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Design Feature | PRESENT INVENTION | Conventional Approach
Number of Major | 14 >40
Components
Total Numberof | 62 >270
Components
Floor « Integral Cooling and « Several Major Progressive
Conduits Stampings with Numerous
« Integral Crash Load Path | Local Reinforcements or
Management Tailored Blanks
* Forms Basis of Family of |* Additional Longitudinals
Variants and Cross Members for
Stiffness
= Multi-Step Galvanic
Protection Dips
Assembly Bonded, No Fasteners, Spot and MiG Welded,
Self-Fixturing Fastened, Fixtured
Component Automated Preforms, Net| Blanks, Stamped, Trimmed
Fabrication Shape Liquid Infusion to Net, and Welded
Sub-Assemblies
External Skin Damage Resistant, Bolt-on High Damage
Thermoplastic Panels Risk and Corrosion
Susceptible Steel Panels
External Finish Non-Painted, Through Galvanized, Painted, and
Thickness Color, Matt Clear Coated, Class A
Finish Finish, Underbody
Protective Coalings
Closures Structural Inner, Integral | Pressed Steel Inner,
Intrusion Beam and Pressed Outer Clinched
Hardware Cassetfte, to Inner, Constrained
Thermoplastic Outer Assembly Access
Carbon 79.6 NA
Composite Safety
Cell (kg)
Structural Mass 136.9 290
tkg)
Total Body Mass | 186.3 330
(kg)

FIG. 20
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ADVANCED COMPOSITE HYBRID-ELECTRIC
VEHICLE

[0001] This application claims the benefit of U.S. Provi-
sional Applications Nos. 60/345,638, filed Jan. 8, 2002 and
60/350,015, filed Jan. 23, 2002, which are herein incorpo-
rated by reference in their entirety.

BACKGROUND

[0002] 1. Field of the Invention

[0003] The present invention relates generally to hybrid-
electric vehicles, and, more particularly, to hybrid-electric
vehicles incorporating lightweight advanced composite
structures, modular rear suspension and traction motor units,
fuel-cell hybrid-electric powertrains, integrated electromag-
netic and pneumatic suspension systems, and/or a digital
network-based control system and information management
architecture that uses a fault tolerant ring main power
supply.

[0004] 2. Background of the Invention

[0005] The strategic, business, and social need for fuel-
efficient and clean vehicles is evident worldwide. In devel-
oping countries where there is accelerating growth and sales
of automobiles, policymakers have an opportunity to direct
this growth toward clean and efficient vehicles. In industri-
alized countries, consumers and policymakers are beginning
to demand or require high environmental performance with-
out compromising safety, amenity, driving performance, or
cost. Globally, the transportation sector’s seemingly insa-
tiable thirst for petroleum compromises national security by
creating strong petroleum dependencies on unstable regions.
The United States, for instance, imports 53% of its petro-
leum and Europe imports 76%, making them heavily depen-
dent on petroleum exported from the politically volatile
Middle East.

[0006] The same dynamic is emerging in developing
countries. China, for instance, currently imports 30% of its
petroleum, but with vehicle sales growing 10% per year, by
2010 this figure is expected to climb to 50%. Thus, China is
rapidly heading the same direction as North America and
Europe by becoming heavily dependent on unstable regions
of the world for a key input to its economy.

[0007] Recognizing this need, the global auto industry has
made advances in developing cleaner engines, improving
driveline efficiency, and lightweighting. The industry
increasingly uses high-strength steel, aluminum, magne-
sium, plastics, and composites, all to varying degrees, to
achieve modest weight savings. Nevertheless, much more
technical progress is required in order to improve fuel
economy significantly and reduce emissions fleet-wide. Cur-
rently, automakers are focusing development on hybrid-
electric and fuel cell drive systems. Additional changes will
be required to the entire vehicle platform to make these
advanced drive systems cost competitive with conventional
drive systems in the near- and mid-term.

SUMMARY OF THE INVENTION

[0008] Recognizing the weight, range, performance, size,
and cost challenges associated with fuel-cell and hybrid
propulsion systems, the present invention provides a hybrid-
electric vehicle that incorporates one or more of lightweight,
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advanced composite structures, modular rear suspension and
traction motor units, fuel-cell hybrid-electric powertrains,
integrated electromagnetic and pneumatic suspension sys-
tems, and a digital network-based control system and infor-
mation management architecture that uses a fault tolerant
ring main power supply.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] The accompanying drawings, which are included
to provide a further understanding of the invention and are
incorporated in and constitute a part of this specification,
illustrate embodiments of the invention and together with
the description server to explain the principles of the inven-
tion. In the drawings:

[0010] FIG. 1 is a schematic diagram that illustrates an
exemplary advanced composite lightweight vehicle design,
according to an embodiment of the present invention.

[0011] FIG. 2 is a schematic diagram that shows an
isometric view of the exemplary body structure of FIG. 1.

[0012] FIG. 3 is a schematic diagram of an exploded
isometric view of an advanced composite safety cell, accord-
ing to an embodiment of the present invention.

[0013] FIG. 4 is a graphical flowchart illustrating a pre-
ferred assembly sequence for the exemplary vehicle body
structure of FIG. 1, according to an embodiment of the
present invention.

[0014] FIGS. 4A-4N are schematic diagrams that illustrate
the steps of FIG. 4 in more detail and on individual sheets.

[0015] FIG. 5 is a schematic diagram of a subframe
according to an embodiment of the present invention.

[0016] FIG. 6 is a schematic diagram of a front crush
structure according to an embodiment of the present inven-
tion.

[0017] FIG.7 is a schematic diagram of a screen surround
according to an embodiment of the present invention.

[0018] FIG. 8A is a schematic diagram of a bodyside
according an embodiment of the present invention.

[0019] FIG. 8B is a schematic diagram that illustrates the
side view-of a left bodyside, according to an embodiment of
the present invention.

[0020] FIG. 8C is a schematic diagram that illustrates a
plan view of the left bodyside of FIG. 8B.

[0021] FIG. 8D is a schematic diagram that illustrates a
cross-sectional view of the bodyside of FIG. 8B along line
A-A, showing a detail of a joint between a B-pillar of the
bodyside and a B-frame.

[0022] FIG. 8E is a schematic diagram that illustrates a
cross-sectional view of the bodyside of FIG. 8B along line
B-B, showing how the bodyside joins with a front bulkhead
lower.

[0023] FIG. 8F is a schematic diagram that illustrates a
cross-sectional view of the bodyside of FIG. 8B along line
C-C, showing how the bodyside joins with a floor.

[0024] FIG. 8G is a schematic diagram that illustrates a
cross-sectional view of the bodyside of FIG. 8B along line
D-D, showing how the bodyside joins with a tailgate ring-
frame.
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[0025] FIG. 8H is a schematic diagram that illustrates a
cross-sectional view of the bodyside of FIG. 8B along line
E-E, showing a joint between the bodyside and a roof.

