractor-trailer vehicle configuration with
a tractor unit. The vehicle frame is that of the trailer and the
first electrically-powered drive axle is fixed thereto, and the
primary drivetrain and the fuel-fed engine are those of the
tractor unit. In some embodiments, the vehicle further
includes the tractor unit, which in-turn includes a second
electrically-powered drive axle controlled in the same man-
ner as the first electrically-powered drive axle on the trailer.
[0012] In some cases or embodiments, the controller
employs a parallel through the road equivalent consumption
minimization strategy based on the computationally esti-
mates of the operational states of the fuel-fed engine or
primary drivetrain.

[0013] In some embodiments, the vehicle further includes
a heating, ventilation or cooling (HVC) system, the heating,
ventilation or cooling system coupled to receive electrical
power from the energy store, wherein for stopover operation
and without idling of the fuel-fed engine, the energy store
powers the HVC system.

[0014] In some cases or embodiments, the tractor unit is a
6x2 tractor unit retrofitted to replace an otherwise dead axle
of a tandem pair with the electrically-powered drive axle. In
some cases or embodiments, the retrofitted electrically-
powered drive axle is coupled to a brake line of the tractor
unit for control of the regenerative braking mode of opera-
tion.

[0015] In some cases or embodiments, the energy store
includes a battery; a battery management system for con-
trollably maintaining a desired state of charge (SoC) of the
energy store during the over-the-roadway travel; and a heat
exchanger for at least moderating temperature of the battery
during the over-the-roadway travel. In some cases or
embodiments, the heat exchanger includes a fluid-air heat
exchanger exposed to airflow during over-the-roadway
travel and coupled into a compressor-based loop for sub-
ambient cooling of the battery at least during the over-the-
roadway travel. The compressor-based loop is further
coupled to supply subambient cooling to the cabin of the
tractor unit, at least selectively during the stopover opera-
tion, via a fluid-air heat exchanger of the HVC system. In
some cases or embodiments, the energy store further
includes at least one additional electrical storage device
having discharge rate and/or capacity characteristics that
differ from the battery; and the battery management system
controllably maintains the desired SoC including states of
charge of the battery and of the at least one additional
electrical storage device. In some cases or embodiments, the
at least one additional electrical storage device includes
either or both of an ultracapacitor and additional battery-
type storage.

[0016] In some embodiments in accordance with the pres-
ent inventions, a vehicle energy management method
includes receiving, from one or more on-board sensors,
trailer data including at least one of trailer position data,
trailer weight data, trailer speed data, and trailer acceleration
data for the trailer traveling along a given trajectory; com-
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puting (based at least in part on the received trailer data) a
total estimated torque to maintain movement of the trailer
along the given trajectory at a substantially constant speed;
computationally estimating a torque applied by a powered
vehicle at least partially towing the trailer; and applying
(based on the computationally estimated torque applied by
the powered vehicle and on the computed total estimated
torque) a specified trailer torque to one or more trailer axles,
wherein the specified trailer torque is provided by an electric
motor-generator coupled to the one or more trailer axles.

[0017] In some cases or embodiments, the computing the
total estimated torque includes computing one or more of a
driver input torque, an air drag torque, a road drag torque, a
road grade torque, an acceleration torque, and a braking
torque. In some cases or embodiments, the computationally
estimating the torque includes computationally estimating
the torque based on one or more of driver behavior, road
conditions, traffic conditions, weather conditions, and road-
way grade.

[0018] In some embodiments, the energy management
method further includes installing, underneath the trailer, a
hybrid suspension system including the electric motor-
generator coupled to the one or more trailer axles; and
operating the hybrid suspension system in one of a power
assist mode, a regeneration mode, and a passive mode of
operation to provide the specified trailer torque. In some
cases or embodiments, the electric motor-generator pro-
vides, in the power assist mode of operation, an assistive
motive force. In some cases or embodiments, the electric
motor-generator provides, in the regeneration mode of
operation, a regenerative braking force. In some cases or
embodiments, the electric motor-generator provides, in the
passive mode of operation, neither an assistive motive force
nor a regenerative braking force.

[0019] In some embodiments, the energy management
further includes providing a battery array from which stored
energy is supplied to the electric motor-generator in the
power assist mode of operation and to which regenerated
braking energy is supplied in the regeneration mode of
operation. The specified trailer torque is selected so as to
optimize energy usage of the battery array. In some cases or
embodiments, the powered vehicle consumes fuel, and
wherein the specified trailer torque is selected so as to
simultaneously optimize fuel consumption of the powered
vehicle and the energy usage of the battery array.

[0020] In some embodiments, the energy management
method further includes determining a first plurality of
torques that the powered vehicle is operable to provide;
determining a second plurality of torques that the electric
motor-generator is operable to provide; generating (based on
the first plurality of torques) a first torque-to-fuel usage map
for the powered vehicle; and generating (based on the
second plurality of torques) a torque-to-energy usage map
for the electric motor-generator.

[0021] In some embodiments, the energy management
method further includes converting the torque-to-energy
usage map into a second torque-to-fuel usage map; and
computing a difference between the first and second torque-
to-fuel usage maps, thereby providing a combined usage
map. In some embodiments, the energy management method
further includes determining, from the combined usage map,
an index value corresponding to an optimal combined usage;
and based on the index value, selecting the specified trailer
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torque. In some cases or embodiments, the specified trailer
torque is selected, using the index value, from the torque-
to-energy usage map.

[0022] In some embodiments, the energy management
method further includes filtering (prior to computing the
total estimated torque) the trailer data received from the one
or more on-board sensors. In some cases or embodiments,
the filtering is performed using at least one of a moving
average and a Kalman filter.