[0026] FIG. 8I is a schematic diagram that illustrates a
cross-sectional view of the bodyside of FIG. 8B along line
F-F, showing how the bodyside and a screen surround are
joined.

[0027] FIG. 8] is a schematic diagram that illustrates a

cross-sectional view of the bodyside of FIG. 8B along line
G-G.

[0028] FIG. 9 is a schematic diagram that illustrates a
floor component according to an embodiment of the present
invention.

[0029] FIG. 10 is a schematic diagram that illustrates a
firewall upper according to an embodiment of the present
invention.

[0030] FIG. 11A is a schematic diagram that illustrates a
firewall lower according to an embodiment of the present
invention.

[0031] FIG. 11B is a schematic diagram illustrating an
exemplary fabrication design of the firewall lower of FIG.
11A, according to an embodiment of the present invention.

[0032] FIG. 12 is a schematic diagram of a roof according
to an embodiment of the present invention.

[0033] FIG. 13 is a schematic diagram of a B-frame
according to an embodiment of the present invention.

[0034] FIG. 14 is a schematic diagram of a C-frame
according to an embodiment of the present invention.

[0035] FIG. 15 is a schematic diagram of a tailgate
ringframe according to an embodiment of the present inven-
tion.

[0036] FIG. 16 is a schematic diagram of a bodyside
wedge according to an embodiment of the present invention.

[0037] FIG. 17 is a schematic diagram of a rear floor
according to an embodiment of the present invention.

[0038] FIG. 18 is a schematic diagram of an exploded
view of an exemplary exterior skin applied to the vehicle
body structure of FIG. 1, according to an embodiment of the
present invention.

[0039] FIG. 19 is a schematic diagram that illustrates the
assembly and design of an exemplary closure for the vehicle
body structure of FIG. 1, according to an embodiment of the
present invention.

[0040] FIG. 20 is a table comparing the design features of
the present invention to conventional approaches.

[0041] FIG. 21 is a schematic diagram that illustrates a
vehicle dynamics system according to an embodiment of the
present invention.

[0042] FIG. 22 is a schematic diagram of an exemplary
electrically actuated steering system according to an
embodiment of the present invention.

[0043] FIG. 23 is a schematic diagram of an electrically
actuated caliper and carbon/carbon rotor and pads, accord-
ing to an embodiment of the present invention.
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[0044] FIG. 24 is a schematic diagram of an exemplary
rear left brake sub-assembly, according to an embodiment of
the present invention.

[0045] FIG. 25 is a schematic diagram of an exemplary
front brake assembly, according to an embodiment of the
present invention.

[0046] FIG. 26 is a schematic diagram of an electrically
actuated braking system, according to an embodiment of the
present invention.

[0047] FIGS. 27A and 27B are schematic diagrams of
electromagnetic/pneumatic struts as applied to both a front
(left) suspension assembly and a rear (right) suspension
assembly, respectively, according to an embodiment of the
present invention.

[0048] FIG. 28 is a schematic diagram that shows elec-
tromagnetic/pneumatic struts in relation to other suspension
components and a subframe, according to an embodiment of
the present invention.

[0049] FIG. 29 is a schematic diagram showing an exem-
plary pneumatic/hydraulic system for a suspension system,
according to an embodiment of the present invention.

[0050] FIG. 30 is a flowchart describing an exemplary
control scheme for a suspension system, according to an
embodiment of the present invention.

[0051] FIGS. 31A and 31B are schematic diagrams that
illustrate a carbon-reinforced composite A-arm, according to
an embodiment of the present invention.

[0052] FIGS. 32A and 32B are finite element models of
the A-arm shown in FIGS. 31A and 31B, according to an
embodiment of the present invention.

[0053] FIG. 33 is a schematic diagram of an exemplary
integrated rear suspension module, according to an embodi-
ment of the present invention.

[0054] FIG.34A is a schematic diagram of a cross-section
of a composite trailing arm, according to an embodiment of
the present invention.

[0055] FIG. 34B is a schematic diagram of a top view of
the composite trailing arm shown in FIG. 34A.

[0056] FIG. 34C is a schematic diagram of a side view of
the composite trailing arm shown in FIG. 34A.

[0057] FIGS. 35A and 35B are finite element models of
the composite trailing arm shown in FIGS. 34A, 34B, and
34C, according to an embodiment of the present invention.

[0058] FIG. 36 is a schematic diagram that illustrates rear
suspension modules mounted to rear wheels of a vehicle,
according to an embodiment of the present invention.

[0059] FIG. CR1 is a schematic diagram that illustrates the
layout of the major propulsion components of an exemplary
powertrain system, according to an embodiment of the
present invention.

[0060] FIG. CR2Ais a schematic diagram of a top view of
the powertrain system of FIG. CR1.

[0061] FIG. CR2B is a schematic diagram of a side view
of the powertrain system of FIG. CR1.

IPR2025-00152
Tesla EX1031 Page 87



US 2003/0230443 Al

[0062] FIG. CR2C is a schematic diagram of a front view
of the powertrain system of FIG. CR1.

[0063] FIG. CR3 is an electrical schematic diagram of the
exemplary powertrain system of FIG. CR1.

[0064] FIG. CR4 is a table describing an exemplary power
management system, according to an embodiment of the
present invention.

[0065] FIG. CRS is a table that describes an exemplary
propulsion control strategy for the powertrain components
of FIGS. CR1 and CR2, according to an embodiment of the
present invention.

[0066] FIG. CR6 is a schematic diagram of an exemplary
coolant design system, according to an embodiment of the
present invention.

[0067] FIG. D1 is a schematic diagram of an exemplary
ring main power supply, according to an embodiment of the
present invention.

[0068] FIG. D2 is a schematic diagram an exemplary
dual-fused junction box, according to an embodiment of the
present invention.

[0069] FIG. D3 is a schematic diagram that illustrates
exemplary connections between the vehicle safety systems
of the power distribution network of FIG. D1, according to
an embodiment of the present invention.

[0070] FIG. D4 is a schematic diagram showing exem-
plary hard-wired inputs to the central controller of FIG. D1,
according to an embodiment of the present invention.

[0071] FIG. D5 is a schematic diagram showing body
controller wiring to the central controller of FIG. DI,
according to an embodiment of the present invention.

[0072] FIG. D6 is a schematic diagram showing exem-
plary controller area network wiring, according to an
embodiment of the present invention.

[0073] FIG. D7 is a schematic diagram of exemplary fault
tolerant network wiring, according to an embodiment of the
present invention.

[0074] FIG. D8 is a schematic diagram of exemplary
telematics control wiring, according to an embodiment of
the present invention.

[0075] FIG. D9 is a schematic diagram of exemplary
audio amplifier wiring, according to an embodiment of the
present invention.

[0076] FIG. D10 is a schematic diagram of an overall
controller and network architecture, according to an embodi-
ment of the present invention.

[0077] FIG. D11 is a schematic diagram of an exemplary
user interface, according to an embodiment of the present
invention.

[0078] FIG. D12 is a schematic diagram of an exemplary
driver’s display screen, according to an embodiment of the
present invention.

[0079] FIG. D13 is a schematic diagram of an exemplary
entertainment display screen, according to an embodiment
of the present invention.
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[0080] FIG. D14 is a schematic diagram of an exemplary
navigation display screen according to an embodiment of the
present invention.

[0081] FIG. D15 is a schematic diagram of an exemplary
climate control display screen according to an embodiment
of the present invention.

[0082] FIG. D16 is a schematic diagram of an exemplary
ride setting display screen according to an embodiment of
the present invention.

[0083] FIG. D17 is a schematic diagram of an exemplary
guide display screen according to an embodiment of the
present invention.

[0084] FIG. D18 is a schematic diagram of an exemplary
identity setting display screen according to an embodiment
of the present invention.

[0085] FIG. D19 is a schematic diagram of an exemplary
diagnostics setting display screen according to an embodi-
ment of the present invention.

[0086] FIG. D20 is a schematic diagram of schematic of
an exemplary intervention settings display screen according
to an embodiment of the present invention.

[0087] FIG. D21 is a schematic diagram of an exemplary
plug-ins setting control panel according to an embodiment
of the present invention.

[0088] FIG. D22 is a schematic diagram of an exemplary
energy settings control panel according to an embodiment of
the present invention.

[0089] FIG. D23 is a schematic diagram of an exemplary
side stick and control pad, according to an embodiment of
the present invention.

[0090] FIG. D24 is a schematic diagram of an exemplary
method for actuation of a side stick, according to an embodi-
ment of the present invention.

[0091] FIG. D25 is a table that describes an exemplary
jog-wheel control, according to an embodiment of the
present invention.

[0092] FIG. D26 is a flowchart that describes an exem-
plary process-for using a jog-wheel, according to an
embodiment of the present invention.

DETAILED DESCRIPTION OF THE
INVENTION

[0093] Reference will now be made in detail to the pre-
ferred embodiments of the present invention, examples of
which are illustrated in the accompanying drawings.

[0094] Integrated Design and Manufacturing Approach for
Affordable Volume Production of Advanced Composite
Automotive Structures

[0095] An aspect of the present invention provides an
integrated design and manufacturing approach for affordable
volume production of advanced composite automotive
structures. This design and manufacturing approach can be
applied to a full-size, but lightweight, automobile design to
yield a highly efficient and affordable hybrid-electric auto-
mobile for general-purpose use. The approach greatly sim-
plifies component design to minimize hard point integration,
local complexity, and embedded details, while maximizing
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and taking advantage of global complexity, tailored load
paths, self-fixturing and detoleranced assembly, and parts
reduction. The interdependent production process involves
the unique application of existing technologies to create
preforms for subsequent part forming in a highly automated
and repeatable manner consistent with volume production of
50,000 completed body structures per annum.

[0096] The design approach of this aspect of the present
invention can be used for automobiles in general, and
passenger style and sport utility style vehicles specifically.

[0097] An embodiment of the invention incorporates a
process for continuous, tailored lamination of aligned com-
posite materials in such a way that either pre-formed or
pre-consolidated sheets are made available for subsequent
infusion molding or stamping processes respectively. The
infusion processes are similar to those already in widespread
use such as resin transfer molding (RTM) or vacuum
assisted resin transfer molding (VARTM). The stamping
process is similar to that currently used to stamp steel
automotive structures. These processes are described in
more detail in the related co-pending application Ser. No.
09/916,254, filed Jul. 30, 2001, which is herein incorporated
by reference in its entirety.

[0098] For either approach, liquid infusion or solid state
stamping respectively, component design must be tailored to
the processes to have the best chance of achieving perfor-
mance and cost goals. The processing aspect of this embodi-
ment of the invention incorporates aspects of several avail-
able technologies including fiber or tape placement, stretch-
broken and commingled fiber yarns, binderized pre-forming,
heated consolidation, and NC cutting and kitting, and can be
used with either thermoplastic or thermoset matrix resins.

[0099] This aspect of the invention addresses the design
and production of affordable advanced composite automo-
tive structures using repeatable, monitorable, and produc-
tion-friendly approaches and processes. The design
approach is tailored specifically to provide a lowest fabri-
cation cost solution, not necessarily the lightest weight
solution. The processing approach is tailored specifically to
provide repeatable, monitorable, and versatile production of
engineered performs to provide affordable production of
50,000 units per year.

[0100] To date, no design or production solutions for
advanced composite structures have been successful at pro-
duction volumes higher than 5,000-10,000 units per year.
For the most part, none of the solutions has attempted to
incorporate a design approach that focuses primarily on cost
reduction, as opposed to weight reduction. Moreover, none
have attempted to integrate the fabrication processes of the
present invention, which focus on repeatable, monitorable
low cost and low labor content approaches.

[0101] Advanced composites are defined herein as highly
aligned reinforcements of carbon, glass, or aramid fibers in
a suitable polymer matrix of either thermoset or thermo-
plastic resins. The use of such highly aligned reinforcements
is based on the following perception: The modulus of steel
is 30,000,000 1bs/in?, whereas the modulus of aluminum is
10,000,000 Ibs/in®. The modulus of a typical, higher quality
glass epoxy prepreg is around 4,000,000 Ibs/in®. The com-
posite materials currently being used by the automotive
industry have even less stiffness than this and therefore do
not offer the potential for dramatic improvements in struc-
tural performance.
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[0102] Thus, the invention recognizes that, to benefit from
the advantages of using composites in automobiles, the
unique characteristics of composites must be incorporated
into both the design and the production of the vehicle in a
way that allows their inherent advantages to be realized,
while avoiding long process cycle times and high labor
content. This aspect of the invention therefore integrates the
production demands of higher volume automotive structures
with the higher performance available from advanced com-
posite materials, in a way that yields repeatable, affordable
performance.

[0103] This aspect of the invention addresses the funda-
mental elements required for a breakthrough in affordable
high performance and high volume automotive structures to
become a reality. Issues this invention successfully address
are: 1) a perspective of what comprises the structure of an
automobile that yields certain design freedoms that are
exploited in the design and assembly approach of the
components comprising that structure, 2) a simple and
robust approach to bonded assembly of components, which
eliminates completely the need for mechanical fasteners for
general assembly, relieves the tolerance requirements of the
assembled components, and provides a degree of self-
fixturing that yields less costly and faster assembly, 3)
elimination of the need for general repairs of the advanced
composite structure under most conditions, 4) innovative
use of an aluminum sub-assembly to perform functions that
are not particularly amenable to advanced composites, thus
eliminating the need for expensive or hard to produce
composite components, 5) innovative use of unreinforced
exterior skin to uncouple the shape of the exterior surface
from the highly reinforced body structure, thereby enabling
a more simplified and less costly design solution, 6) inno-
vative integration of several specific design features that
contribute to the overall affordability and performance of the
vehicle structure including: one piece transverse ring
frames, integral sills, integral seat attachments, minimal
parts count, and integral thermal and acoustic insulation, 7)
a production process developed specifically to minimize
touch labor between part design and near-finished part,
while providing highly repeatable, tailorable, versatile, and
controllable processes, minimizing scrap materials, enabling
in-line process monitoring and control, and yielding aligned
“continuous” like fibrous reinforcement in a variety of
laminate architectures using the same equipment.