[0023] In some embodiments in accordance with the pres-
ent invention(s), a trailer for use in combination with a
powered vehicle includes: one or more on-board sensors, a
control system, and an electric motor-generator. The one or
more on-board sensors are configured to detect trailer data
including at least one of trailer position data, trailer weight
data, trailer speed data, and trailer acceleration data for the
trailer traveling along a given trajectory. The control system
is operable to compute, based at least in part on the trailer
data, a total estimated torque to maintain movement of the
trailer along the given trajectory at a substantially constant
speed. The electric motor-generator is coupled to one or
more trailer axles, wherein the electric motor-generator is
configured to provide a specified torque to the one or more
trailer axles. The control system is further operable to
computationally estimate a torque applied by the powered
vehicle at least partially towing the trailer, and ased on the
computationally estimated torque applied by the powered
vehicle and on the computed total estimated torque, to apply
the specified trailer torque to the one or more trailer axles.
[0024] In some embodiments, the trailer further includes a
hybrid suspension system including the electric motor-
generator coupled to the one or more trailer axles, wherein
the hybrid suspension system is installed underneath the
trailer, wherein the hybrid suspension system is configured
to operate in one of a power assist mode, a regeneration
mode, and a passive mode of operation to provide the
specified trailer torque. In some embodiments, the trailer
further includes a battery array configured to supply stored
energy to the electric motor-generator in the power assist
mode of operation and configured to receive regenerated
braking energy in the regeneration mode of operation,
wherein the specified trailer torque is selectable by the
control system so as to optimize energy usage of the battery
array. In some cases or embodiments, the powered vehicle is
configured to consume fuel, and wherein the specified trailer
torque is selectable by the control system so as to simulta-
neously optimize fuel consumption of the powered vehicle
and the energy usage of the battery array. In some cases or
embodiments, the trailer is combined with the powered
vehicle.

BRIEF DESCRIPTION OF THE DRAWINGS

[0025] The present invention is illustrated by way of
example and not limitation with reference to the accompa-
nying figures, in which like references generally indicate
similar elements or features.

[0026] FIG. 1A depicts a bottom view of a hybrid suspen-
sion system, in accordance with some embodiments;
[0027] FIG. 1B depicts a top view of the hybrid suspen-
sion system, in accordance with some embodiments;
[0028] FIG. 1C depicts an exemplary tractor-trailer
vehicle, including the hybrid suspension system and a fur-
ther TTR hybrid system on a tractor unit, in accordance with
some embodiments;
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[0029] FIG. 1D depicts a bottom view of the on-tractor
TTR hybrid system, in accordance with some embodiments;
[0030] FIG. 1E depicts a bottom view of an alternative
embodiment of the on-tractor TTR hybrid system, in accor-
dance with some embodiments;

[0031] FIG. 1F depicts a view of an alternative embodi-
ment of the on-tractor TTR hybrid system of FIG. 1D, prior
to installation of the TTR hybrid system on the tractor, in
accordance with some embodiments;

[0032] FIG. 1G depicts a view of an alternative embodi-
ment of the on-tractor TTR hybrid system of FIG. 1D, after
installation of the TTR hybrid system on the tractor, in
accordance with some embodiments;

[0033] FIGS. 2A-2F illustrate a control system circuit,
which may be housed within (or otherwise integrated with)
the hybrid suspension system of FIGS. 1A and 1 B or within
(or integrated with) the on-tractor TTR hybrid system of
FIGS. 1D-1G, in accordance with some embodiments;
[0034] FIG. 3 depicts an exemplary controller area net-
work (CAN bus) that may be used for communication of the
various components of the control system circuit of FIGS.
2A-2F, in accordance with some embodiments;

[0035] FIG. 4 is a functional block diagram of a hardware
and/or software control system, in accordance with some
embodiments;

[0036] FIG. 5Ais a flow diagram that illustrates a control
strategy employed in certain equivalent consumption mini-
mization strategy (ECMS) or adaptive ECMS-type control-
ler designs that may be employed in a hybrid suspension
system and/or a TTR hybrid system, in accordance with
some embodiments;

[0037] FIG. 5B is a flow diagram that illustrates a method
for controlling a hybrid suspension system and/or a TTR
hybrid system, in accordance with some embodiments;
[0038] FIG. 5C is a flow diagram that illustrates additional
aspect of a method such as illustrated in FIG. 5B for
controlling the hybrid suspension system and/or a TTR
hybrid system, in accordance with some embodiments;
[0039] FIG. 6A is an exemplary functional block diagram
illustrating control of an on-trailer hybrid suspension sys-
tem, in accordance with some embodiments;

[0040] FIG. 6B is an exemplary functional block diagram
illustrating control of an on-tractor TTR hybrid system, in
accordance with some embodiments;

[0041] FIG. 6C is an exemplary functional block diagram
illustrating control of both an on-trailer hybrid suspension
system and an on-tractor TTR hybrid system, in accordance
with some embodiments; and

[0042] FIG. 7 illustrates an embodiment of an exemplary
computer system suitable for implementing various aspects
of the control system and methods of FIGS. 5A-5C, in
accordance with some embodiments.

[0043] Skilled artisans will appreciate that elements or
features in the figures are illustrated for simplicity and
clarity and have not necessarily been drawn to scale. For
example, the dimensions or prominence of some of the
illustrated elements or features may be exaggerated relative
to other elements or features in an effort to help to improve
understanding of certain embodiments of the present inven-
tion(s).

DESCRIPTION

[0044] The present application describes a variety of
embodiments, or examples, for implementing different fea-
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tures of the provided subject matter. Specific examples of
components and arrangements are described below to sim-
plify the present disclosure. These are, of course, merely
examples and are not intended to be limiting. In addition, the
present disclosure may repeat reference numerals and/or
letters in the various examples. This repetition is for the
purpose of simplicity and clarity and does not in itself dictate
a relationship between the various embodiments and/or
configurations discussed.