[0104] In taking this approach, this aspect of the present
invention provides several benefits in terms of cost, struc-
tural performance, mass, durability, and modularity/tai-
lorability.

[0105] Interms of cost, the design approach of the present
invention, coupled with the advanced composite structure
manufacturing process described in the related co-pending
application Ser. No. (09/916,254, incorporated herein by
reference), provide an advanced composite, carbon-fiber-
reinforced automotive safety cell that could be produced at
attractive volumes for a reasonable cost. The design
approach of the present invention therefore fulfills a desire
shared by all OEMs, which would like to produce light-
weight composite vehicle structures, without a cost penalty
at the vehicle and production levels. Currently, the entire
automotive industry acknowledges that there is no such
process currently available that can affordably produce
composite vehicle structures at volumes greater than 10-20
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k per year. Production cost based on the design and manu-
facturing approach of the present invention is estimated to
be dramatically lower than any known carbon reinforced
automotive structural solution, and competitive at the
vehicle level with conventional design and production
approaches.

[0106] The present invention also has benefits relating to
structural performance. Conventional design and production
of automobile structures involves stamped sheet metal com-
ponents that use complex geometries to provide inherent
stability. Assembly may include a range of processes such as
welding, bonding, attachments, and mechanical fasteners. A
typical steel body structure contains at least seventy major
pressings, and the fabrication of each pressing requires
numerous steps. In addition, these seventy pressings do not
include closures or the assembly of any structures outside of
what could be called the “safety cell.” This conventional
approach, while extremely low cost at high volume, yields
significant structural shortcomings and breaks down eco-
nomically at volumes under 100 k per year. For example,
structural shortcomings include welded joints at the “corner”
of the torque box formed by the roof, body sides, and floor.
The corner is the worst location for a spot welded joint
because the process results in a hinge effect that minimizes
the bending integrity of the corner, thus compromising
resistance to side impact and rollover crash situations.
Conventional assembly methods are also notorious for pro-
ducing a wide range of tolerance in terms of fit-up and final
dimensions of the structure, and for degrading rapidly over
time due to fatigue. In contrast to these conventional meth-
ods and processes, the design approach of this aspect of the
present invention separates the structure from the vehicle’s
unreinforced exterior skin, which is styled and colored, and
thereby enables shape optimization of the structural com-
ponents to better suit structural integrity and low cost
production.

[0107] In terms of mass, in this aspect of the present
invention, the combination of the lightweight materials, the
structural design approach, the use of highly automated,
repeatable processes, and a fully bonded assembly approach
provide a vehicle structure that meets all applicable perfor-
mance requirements at a significantly lower mass than any
known conventional steel or other composite material
approach.

[0108] In terms of durability, in this aspect of the present
invention, the considered material selections, design
approach, and assembly method contribute to dramatic
reductions in the ill effects of the service environment,
especially in comparison to conventional approaches. In
particular, in the prior art, conventional stamped and welded
body structures can lose bending and torsional stiffness
within a year of purchase. These parameters are directly
linked with road feel, ride and handling, noise, vibration and
harshness (NVH), and crash safety.

[0109] In terms of modularity/tailorability, in this aspect
of the present invention, the integrated design approach to
the body structure enables production of different vehicle
variants at a reduced incurred cost compared to conventional
approaches. The present invention is able to provide this
cost-effective modularity/tailorability because the invest-
ment for production of a single variant is far less than for a
conventional stamped and welded steel structure, and
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because the general design and assembly approach are
applicable even if the geometry and size of the components
are changed to accommodate different vehicle requirements.

[0110] Overall, this aspect of the present invention
includes one or more of the following features: 1) fastener-
less, detoleranced, and self-fixturing assembly; 2) highly
aligned but discontinuous carbon fiber reinforced compo-
nents; 3) a part design that is compatible with globally
complex and locally simple design philosophies; 4) the use
of fiber placement technology to produce tailored performs
of either binderized materials or fully impregnated materi-
als; and 5) the use of a combination of solid-state stamping
or performing and resin infusion to form final component
shapes from the tailored blanks.

[0111] FIGS. 1-20 illustrate an exemplary design imple-
menting the features described above.

[0112] FIG. 1 illustrates an exemplary advanced compos-
ite lightweight vehicle design, according to an embodiment
of the present invention. For illustrative purposes, FIG. 1
and the subsequent related figures present a particular struc-
tural configuration. However, as one of ordinary skill in the
art would appreciate, the design features of the present
invention are equally applicable to other specific vehicle
designs. For this reason, and notwithstanding the particular
benefits associated with using the present invention for the
particular illustrated design, the invention described herein
should be considered broadly useful for any vehicle design.

[0113] As shown from a top-level structural configuration
in FIG. 1, the exemplary vehicle body structure X100
includes three major structural sections, including an
advanced composite safety cell X102, an aluminum sub-
frame X104, and a front crush structure X106. The sectional
layout of body structure X100 is unique for an automotive
structure in that each section is designed specifically to
absorb the energy that it will experience in its specific
portion of the impact pulse during a crash event. Composites
are used in front crush structure X106 to absorb energy in a
sacrificial manner. Aluminum is used in subframe X104 to
provide the majority of energy absorption because alumi-
num’s crush behavior is very well understood. In addition,
the complex design of subframe structure X104 is more
affordable to produce out of aluminum than advanced com-
posite. Advanced composites are used in safety cell X102
because this area typically encompasses the majority of the
mass of a conventional steel vehicle structure and therefore
represents the most potential for significant mass reduction.

[0114] FIG. 2 shows an isometric view of the exemplary
body structure X100. As shown, advanced composite safety
cell X102 includes all structure aft of aluminum subframe
X104. Subframe X104 is attached to the front of safety cell
X102. Front advanced composite crash structure X106 is
disposed forward of subframe X104 and is attached to both
subframe X104 and also safety cell X102. To attach to safety
cell X102, front crash structure X106 includes A-pillar
upper members X107 that span subframe X104 and attach to
safety cell X102.

[0115] Of particular importance to the present invention is
the geometry of the components in advanced composite
safety cell X102. In a preferred embodiment of the present
invention, all the components in safety cell X102 are
designed specifically to be produced by the manufacturing
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process described in the related co-pending application Ser.
No. (09/916,254, incorporated herein by reference), which
utilizes advanced fiber placement technology to laminate
“blanks” for subsequent thermoplastic stamping. In accor-
dance with that manufacturing process and with the need to
minimize production costs, the components of safety cell
X102 preferably have very gentle geometries to facilitate
fast cycle time and low-cost production.

[0116] As an example of this geometry, an aspect of the
present invention minimizes the local complexity of the
components of safety cell X102. Thus, in a preferred
embodiment, every component in safety cell X102 is
designed with no out-of-plane design features to minimize
production cost.

[0117] Another aspect of the present invention provides
integral and tailored load paths in the components of safety
cell X102. In this manner, the load paths of safety cell X102
use component features required for other functions, such as
the cant rail portion of the roof and the sill in the floor
required for side impact protection.

[0118] Another aspect of the present invention provides
fastenerless assembly of safety cell X102. In a preferred
embodiment, a simple blade-clevis assembly interface is
used for the assembly of every component in the safety cell.
This simple joint design simplifies assembly by relieving the
tolerance of the assembly interface in two of three dimen-
sions, while providing a large bond area for adhesive bond-
ing in a balanced double lap joint configuration, which is the
best joint design for durability and load carrying capacity.

[0119] FIG. 3 shows an exploded isometric view of
advanced composite safety cell X102, demonstrating the
components and assembly interfaces of safety cell X102
according to an embodiment of the present invention. As
shown, safety cell X102 includes a roof X108, bodysides
X220, bodyside wedges X112, a tailgate ringframe X114, a
C-frame X116, a B-frame X118, a firewall upper X120, a
screen surround X122, a firewall lower X124, a rear floor
X126, and a floor X128.

[0120] FIG. 4 illustrates a preferred assembly sequence
for the exemplary vehicle body structure X100 of FIG. 1. As
described above, vehicle body structure X100 includes the
advanced composite safety cell X102, the front aluminum
subframe X104, and the front crush structure X106. As
shown in the FIG. 4, the assembly sequence proceeds from
top to bottom and left to right, and involves the initial
separate assemblies of subframe X104 and its associated
components (steps S1-S4), safety cell X102 (steps B1-B4),
and front crush structure X106 (C1-C3) and its associated
components. Then, in the final assembly sequence (steps S5
to BS to B6), subframe X104 is attached to safety cell X102,
and the front crush structure X106 is then attached to safety
cell X102 and subframe X104. Thus, in the exemplary
flowchart of FIG. 4, an upper step must be completed before
a lower step in the same vertical chain and a left step must
be completed before a step to its right in the same horizontal
chain. Steps in different vertical chains can be completed in
series or in parallel.

[0121] FIGS. 4A-4N illustrate the steps of FIG. 4 in more
detail, on individual sheets, each marked with its corre-
sponding step (i.e., B1-B6, S1-S5, and C1-C3).

[0122] As shown in step S1 (FIGS. 4 and 4A), assembly
of the subframe and its components begins with the alumi-
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num subframe X104. Then, in step S2 (FIG. 4 and 4B),
steering links X132 and axles X134 and traction motors/
brake assemblies X136 are mounted on subframe X104. In
step S3 (FIGS. 4 and 4C), suspension assemblies X138 are
mounted on subframe X104. As shown, suspension assem-
blies X138 include electromagnetic struts X140 that attach
to subframe X104 and to aluminum upper control arm X141,
and carbon-reinforced composite lower suspension arms
X142 that attach to subframe X104 and to steering knuckle
X139. Finally, in step S4 (FIGS. 4 and 4D), front motor
controller X144 and 42-volt accessory battery X146 are
mounted on subframe X104. Having completed the assem-
bly of subframe X104 and its associated components, in step
S5 (FIGS. 4 and 4E), subframe X104 and its associated
components are ready to be attached to safety cell X102.
First, however, safety cell X102 must be assembled.

[0123] Thus, as shown in step Bl (FIGS. 4 and 4F),
assembly of safety cell X102 begins by attaching B-frame
X118, C-frame X116, and firewall upper X120 to rear floor
X126, and attaching bodysides X110 to firewall upper X120,
B-frame X118, C-frame X116, and rear floor X126. Then, in
step B2 (FIGS. 4 and 4G), tailgate ringframe X114 is
attached to bodysides X100 and rear floor X126, and firewall
lower X124 is attached to bodysides X100 and firewall
upper X120. In step B3 (FIGS. 4 and 4H), the components
assembled to this point are then mounted on floor X128,
attaching floor X128 to, for example, firewall lower X124,
bodysides X110, rear floor X126, and tailgate ringframe
X114. In step B4 (FIGS. 4 and 4I), roof X108 and screen
surround X122 are mounted on top of the components
assembled to this point. For example, as shown in FIG. 4,
roof X108 is attached to bodysides X110, B-frame X118,
C-frame X116, and tailgate ringframe X114. Screen sur-
round X122 is attached to, for example, firewall lower X124,
bodysides X110, and roof X108. Finally, in step BS (FIGS.
4 and 47), bodyside wedges X112 are attached to the
components assembled to this point. For example, bodyside
wedges X112 are attached to bodysides X110, firewall upper
X120, firewall lower X124, and floor X128. Safety cell
X102 is then ready to attach to subframe X104 and front
crush structure X106.

[0124] As shown in step C1 (FIGS. 4 and 4K), the
assembly of front crush structure X106 begins by mounting
coolant expansion tanks 105, 115, and 126 and heat
exchangers 103, 113, and 124 on a bumper structure X148.
In step C2 (FIGS. 4 and 4L), a fluid bottle X150 and
A-pillar upper X107 are mounted on bumper structure
X148. In step C3 (FIGS. 4 and 4M), front crush structure
X106 and its associated components are ready to attach to
subframe X104 and safety cell X102.

[0125] For the final assembly, in step B6 (FIGS. 4 and
4N), subframe X104 is attached to safety cell X102, and
front crush structure X106 is attached to subframe X104 and
safety cell X102. Subframe X104 attaches to, for example,
firewall upper X120, firewall lower X124, and floor X128.
Front crush structure X106 attaches to, for example, firewall
upper X120 and subframe X132. Assembly of the core
vehicle structure is thus complete.

[0126] A preferred embodiment of the present invention
uses blade-clevis joints to assemble the components as
shown in FIG. 4. This type of joint enables the same
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assembly joint to be used to assemble all the components,
while still providing a degree of self-fixturing capability to
simplify assembly.

[0127] The individual components of FIGS. 3 and 4 will
now be shown and described in more detail.

[0128] FIG. 5 illustrates subframe X104 according to an
embodiment of the present invention. In a preferred embodi-
ment, subframe X104 is a welded aluminum structure, built
from constant cross-section aluminum tubing to minimize
production costs. Subframe X104 houses and reacts to the
loads of numerous vehicle components. In addition, sub-
frame X104 serves as the interface between the front sus-
pension components and the rest of the vehicle, and provides
an intermediate crush structure between the front composite
crush structure X106 and safety cell X102. Using aluminum,
whose strength and crush behavior are very well character-
ized, enables a very efficient crush zone to be designed while
also performing the other functions assigned to subframe
X104. In addition, the well-known properties and perfor-
mance of aluminum minimize development risks. The rela-
tively low cost of aluminum also helps minimize production
costs. Notwithstanding the benefits of aluminum, an alter-
native embodiment of the present invention provides a
subframe X104 made of an advanced composite.