[0045] In particular, the present disclosure describes
designs and techniques for providing an energy management
system and related methods in the context of system and
components typical in the heavy trucking industry. Some
embodiments of the present invention(s) provide a hybrid-
ized suspension assembly (e.g., an electrically driven axle,
power source, controller, etc. that may be integrated with
suspension components) affixed (or suitable for affixing)
underneath a vehicle (e.g., a truck, tractor unit, trailer,
tractor-trailer or tandem configuration, etc.) as a replacement
to a passive suspension assembly. In various non-limiting
example configurations, a hybridized suspension assembly
can be part of a trailer that may be towed by a powered
vehicle, such as a fuel-consuming tractor unit. In additional
non-limiting example configurations, a hybridized suspen-
sion assembly (or components thereof) may (alternatively or
additionally) be included as part of a tractor unit or tandem.
Configurations illustrated in FIGS. 6A, 6B and 6C are
Iustrative, though not exhaustive.

[0046] As described in more detail below, a hybridized
suspension assembly is but one realization in which an
electrically driven axle operates largely independently of the
fuel-fed engine and primary drivetrain of a powered vehicle
and is configured to operate in a power assist, regeneration,
and passive modes to supplement motive/braking forces and
torques applied by the primary drivetrain and/or in braking.
In general, one or more electrically driven axles may supple-
ment motive/braking forces and torques under control of a
controller (or controllers) that does not itself (or do not
themselves) control fuel-fed engine and primary drivetrain.
Instead, control strategy implemented by an electric drive
controller seeks to follow and supplement the motive inputs
of'the fuel-fed engine and primary drivetrain using operating
parameters that are observable (e.g., via CANbus or SAE
J1939 type interfaces), kinematics that are sensed and/or
states that may be computationally estimated based on either
or both of the foregoing. In some embodiments, based on
such observed, sensed or estimated parameters or states, the
electric drive controller applies an equivalent consumption
minimization strategy (ECMS) or adaptive ECMS type
control strategy to modulate the motive force or torque
provided, at the electrically driven axle(s), as a supplement
to that independently applied using the fuel-fed engine and
primary drivetrain of the powered vehicle.

[0047] By supplementing the fuel-fed engine and primary
drivetrain of the powered vehicle, some embodiments of the
present invention(s) seek to simultaneously optimize fuel
consumption of the powered vehicle, energy consumption of
the hybrid suspension assembly, and/or state of charge
(SOC) of on-board batteries or other energy stores. In some
cases, such as during stopovers, embodiments of the present
disclosure allow the fuel-fed engine to shut down rather than
idle. In some cases, energy consumption management strat-
egies may take into account a desired SOC at scheduled,
mandated or predicted stopovers. Among other advantages,
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embodiments disclosed herein provide for a significant
reduction in fuel consumption (e.g., an average of about
30%), a built-in auxiliary power unit (APU), enhanced
stability control, improved trailer dynamics, and a host of
other benefits, at least some of which are described in more
detail below.

[0048] Referring now to FIGS. 1A-1C, illustrated therein
is a hybrid suspension system 100. As used herein, the term
hybrid suspension system is meant to convey to a person of
skill in the art having benefit of the present disclosure, a
range of embodiments in which some or all components of
a supplemental electrically driven axle, often (though not
necessarily) including a controller, a power source, brake
line sensors, CANbus or SAE J1939 type interfaces, sensor
packages, off-vehicle radio frequency (RF) communications
and/or geopositioning interfaces, etc. are packaged or inte-
gratable with components that mechanically interface one or
more axles and wheels to the frame or structure of a vehicle
and which typically operate (or interface with additional
components) to absorb or dampen mechanical perturbua-
tions and maintain tire contact with an roadway during travel
thereover. In some though not all embodiments, a hybrid
suspension system can take on the form or character of an
assembly commonly referred to in the US trucking industry
as a slider box. In some though not all embodiments, a
hybrid suspension system may be or become more intregral
with a vehicle frame and need not have the modular or
fore/aft adjustability commonly associated with slider
boxes.

[0049] Likewise, the “hybrid” or hybridizing character of
a hybrid suspension system, such as hybrid suspension
system 100, will be understood by persons of skill in the art
having benefit of the present disclosure in the context of its
role in hybridizing the sources of motive force or torque
available in an over-the-road vehicle configuration that
includes it. Accordingly, a hybrid suspension system includ-
ing an electrically-driven axle and controller for coordinat-
ing its supplementation of motive force or torques need not,
and typically does not itself include, the additional drive
axles driven by fuel fed engine to which it contributes a
hybrid or hybridizing source of motive force or torque. Thus,
the tractor-trailer configuration (160) illustrated in FIG. 1C
is exemplary and will be understood to include a hybrid
suspension system, notwithstanding the ability of the trailer
(170) to be decoupled from tractor units (e.g., tractor unit
165) that provide the fuel fed engine and primary drivetrain
to which it acts as a supplement. Correspondingly, a vehicle
such as a heavy truck having a single frame or operable as
or with tandem trailers (not specifically shown in FIG. 1C)
will be understood to be amenable to inclusion of one or
more hybrid suspension systems.

[0050] Likewise, and with reference to FIG. 1C-1G, per-
sons of skill in the art having benefit of the present disclo-
sure will also appreciate exploitations of techniques of the
present invention(s) in which an electrically-driven axle may
be more closely integrated (whether by proximity or assem-
bly) with a drive axle (or axles) driven by a fuel fed engine
to which its hybrid or hybridizing source of motive force or
torque acts as a supplement. In an effort to identify this form
or arrangement, the term through-the-road (TTR) hybrid
system is employed and meant to convey to a person of skill
in the art having benefit of the present disclosure, a range of
embodiments in which some or all components of a supple-
mental electrically driven axle, often (though not necessar-
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ily) including a controller, a power source, brake line
sensors, CANbus or SAE J1939 type interfaces, sensor
packages, off-vehicle radio frequency (RF) communications
and/or geopositioning interfaces, etc. are arranged as a
tandem or are integratable with components that are driven
by the fuel fed engine and primary drivetrain to which the
electrically driven axle acts as a supplement. The through-
the-road (TTR) character is meant to emphasize that while
electrically-driven and conventionally powered (e.g., by a
fuel-fed engine and primary drivetrain) axles may be collo-
cated, arranged as a tandem or otherwise integrated (or
integratable) in assembly, they would not be understood by
a person of skill in the art having benefit of the present
disclosure to involve a combined drivetrain or transmission
that blends the motive inputs of an electrical motor and a
fuel-fed engine.