[0129] FIG. 6 illustrates front crush structure X106,
according to an embodiment of the present invention. Pref-
erably, front crush structure X106 is made from an advanced
composite. This front-most component of the vehicle struc-

ture houses heat exchangers 103, 113, and 124, expansion
tanks 105, 115, and 126, and fluid bottle X150.

[0130] Front crush structure X106 absorbs and distributes
crash energy up to 15 mph. Structure X106 absorbs this
energy through its own destruction during a crash event. The
design of front crush structure X106 transfers the energy and
loads that it absorbs into aluminum subframe X104. In
particular, structure X106 transfers loads through its A-pillar
upper X107 and to the integrated load paths of advanced
composite safety cell X102.

[0131] FIG. 7 illustrates screen surround X122, according
to an embodiment of the present invention. Screen surround
X122 accommodates the windscreen (e.g., windshield) and
provides the load path between A-pillar upper X107 of front
crush structure X106 and the cant rails of the roof (described
below). In a preferred embodiment, screen surround X122
includes blades X152 for attaching screen surround X122 to
a clevis feature around the perimeter of bodysides X110.
Screen surround X122 provides the upper load path between
front crush structure X106 and the upper cant rail of safety
cell X102. Screen surround X122 also provides transverse
reinforcement for firewall upper X120 and provides a frame
for the front windscreen.

[0132] FIG. 8A illustrates a bodyside X110 according an
embodiment of the present invention. Bodyside X110 is an
important structural component, which integrates numerous
structural and assembly features into one globally complex
component, provides upper and lower crash load paths via a
cant rail and sill, and contributes to torsional stiffness.
Bodyside X110 incorporates two key load paths to transfer
loads from subframe X106 in the lower portion of bodyside
X110, and from A-pillar upper X107 via the upper portion
of bodyside X110. A clevis assembly interface X154 is
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incorporated around the perimeter of bodyside X110 to
interface with blades formed in the components that join
bodyside X110. In a preferred embodiment, clevis assembly
interface X154 is oriented in a vertical plane such that
interfacing components can be fitted in an orthogonal fash-
ion. A co-processed blade feature is incorporated into B-pil-
lar X156 and C-pillar X158 of bodyside X110, which
interfaces with a clevis feature of the transverse ring frames
(B-frame X118 and C-frame X116). In another embodiment,
bodyside X110 uses a thin foam sandwich core to enhance
structural stability, while providing desirable thermal and
acoustic insulation.

[0133] FIG. 8B illustrates the side view of a left bodyside
X110. Sections A-A through G-G are marked and illustrated
in FIGS. 8D through 8J. FIG. 8C shows a plan view of left
bodyside X110, showing the shallow depth of draw of the
part, which simplifies tooling and manufacturing difficulty.

[0134] FIG. 8D illustrates a detail of the joint between
B-pillar X156 of bodyside X110 and B-frame X118.
B-frame X115 has a clevis joint X283 into which blade
X281 on the inner side of B-pillar X156 slots. Blade X281
is made part of bodyside X110 during its manufacture. The
facing parts of the blade and clevis joints are bonded
together using an adhesive.

[0135] FIG. 8E illustrates section B-B, showing how
bodyside X110 joins with front bulkhead lower X124 using
a blade and clevis joint. In this case, blade X285, which is
part of front bulkhead lower X124, slots into clevis X287 in
bodyside X110 and the parts are bonded together with
adhesive between the blade and clevis.

[0136] FIG. 8F illustrates section C-C, showing how
bodyside X110 joins with floor X128. These parts join by
slotting blade X900 on the sill of floor X128 into clevis
X902 on the lower edge of bodyside X110. Adhesive
between blade X900 and clevis X902 bond the two parts
together. This figure also shows how cooling lines for the
propulsion system X904 could be integrated into the sill.

[0137] FIG. 8G illustrates section D-D, showing how the
back edge of bodyside X110 joins with tailgate ringframe
X114. In this case, blade X906 of tailgate ringframe X114 is
a sandwich structure and slots into clevis X908 on bodyside
X110 and adhesive between the blade and clevis bonds the
parts together.

[0138] FIG. 8H illustrates section E-E, showing the joint
between bodyside X110 and roof X108. As shown, blade
X910 slots into clevis X912 on the upper edge of bodyside
X110 and is adhesively bonded to attach the parts.

[0139] FIG. 8I illustrates section F-F, showing how bod-
yside X110 and screen surround X122 are joined using a
blade and clevis joint. Blade X297, which is part of screen
surround X122, slots into clevis X295, which forms the
upper edge of bodyside X110. The joint is held together with
adhesive.

[0140] FIG. 8] illustrates section G-G, which shows the
relatively shallow profile of bodyside X110 at this section.
It also shows the joint between roof X108 and bodyside
X110 (at point X291) and between bodyside X110 and floor
X128 (at point X293). This figure also illustrates where rear
floor X126 joins with bodyside X110 (at point X289).
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[0141] FIG. 9 illustrates floor X128 according to an
embodiment of the present invention. Floor X128 serves as
a critical component of safety cell X102, integrating the
main front crash load paths via side sills X160 and central
crush wedges X162, as well as floor mounts, rear suspension
interfaces, and other assembly features. In a preferred
embodiment, floor X128 includes sandwich stiffened floor
sills X163 to improve lower crash load paths. Floor X128
significantly contributes to the overall torsional stiffness of
safety cell X102, and provides transverse stiffness and a
smooth external underbody surface. The elimination of
conventional floor substructure via the use of sandwich
construction contributes to excellent interior headroom with
a relatively small frontal area. In a further embodiment of
the present invention, air and fluid conduits are formed in
floor X128.

[0142] FIG. 10 illustrates firewall upper X120 according
to an embodiment of the present invention. Firewall upper
X120 provides torsional stiffness and side impact protection.
In particular, firewall upper X120 is a single integrated
component that transfers loads transversely across safety
cell X102, while providing a very stiff horizontal shear plane
to reinforce safety cell X102 against severe side impacts. In
addition, firewall upper X120 provides a solid structural
backup for airbag and instrument panel attachments.

[0143] FIG.11A illustrates firewall lower X124 according
to an embodiment of the present invention. Like firewall
upper X120, this single integrated component provides a
very stiff vertical shear plane that resists vehicle torsional
deformation. Firewall lower X124 also provides transverse
stiffness to resist side impact loads. In addition, firewall
lower X124 provides a stiff interface to the aluminum
subframe X104.

[0144] FIG. 11B illustrates an exemplary fabrication
design of firewall lower X124, according to an embodiment
of the present invention. The design incorporates the joint
details, fabrication details, and materials as shown in FIG.
11B.

[0145] FIG. 12 illustrates roof X108 according to an
embodiment of the present invention. Roof X108 provides
safety cell X102 with a key horizontal shear plane and
integrates an upper crash load path into cant rails X164. Cant
rails X164 and screen surround X122 provide the upper
crash load path. Roof X128 also includes blade assembly
interfaces (not shown) that mate with transverse frames
X116 and X118. In addition, roof X108 provides vehicle
body structure X100 with an aerodynamic exterior surface.