[0051] In some though not all embodiments, a TTR hybrid
system can take on the form or character commonly under-
stood with reference to a configuration referred to the US
trucking industry as a 6x2, but in which an otherwise dead
axle is instead powered using an electrically-driven axle and
controller for coordinating its supplementation of primary
motive force or torques provided by a primary drivetrain and
fuel-fed engine. Here too, the tractor-trailer configuration
(160) illustrated in FIG. 1C is exemplary and will be
understood to include a TTR hybrid system (101). Again, the
tractor-trailer configuration (160) is exemplary, and notwith-
standing the ability of the trailer (170) to be decoupled from
tractor units (e.g., tractor unit 165) that provide a TTR
hybrid system, vehicles such as a heavy truck having a
single frame or operable as or with tandem trailers (not
specifically shown in FIG. 1C) will be understood to be
amenable to inclusion of a TTR hybrid system. Although the
through-the-road character is emphasized for TTR hybrid
systems such as illustrated on described with reference to
FIGS. 1D-1G, persons of skill in the art having benefit of the
present disclosure will appreciate that systems illustrated
and described using hybrid suspension system terminology
likewise operate using a through-the-road (TTR) hybridiza-
tion strategy.

[0052] In view of the foregoing, and without limitation,
hybrid suspension system-type and TTR hybrid system-type
embodiments are now described with respect to specific
examples.

Hybrid Suspension System

[0053] As described in more detail below, the hybrid
suspension system 100 may include a frame 110, a suspen-
sion, one or more drive axles (e.g., such as a drive axle 120),
at least one electric motor-generator (e.g., such as an elec-
tric-motor generator 130) coupled to the at least one or more
drive axles, an energy storage system (e.g., such as a battery
array 140), and a controller (e.g., such as a control system
150). In accordance with at least some embodiments, the
hybrid suspension system 100 is configured for attachment
beneath a trailer. As used herein, the term “trailer” is used to
refer to an unpowered vehicle towed by a powered vehicle.
In some cases, the trailer may include a semi-trailer coupled
to and towed by a truck or tractor (e.g., a powered towing
vehicle). By way of example, FIG. 1C illustrates a tractor-
trailer vehicle 160 that includes a tractor 165 coupled to and
operable to tow a trailer 170. In particular, and in accordance
with embodiments of the present disclosure, the hybrid
suspension system 100 is coupled underneath the trailer 170,
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as a replacement to a passive suspension assembly, as
discussed in more detail below. For purposes of this discus-
sion, the tractor 165 may be referred to generally as a
“powered towing vehicle” or simply as a “powered vehicle”.
[0054] To be sure, embodiments of the present disclosure
may equally be applied to other types of trailers (e.g., utility
trailer, boat trailer, travel trailer, livestock trailer, bicycle
trailer, motorcycle trailer, a gooseneck trailer, flat trailer,
tank trailer, farm trailer, or other type of unpowered trailer)
towed by other types of powered towing vehicles (e.g.,
pickup trucks, automobiles, motorcycles, bicycles, buses, or
other type of powered vehicle), without departing from the
scope of this disclosure. Likewise, although components are
introduced and described in the context of an exemplary
suspension assembly for a trailer, persons of skill in the art
having benefit of the present disclosure will appreciate
adaptations of configurations and components introduced in
the exemplary trailer context to supplemental electrically
driven axle applications such as affixed (or suitable for
affixing) underneath a vehicle (e.g., a truck, tractor unit,
trailer, tractor-trailer or tandem configuration, etc.).

[0055] Vehicles may utilize a variety of technologies and
fuel types such as diesel, gasoline, propane, biodiesel,
ethanol (ES85), compressed natural gas (CNG), hydrogen
internal combustion engine (ICE), homogeneous charge
compression ignition (HCCI) engine, hydrogen fuel cell,
hybrid electric, plug-in hybrid, battery electric, and/or other
type of fuel/technology. Regardless of the type of technol-
ogy and/or fuel type, the powered towing vehicle (or more
generally the fuel-fed engine of a powered vehicle) may
have a particular fuel efficiency. As described below, and
among other advantages, embodiments of the present dis-
closure provide for improved fuel efficiency of the powered
vehicle, as described in more detail herein. More generally,
and in accordance with various embodiments, the hybrid
suspension system 100 described herein is configured (or
may be adapted) for use with any type of trailer or powered
vehicle.

[0056] In addition, the hybrid suspension system 100 is
configured to operate largely independently of the fuel-fed
engine and primary drivetrain of a powered vehicle and, in
some cases, autonomously from the engine and drivetrain
controls of the powered vehicle. As used herein, “autono-
mous” operation of the hybrid suspension system 100 is
terminology used to describe an ability of the hybrid sus-
pension system 100 to operate without commands or signals
from the powered towing vehicle, to independently gain
information about itself and the environment, and to make
decisions and/or perform various functions based on one or
more algorithms stored in the controller, as described in
more detail below. “Autonomous” operation does not pre-
clude observation or estimation of certain parameters or
states of a powered vehicle’s fuel-fed engine or primary
drivetrain; however, in some embodiments of the present
invention(s), electrically driven axles are not directly con-
trolled by an engine control module (ECM) of the powered
vehicle and, even where ECMS or adaptive ECMS-type
control strategies are employed, no single controller man-
ages control inputs to both the supplemental electrically
driven axle(s) and the primary fuel-fed engine and drive-
train.

[0057] A trailer, as typically an unpowered vehicle,
includes one or more passive axles. By way of example,
embodiments of the present disclosure provide for replace-
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ment of the one or more passive trailer axles with one or
more powered axles. For example, in at least some embodi-
ments, the hybrid suspension system 100 may replace a
passive tandem axle with a powered tandem axle, as shown
in the example of FIG. 1C. In accordance with some
embodiments of the present invention(s), the hybrid suspen-
sion system 100 can be configured to provide, in a first mode
of operation, a motive rotational force (e.g., by an electric
motor-generator coupled to a drive axle) to propel the hybrid
suspension system 100, and thus the trailer under which is
attached, thereby providing an assistive motive force to the
powered towing vehicle. Thus, in some examples, the first
mode of operation may be referred to as a “power assist
mode.” Additionally, in some embodiments, the hybrid
suspension system 100 is configured to provide, in a second
mode of operation, a regenerative braking force (e.g., by the
electric motor-generator coupled to the drive axle) that
charges an energy storage system (e.g., the battery array).
Thus, in some examples, the second mode of operation may
be referred to as a “regeneration mode.” In some examples,
the hybrid suspension system 100 is further configured to
provide, in a third mode of operation, neither motive rota-
tional nor regenerative braking force such that the trailer and
the attached hybrid suspension system 100 are solely pro-
pelled by the powered towing vehicle to which the trailer is
coupled. Thus, in some examples, the third mode of opera-
tion may be referred to as a “passive mode.”

[0058] In providing powered axle(s) to the trailer (e.g., by
the hybrid suspension system 100), embodiments of the
present disclosure result in a significant reduction in both
fuel consumption and any associated vehicle emissions, and
thus a concurrent improvement in fuel efficiency, of the
powered towing vehicle. In addition, various embodiments
may provide for improved vehicle acceleration, vehicle
stability, and energy recapture (e.g., via regenerative brak-
ing) that may be used for a variety of different purposes. For
example, embodiments disclosed herein may use the recap-
tured energy to apply the motive rotational force using the
electric motor-generator and/or provide on-trailer power that
may be used for powering a lift gate, a refrigeration unit, a
heating ventilation and air conditioning (HVAC) system,
pumps, lighting, communications systems, and/or providing
an auxiliary power unit (APU), among others. It is noted that
the above advantages and applications are merely exem-
plary, and additional advantages and applications will
become apparent to those skilled in the art upon review of
this disclosure.

[0059] Referring again to FIG. 1A, illustrated therein is a
bottom view of an exemplary hybrid suspension system 100
which shows the frame 110, the drive axle 120, a passive
axle 125, and wheels/tires 135 coupled to ends of each of the
drive axle 120 and the passive axle 125. In some embodi-
ments, the electric motor-generator 130 is coupled to the
drive axle 120 by way of a differential 115, thereby allowing
the electric motor generator 130 to provide the motive
rotational force in the first mode of operation, and to charge
the energy storage system (e.g., the battery array) by regen-
erative braking in the second mode of operation. Note that
in some embodiments, components such as the electric
motor generator, gearing and any differential may be more
or less integrally defined, e.g., within a single assembly or as
a collection of mechanically coupled components, to pro-
vide an electrically-driven axle. While shown as having one
drive axle and one passive axle, in some embodiments, the
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hybrid suspension system 100 may have any number of
axles, two or more drive axles, as well as multiple electric-
motor generators on each drive axle. In addition, axles of the
hybrid suspension system (e.g., the drive axle 120 and the
passive axle 125) may be coupled to the frame 110 by a leaf
spring suspension, an air suspension, a fixed suspension, a
sliding suspension, or other appropriate suspension. In some
embodiments, the wheels/tires 135 coupled to ends of one or
both of the drive axle 120 and the passive axle 125 may be
further coupled to a steering system (e.g., such as a manual
or power steering system), thereby providing for steering of
the hybrid suspension system 100 in a desired direction.
[0060] With reference to FIG. 1B, illustrated therein is a
top view of the hybrid suspension system 100 showing the
battery array 140 and the control system 150. In various
embodiments, the battery array 140 and the control system
150 may be coupled to each other by an electrical coupling
145. In addition, the electric motor-generator 130 may be
coupled to the control system 150 and to the battery array
140, thereby providing for energy transfer between the
battery array 140 and the electric motor-generator 130. In
various examples, the battery array 140 may include one or
more of an energy dense battery and a power dense battery.
For example, in some embodiments, the battery array 140
may include one or more of a nickel metal hydride (NiIMH)
battery, a lithium ion (Li-ion) battery, a lithium titanium
oxide (LTO) battery, a nickel manganese cobalt (NMC)
battery, a supercapacitor, a lead-acid battery, or other type of
energy dense and/or power dense battery.

TTR Hybrid System

[0061] In some embodiments, one or more aspects of the
supplemental hybridizing system explained above with
respect to hybrid suspension system 100 may be adapted for
use as part of the tractor 165. With reference to FIG. 1C, and
in some embodiments, such an adapted through the road
(TTR) hybrid system 101 may include various aspects of the
hybrid suspension system 100, as described above, which
are coupled to and/or integrated with existing components of
the tractor 165 to provide the TTR hybrid system 101. In
some examples, the TTR hybrid system 101 may provide for
replacement of the one or more passive axles of the tractor
165 with one or more powered axles. Thus, in various
embodiments, the TTR hybrid system 101 may be used to
provide a motive rotational force (e.g., in a first mode, or
power assist mode, of operation) to the powered towing
vehicle (e.g., to the tractor 165). Additionally, in some
embodiments, the TTR hybrid system 101 is configured to
provide a regenerative braking force (e.g., in a second mode,
or regeneration mode, of operation) that charges an energy
storage system (e.g., the battery array). In some examples,
the TTR hybrid system 101 is further configured to provide
neither motive rotational nor regenerative braking force
(e.g., in a third mode, or passive mode, of operation).