[0146] FIG. 13 illustrates B-frame X118 according to an
embodiment of the present invention. B-frame X118
attaches to the B-pillars X156 of bodysides X110 and to rear
floor X126 and roof X108. Preferably, B-frame X118 is
bonded to bodysides X110 using a blade/clevis assembly
joint. In this position, B-frame X118 provides safety cell
X102 with a continuity of flexural stiffness in the corner of
safety cell X102. This flexural stiffness significantly
improves rollover and side impact protection and torsional
rigidity, especially in comparison to conventional spot-
welded, stamped steel structures, which typically suffer from
a lack of flexural stiffness.

[0147] FIG. 14 illustrates C-frame X116 according to an
embodiment of the present invention. C-frame X116
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attaches to the C-pillars X158 of bodysides X110 and to rear
floor X126 and roof X108. Like B-frame X118, C-frame
X116 provides safety cell X102 with a continuity of flexural
stiffness in the corner of safety cell X102, which signifi-
cantly improves rollover and side impact protection.

[0148] FIG. 15 illustrates tailgate ringframe X114 accord-
ing to an embodiment of the present invention. As shown,
tailgate ringframe X114 integrates a number of functions
such as a rear transverse frame, a rear crush structure
attachment, door seal interfaces, and door hinge and actua-
tion interfaces.

[0149] FIG. 16 illustrates a bodyside wedge X112 accord-
ing to an embodiment of the present invention. Bodyside
wedge X112 performs a number of functions contributing to
the overall impression of quality of the vehicle and the side
impact safety performance of the vehicle. In particular,
wedge X112 provides a desirable hinge attach geometry that
promotes a quality door slam and seal. Wedge X112 also
provides a layer of crush capability to absorb side impact
energy in crash situations, and further protect safety cell
X102 from damage at federally mandated requirements.

[0150] FIG. 17 illustrates a rear floor X126 according to
an embodiment of the present invention. Rear floor X126
accommodates a number of functions and components. For
example, rear floor X126 provides a base for rear seat
supports, covers the hydrogen storage tanks, provides an
attachment for a rear component access cover, and provides
stability for the rear crash load paths.

[0151] FIG. 18 illustrates an exploded view of an exem-
plary exterior skin X165 applied to the vehicle body struc-
ture X100 of FIG. 1, according to an embodiment of the
present invention. As shown, exterior skin X165 includes a
front bumper panel X166, front quarter panels X168, a hood
panel X170, bottom sill panels X172, door panels X174, rear
bumper panel X176, rear quarter panels X178, roof rail
panels X180, and rear door panel X182. In a preferred
embodiment, exterior skin X165 is non-structural and is
made of an unreinforced thermoplastic material. In this
manner, exterior skin X165 provides an aerodynamic sur-
face, enables a variety of coloring and styling, provides
inherent dent resistance, and affords a degree of customer
tailorability by enabling replacement of individual panels or
all of the panels to affect the style or theme of the vehicle.
By using a core structure surrounded by a non-structural
skin, the present invention separates the structure compo-
nents of the vehicle from its external geometry. In doing so,
the vehicle structure can be optimized for low cost, without
having to conform to and perform as the external surface of
the vehicle. Moreover, the non-structural external skin can
be optimized for low cost, for dent resistance, and for
providing color and finish without the use of conventional
painting and its associated cost and environmental impacts.
This approach also enables a degree of customer tailorability
that can be an attractive selling feature for vehicles utilizing
this structural design approach.

[0152] FIG. 19 illustrates the assembly and design of an
exemplary closure X184 for vehicle body structure X100,
according to an embodiment of the present invention.
Although illustrated as a front left door, one of ordinary skill
in the art would appreciate that the illustrated design is
applicable to any closure, such as a rear passenger side door
or a rear hatch. As shown in FIG. 19, closure X184 includes
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a door inner panel X186, an integrated side intrusion beam
X188, energy absorbing foam inserts X190, a hardware
cassette X192, and an exterior skin panel X194.

[0153] Door inner panel X186 serves as the main structure
of closure X184, providing the necessary stiffness. In addi-
tion, door inner panel X186 serves as an interior trim surface
on which padding can be added where required, for
example, to meet U.S. Federal Motor Vehicle Safety Stan-
dards. Door inner panel X186 can also incorporate armrests
for controls. A door pocket X187 can be formed by adding
a front piece to door inner panel X186.

[0154] Integrated side intrusion beam X188 is disposed
inside door inner panel X186 and provides further rigidity
and protection against side impacts. Notably, beam X188 is
located on the exterior side of door inner panel X186.

[0155] Energy absorbing foam inserts X190 are also dis-
posed inside door inner panel X186, on the exterior side of
panel X186. Foam inserts X190 absorb energy in side
impact situations. Foam inserts X190 also provide vibration
and noise reduction.

[0156] Hardware cassette X192 is disposed inside door
inner panel X186, within an opening penetrating panel
X186. Hardware cassette X192 can accommodate various
door mechanisms, such as hinges, latches, and window
mechanisms.

[0157] Exterior skin panel X194 covers inner door panel
X186 and the components within panel X186. Exterior skin
panel X194 is preferably self-colored, easily removable,
damage tolerant, and swaged for stability.

[0158] As shown in FIG. 19, the design and assembly
approach for closure X184 is the opposite of a conventional
automobile. In the present invention, the structural portion
of closure X184 is on the inside (inner door panel X186),
and the intrusion beam X188 and non-structural skin (X194)
are on the outside. This configuration enables door inner
panel X186 to double as a trimmed interior surface, by
allowing the untrimmed carbon composite surface to show
through to the interior of the vehicle. This dual design
therefore saves cost and weight. In addition, because the
inner panel X186 provides the structure, the outer skin X194
can be unreinforced, allowing ease of replacement, tailoring,
or access for service or repair of the door interior.

[0159] The advanced composite design of the vehicle
body structure X100 described above provides several
advantages over conventional steel automotive structure
technology. The table of FIG. 20 describes some of these
advantages. As shown, the present invention reduces weight,
minimizes fabrication and assembly costs, eliminates con-
ventional painting, and provides a safe and durable vehicle
structure. As an example of weight savings, an overall
vehicle structural mass can be reduced from 330 kg for a
conventional automobile to 187 kg for an advanced com-
posite vehicle structure according to the present invention,
which represents a weight savings of approximately 57%.

[0160] Lightweight and Tailorable Vehicle Dynamics Sys-
tem with Optimizations for Lightweight and Hybrid-Electric
Automobiles

[0161] An aspect of the present invention provides a
lightweight and tailorable vehicle dynamics system with
optimizations for lightweight and hybrid-electric automo-
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biles. This aspect of the present invention performs in a
synergistic manner with a full sized but lightweight auto-
mobile design to efficiently and cost-effectively provide
consistent performance over a broad range of vehicle pay-
load and driving conditions. The dynamics system empha-
sizes digital information management and control, advanced
materials, and modular design that contributes directly to its
value as a stand-alone system of an automobile, and its value
in the context of enabling the desired performance of the
entire vehicle.