[0062] It is noted that the TTR hybrid system 101 may be
used separately and independently from the hybrid suspen-
sion system 100 attached to the trailer. Thus, for example,
advantages of the various embodiments disclosed herein
(e.g., reduced fuel consumption and emissions, improved
fuel efficiency, vehicle acceleration, vehicle stability, and
energy recapture) may be realized by the TTR hybrid system
101 apart from the hybrid suspension system 100. This may
be advantageous, for instance, when the tractor 165 is driven
without the attached trailer. To be sure, when the tractor 165
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is used to tow a trailer and in some embodiments, the hybrid
suspension system 100 and the TTR hybrid system 101 may
be cooperatively operated to provide a greater motive rota-
tional force to, or recapture a greater amount of energy from,
the tractor-trailer vehicle 160 than either of the hybrid
suspension system 100 or the TTR hybrid system 101 may
be able to provide or recapture on their own. In at least some
embodiments, the TTR hybrid system 101 may be indepen-
dently used (e.g., apart from the hybrid suspension system
100) to recapture energy that can subsequently be used to
provide power to tractor 165 systems and/or to trailer
systems. For example, such power may be used to power a
lift gate, a refrigeration unit, a heating ventilation and air
conditioning (HVAC) system, pumps, lighting, communica-
tions systems, and/or to provide an auxiliary power unit
(APU), among others.

[0063] With reference to FIG. 1D, illustrated therein is a
bottom view of the TTR hybrid system 101 coupled to
and/or integrated with the tractor 165. As shown, the tractor
165 may include a cab 172, a frame 174, a steering axle 176,
an engine-powered axle 178, an electric axle 180, and
wheels/tires 135 coupled to ends of each of the steering axle
176, the engine-powered axle 178, and the electric axle 180.
A steering wheel may be coupled to the steering axle 176 to
turn and/or otherwise control a direction of travel of the
tractor 165. In various embodiments, the tractor 165 further
includes an engine 182, a torque converter 184 coupled to
the engine 182, a transmission 186 coupled to the torque
converter 184, a drive shaft 188 coupled to the transmission
186, and a differential 190 coupled to the drive shaft 188.
The differential 190 may be further coupled to the engine-
powered axle 178, thereby providing torque to the wheels
coupled to ends of the engine-powered axle 178. As part of
the TTR hybrid system 101, and in various embodiments,
the electric motor-generator 130 may be coupled to the
electric axle 180 by way of the differential 115, thereby
allowing the electric motor-generator 130 to provide the
motive rotational force in the first mode of operation, and to
charge the energy storage system (e.g., the battery array) by
regenerative braking in the second mode of operation. In
some embodiments, the electric axle 180 may include mul-
tiple electric-motor generators coupled thereto. As shown in
FIG. 1D, the TTR hybrid system 101 may also include the
battery array 140 and the control system 150, for example,
coupled to each other by an electrical coupling, thereby
providing for energy transfer between the battery array 140
and the electric motor-generator 130. The battery array 140
may include any of a variety of battery types, as described
above.

[0064] Referring to FIG. 1E, illustrated therein is a bottom
view of an alternative embodiment of the TTR hybrid
system 101 coupled to and/or integrated with the tractor 165.
In particular, in the example of FIG. 1D, the engine-powered
axle 178 is disposed between the steering axle 176 and the
electric axle 180, which is disposed at a back end (e.g.,
opposite the cab 172) of the tractor 165. Alternatively, in the
example of FIG. 1E, the electric axle 180 is disposed
between the steering axle 176 and the engine-powered axle
178, which is disposed at a back end (e.g., opposite the cab
172) of the tractor 165. While not shown in FIG. 1E for
clarity of illustration, the TTR hybrid system 101 provided
therein may also include the battery array 140 and the
control system 150, as described above.
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[0065] Referring to FIG. 1F, illustrated therein is a view of
an alternative embodiment of the on-tractor TTR hybrid
system 101, prior to installation of the TTR hybrid system
101 on the tractor 165. As shown in FIG. 1F, the TTR hybrid
system 101 may include a battery, a motor controller, a
cooling system, an APU, low voltage controls, GPS/LTE
receivers, a motor and gearbox, and a truck CAN bus
interface. Referring to FIG. 1G, illustrated therein is a view
of an alternative embodiment of the on-tractor TTR hybrid
system 101, after installation of the TTR hybrid system 101
on the tractor 165. In some aspects, the example of FIG. 1G
is similar to the example of FIG. 1D, at least inasmuch as the
engine-powered axle 178 is disposed between the steering
axle 176 and the electric axle 180, which is disposed at a
back end (e.g., opposite the cab 172) of the tractor 165.
While not explicitly shown, the TTR hybrid system 101 of
FIGS. 1F and 1G may further include other features
described herein such as additional controllers, brake line
sensors, SAE J1939 type interfaces, sensor packages, off-
vehicle radio frequency (RF) communications, etc. In addi-
tion, and in some embodiments, various features of the TTR
hybrid system 101, as illustrated in FIGS. 1F and 1G, may
be equally installed and used in a TTR hybrid system 101 as
shown in FIG. 1C and 1E, and/or within a hybrid suspension
system as shown in FIGS. 1A-1C.

[0066] Although TTR hybrid system configurations are
described in the context of a tractor unit suitable for use in
a tractor-trailer configuration, persons of skill in the art
having benefit of the present disclosure will appreciate
configurations in which powered vehicles, including heavy
trucks with a single effective frame, include the systems
methods and/or techniques disclosed herein relative to trac-
tor unit, trailer, tractor-trailer and/or tandem configurations.

Control System Architecture and Components

[0067] As discussed above, the hybrid suspension system
100 and/or the TTR hybrid system 101 are configured to
operate autonomously and in at least three modes of opera-
tion: (i) a power assist mode, (i) a regeneration mode, and
(iii) a passive mode. In particular, and in various embodi-
ments, the hybrid suspension system 100 and/or the TTR
hybrid system 101 are operated in one of these three modes
by way of the control system 150 (e.g., in conjunction with
suitable program code, as discussed below). Various aspects
of the control system 150, including system architecture and
exemplary components, are described in more detail below
with reference to FIGS. 2A-2F, 3, and 4.

[0068] Referring first to FIGS. 2A-2F, illustrated therein is
a control system circuit 200 that may be housed within the
control system 150. It is noted that the control system circuit
200, and the components shown and described herein are
merely exemplary, and other components and/or circuit
architecture may be used without departing from the scope
of'the this disclosure. FIG. 2A shows an AC motor controller
202, which may be used to actuate the electric motor-
generator 130. By way of example, and in some cases, the
AC motor controller 202 may include a Gen4 Size 8
controller manufactured by Sevcon USA, Inc. of Southbor-
ough, Mass. In some embodiments, the AC motor controller
202 is coupled to an AC motor controller relay 238 (FIG.
2D). As described below with reference to FIG. 3, the AC
motor controller 202 may communicate with other compo-
nents of the control system circuit 200 by way of a controller
area network (CAN bus). In some embodiments, a CANbus
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or SAE J1939 interface may be provided to other systems.
FIG. 2B shows an electric motor-generator 204, which may
be the electric motor-generator 130 discussed above, and
which may be actuated by the AC motor controller 202. In
some examples, the electric-motor generator 204 may
include an electric motor-generator manufactured by Remy
International, Inc. of Pendleton, Ind. FIG. 2C illustrates a
water pump 206 coupled to a water pump relay 218, a water
fan 208 coupled to a wafer fan relay 220, an oil pump 210
coupled to an oil pump relay 222, an oil fan 212 coupled to
an oil fan relay 224, and a ground bus bar 214. Each of the
water pump 206, the water fan 208, the oil pump 210, and
the oil fan 212 may be coupled to a voltage supply 216 (and
thus enabled) by way of their respective relay, where the
relays are coupled to and actuated by a master control unit
228 (FIG. 2D). In addition, the ground bus bar 214 may be
coupled to a ground plane 226 (FIG. 2D), and each of the
water pump 206, the water fan 208, the oil pump 210, and
the oil fan 212 may be coupled to the ground plane 226 by
way of the ground bus bar 214.

[0069] In addition to the master control unit 228, FIG. 2D
illustrates a DC-DC power supply 230 coupled to a DC-DC
control relay 236, a brake pressure sensor 232 coupled to the
master control unit 228, a ground fault detector (GFD) 234
coupled to a battery management system (BMS)/GFD relay
240, and the AC motor controller relay 238. The DC-DC
power supply 230 may be coupled to the voltage supply 216
(and thus enabled) by way of the DC-DC control relay 236,
which is coupled to and actuated by a master control unit
228. Similarly, the GFD 234 and a “Key On—" input of a
BMS 242 (FIG. 2E) may be coupled to the voltage supply
216 by way of the BMS/GFD relay 240, which is also
coupled to and actuated by the master control unit 228. The
AC motor controller 202 may also be coupled to the voltage
supply 216 (and thus enabled) by way of the AC motor
controller relay 238, which is also coupled to and actuated
by the master control unit 228. In various embodiments, the
DC-DC power supply 230 and the master control unit 228
may communicate with other components of the control
system circuit 200 by way of the CAN bus, as discussed
below. FIG. 2E shows the “Key On—" input of a BMS 242
coupled to the BMS/GFD relay 240, as discussed above. In
addition, a “Key On+” input of the BMS 242 may be
coupled directly to the voltage supply 216, as shown in FIG.
2F. In some embodiments, the BMS 242 may also commu-
nicate with other components of the control system circuit
200 by way of the CAN bus, as discussed below.

[0070] Referring specifically to FIG. 2F, illustrated therein
is a compressor 244 coupled to a cooling relay 248, an
attitude and heading reference system (AHRS) 246 coupled
to an AHRS relay 252, and an optional inverter relay 250. By
way of example, the compressor may include a variable
frequency drive (VFD) or variable speed drive (VSD) com-
pressor. The compressor 244 may be coupled to the voltage
supply 216 (and thus enabled) by way of the cooling relay
248, which is coupled to and actuated by a master control
unit 228. Similarly, the AHRS 246 may be coupled to the
voltage supply 216 (and thus enabled) by way of the AHRS
relay 252, which is coupled to and actuated by a master
control unit 228. In some embodiments, the AHRS 246 may
communicate with other components of the control system
circuit 200 by way of the CAN bus, as discussed below. In
various embodiments, the control system circuit 200 further
includes an inverter, as shown below in FIG. 4, that may be
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coupled to the DC-DC power supply 230 and which may be
optionally enabled/disabled using the inverter relay 250 by
the master control unit 228. Moreover, in various embodi-
ments, the inverter is coupled to the electric motor-generator
204 to provide power to, or receive power from, the electric
motor-generator 204. It is again noted that the description of
the control system circuit 200 is merely exemplary, and
other aspects, advantages, and useful components will be
evident to those skilled in the art, without departing from the
scope of this disclosure. For example, in various embodi-
ments, the control system circuit 200 may also include one
or more of a fuse and relay module, a 12 volt battery, a fuse
block, one or more battery disconnect switches, one or more
electrical contactors, a pre-charge resistor, and/or other
components as known in the art.