[0162] As represented in FIG. 21, the vehicle dynamics
system X200 according to this aspect of the present inven-
tion includes one or more of the following elements: 1) a
lightweight, affordable electrically actuated steering system
X201; 2) an electrically actuated lightweight durable brak-
ing system X202; 3) an integrated electromagnetic/pneu-
matic suspension system X204; 4) lightweight composite
suspension components X206; 5) modular rear suspension
and traction motor units X208; and 6) an active tire contact
patch control system X210. Each of these elements is
controlled by a vehicle information management and control
system with an integrated dynamics controller X212. These
elements are described in more detail below under corre-
sponding subheadings.

[0163] Based on the clements shown in FIG. 21, this
aspect of the invention provides semi-active independent
suspension at each corner of the vehicle, electrically-actu-
ated carbon-based disc brakes, modular rear corner driv-
etrain hardware and suspension, and electrically actuated
and controlled steering. The invention includes one or more
of energy-efficient active ride height, attitude, roll stiffness,
and damping control, active tire contact patch monitoring
and control, and lightweight, high-performance braking.
Components are fabricated from materials that meet the
system and lifecycle requirements.

[0164] The vehicle dynamics system of the present inven-
tion provides benefits in the areas of vehicle dynamics,
mass, durability, and modularity or tailorability.

[0165] Interms of vehicle dynamics, the present invention
meets the challenge of achieving desirable ride, handling,
and stability of a full size vehicle with very low mass.
Vehicle dynamics are very sensitive to the ratio of sprung
mass to unsprung mass, amount and position of the payload,
and the components, and their configuration and function
applied in the suspension at each corner of the vehicle. The
dynamics system of the present invention deals with this
challenge in a way that overcomes many historical short-
comings of lightweight vehicle design.

[0166] In terms of mass, the combination of the materials
used, the design and selection of the components, innovative
use of digital control, and low overall vehicle mass contrib-
ute to a significant reduction in the mass of the dynamics
system of the present invention, especially in comparison to
the dynamics system of a conventional and equivalently
sized automobile. The design of the present invention also
eliminates some minor components, while permitting the
use of certain lightweight components that would not oth-
erwise be appropriate for application outside of vehicles
driven by professional drivers.

[0167] Interms of durability, based on considered material
selections and the exploitation of digital electronics, the
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present invention provides a dynamics system that can
surpass the lifetime of the dynamics system of a conven-
tional and equivalently sized automobile.

[0168] In providing modularity/tailorability, the integrated
design approach to the rear corners and the use of digital
electronics throughout the system of the present invention
provide a high degree of inherent modularity and tailorabil-
ity, which is currently not practical in conventional equiva-
lently sized automobiles.

[0169] With these benefits in mind, the vehicle dynamics
system of this aspect of the present invention includes one
or more of the following features:

[0170] The use of advanced composites in the sus-
pension components to reduce their mass and enable
beneficial structural integration without compromis-
ing affordability or durability;

[0171] The application and integration of semi-active
pneumatic springs and active electromagnetic damp-
ing as suspension struts to accommodate a high
curb-to-gross vehicle mass ratio, variation in the
position of the payload’s center of gravity, while
reducing the compromises in handling vs. ride/com-
fort typical of conventional systems, permitting con-
trol of ride height and active damping with mini-
mized energy consumption, and expanding
capability for negotiating rough terrain;

[0172] The incorporation of semi-active pneumatic
anti-roll control to permit adjustment of roll stiffness
in response to changes in payload or gross vehicle
mass, vehicle speed, roughness of terrain, and driver-
selectable preferences;

[0173] The replacement of a conventional steering
rack with a bell-crank steering linkage, dual electric
steering motors, and digital by-wire control;

[0174] The integration of the rear suspension com-
ponent with the structural mounting and casing for
electric traction motors, transmission (constant-mesh
reduction gears), knuckle, bearing, and spindle or
hub;

[0175] The use of electrically actuated calipers with
carbon/carbon brake pads and rotors to accommo-
date the unique material and braking characteristics
of the carbon/carbon materials, thereby reducing
mass, providing exceptional performance, and mak-
ing carbon-carbon pads and rotors feasible in con-
sumer and commercial automotive products by pre-
senting a consistent and predictable relationship
between driver input and deceleration of the vehicle;

[0176] The use of active tire pressure monitoring and
control to manage contact patch quality and thus, to
a large degree, the vehicle’s ride, handling, and
stability in a wide range of environmental conditions
and varying driver competence; and

[0177] The integrated control and coordination of
suspension, to collectively provide dynamic stability
control in response to either destabilization by exter-
nal forces (aerodynamic or road surface inputs) or in
attempting to best realize driver intentions in the
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context of traction-limiting road surfaces or limits of
vehicle capability in extreme maneuvers.

[0178] To illustrate the interaction of the system elements
of FIG. 21, this specification describes below three opera-
tional scenarios of the integrated vehicle dynamics system
X200: 1) adjustment of suspension, steering, and brakes for
a change in payload mass and distribution; 2) absorption of
a bump on the outside edge of a turn while cornering at
highway speeds on an otherwise smooth surface; and 3)
stability control in response to a transient cross-wind gust or
extreme evasive driver input.

[0179] 1) Adjustment of suspension, steering, and brakes
for a change in payload mass and distribution:

[0180] As additional passengers or payload are added to
the vehicle of FIG. 21, position transducers in the electro-
magnetic suspension arms (the dampers) X204 at cach
corner of the vehicle detect a change from a current setting
of static vehicle ride height. In response to this sensor input,
controller X212 adds air pressure to both the pneumatic
springs and the pneumatic anti-roll links of the electromag-
netic/pneumatic suspension system X204. The default stiff-
ness of the electromagnetic dampers is also adjusted accord-
ingly. This adjustment maintains consistent ride height,
spring-rate natural frequency, and default stiffness for anti-
roll and dampers.

[0181] These component subsystems would, at the same
time, be optimized for mass distribution. If, for example, all
payload were added at the right rear corner, the rear springs
would be adjusted more than the front, and the right rear
even more still, until the vehicle height at each of the four
corners is returned to what it was when the vehicle last came
to rest (e.g., allowing for one or more wheels to be on a
raised or depressed feature of the terrain). Additionally, the
default stiffness for the rear anti-roll link and dampers would
be adjusted more than the front to maintain designed under/
over-steer characteristics, regardless of any subsequent
dynamic actuation of chassis systems to further enhance
vehicle stability.

[0182] Controller X212 would also use the data from the
suspension position transducers of electromagnetic/pneu-
matic system X204 to calculate the change in overall vehicle
mass from its curb mass (unladen state). Based on this
calculation, controller X212 would then adjust 