[0071] With reference now to FIG. 3, illustrated therein is
a controller area network (CAN bus) 300 used for commu-
nication of the various components of the control system
circuit 200 with one another. Generally, a CAN bus is a
vehicle bus standard designed to allow microcontrollers and
other devices such as electronic control units (ECUs), sen-
sors, actuators, and other electronic components, to com-
municate with each other in applications without a host
computer. In various embodiments, CAN bus communica-
tions operate according to a message-based protocol. Addi-
tionally, CAN bus communications provide a multi-master
serial bus standard for connecting the various electronic
components (e.g., ECUs, sensors, actuators, etc.), where
each of the electronic components may be referred to as a
‘node’. In various cases, a CAN bus node may range in
complexity, for example from a simple input/output (1/O)
device, sensors, actuators, up to an embedded computer with
a CAN bus interface. In addition, in some embodiments, a
CAN bus node may be a gateway, for example, that allows
a computer to communicate over a USB or Ethernet port to
the various electronic components on the CAN network. In
various embodiments, CAN bus nodes are connected to each
other through a two wire bus (e.g., such as a 120Q2 nominal
twisted pair) and may be terminated at each end by 1202
resistors.

[0072] In particular, the CAN bus 300 is illustrated as a
linear bus terminated at each end by 120€2 resistors. In some
embodiments, the CAN bus 300 includes an ISO 11898-2
high speed CAN bus (e.g., up to 1 Mb/s). By way of
example, the CAN bus 300 is shown as including as nodes,
for example, the AC motor controller 202, the BMS 242, the
AHRS 246 (sensor), the master control unit 228, the DC-DC
power supply 230 (actuator), and telematics unit 302 (smart
sensor). In some embodiments, the telematics unit 302 may
include a global positioning system (GPS), an automatic
vehicle location (AVL) system, a mobile resource manage-
ment (MRM) system, a wireless communications system, a
radio frequency identification (RFID) system, a cellular
communications system, and/or other telematics systems. In
some embodiments, the telematics unit 302 may also include
the AHRS 246. In accordance with various embodiments, at
least some of the sensors, actuators, and other electronic
components which are not included (e.g., shown in FIG. 3)
as CAN bus nodes, may themselves be coupled to the CAN
bus 300 by way of one or more of the CAN bus nodes. For
example, a voltage meter (sensor), a current meter (sensor),
and one or more electrical contactors (actuators) may be
coupled to the CAN bus 300 by way of the BMS 242.
Similarly, the water pump 206 (actuator), the water fan 208



10r control (e.g., actuation) ot the electric motor-generator
204, as discussed above.

Control Methods, Generally

[0074] Various aspects of the hybrid suspension system
100 and the TTR hybrid system 101 have been described
above, including aspects of the control system architecture
and related components. It particular, it has been noted that
the hybrid suspension system 100 and the TTR hybrid
system 101 are operated, by way of the control system 150
and suitable program code, in at least three modes of
operation: (i) a power assist mode, (ii) a regeneration mode,
and (iii) a passive mode. In at least some embodiments, the
program code used to operate the control system 150 may
reside on a memory storage device within the master control
unit 228 (FIG. 2D). In addition, the master control unit 228
may include a microprocessor and/or microcontroller oper-
able to execute one or more sequences of instructions
contained in the memory storage device, for example, to
perform the various methods described herein. In some
cases, one or more of the memory storage, microprocessor,
and/or microcontroller may reside elsewhere within the
hybrid suspension system 100, within the TTR hybrid sys-
tem 101 or even at a remote location that is in communi-
cation with the hybrid suspension system 100 or TTR hybrid
system 101. In some embodiments, a general purpose com-
puter system (e.g., as described below with reference to FIG.
7) may be used to implement one or more aspects of the
methods described herein.
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tations of a controller that applies an equivalent consump-
tion minimization strategy (ECMS) to the hybrid suspension
system 100 or TTR hybrid system 101 designs previously
explained. Interactions of a programmed controller 228 with
battery array 140, with a vehicle CANbus (for retrieval of
operating conditions indicative of current torque delivered
by fuel-fed engine through the primary drive train and
current gear ratios of that primary drivetrain), and ultimately
with electric motor-generator 130 via any local controller
(e.g., sevcon controller 202) are all illustrated.

[0077] Based on the current SOC for battery array 140, an
array of possible options for amperage discharge and charge
values are calculated. These possibilities are converted to
kW power as potential battery power discharge and charge
possibilities. Battery inefficiencies and motor controller
inefficiencies are considered along with possible electric
drivetrain gear ratios to arrive at the corresponding potential
electric motor torques that can be applied and resultant
wheel torques which can be applied to the vehicle using
electric motor-generator 130. Using the battery power dis-
charge and charge possibilities, a corresponding diesel usage
table is calculated using a lookup table that stores values for
battery power equivalence based on various SOC conditions
of battery array 140.

[0078] Based on current operating parameters retrieved
from the vehicle CANbus (e.g., engine torque and current
gear ratios in the primary drivetrain) or optionally based on
estimates calculated based on a high-precision inertial mea-
surement unit (IMU) effective torque delivered at vehicle
wheels by the fuel-fed engine and the primary drivetrain is
calculated or otherwise computationally estimated at con-
troller 228. Potential supplemental torques that can be
provided at wheels driven (or drivable) by electric motor-
generator 130 are blended with those calculated or estimated
for vehicle wheels driven by the fuel-fed engine and primary
drivetrain in a calculation that back-calculates where the
various additional supplemental torques would place the
vehicle’s engine. Then, based on these new values for the
fuel-fed engine and primary drivetrain, a vehicle fuel usage
consumption table is updated and, in turn, combined with
(computationally summed) a charge/fuel usage table for
electric motor-generator 130. Based on the current SOC,
SOC targets, and SOC hysteresis, a minimum index value
from the discharge fuel usage table or the charge fuel usage
table is used. A motor torque at this index is retrieved from
the motor torque possibilities table, and this torque demand
is sent to electric motor-generator 130 via any local con-
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