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Fig. 9a
Step Parameter Value Algorithm

Data Acquisiti_on dt 0.4 msec Data Acquisition
f; :(;fpmess'"g Ames Min(20 g , Irange of accelerometerl) Clipping

w";-“;i | Min(300 deg/sec, lrange of angular

i velocity sensotl)

TAVg_Qﬁm 4 sec Filtering

TA..g 12.8 msec
Entrance ATt 14g Measures & Energy
Criteria L4
(306) a1 19 deg/sec Energy
Exit Criteria AtM 165 msec Measures
(322) max i

AtE 4 scc Energy

AtE 12 sec N

AtIE'Jvem 2 Sec
Algorithm 2] 0.1 deg Measures
Calculations 0
(326) T 400 sec
Algorithm A 6.46E11 (g deg®ms/s") | 40 ms <t < 96 ms | Measures
ge_tec_tlon 2.59E11 (g2 deg®ms/s™) 1 96 ms <t < 165 ms
(Sr:;toe)rla B 12.34E13 (g7deg® s¥) 1 40 ms < t < 96 ms

-1.36E13 (g’deg® s*) 196 ms < t < 165 ms
M 40 msec
At min
M 165 msec
Atmﬂ.‘(
m 6
Thr _2 i 0.7 g

AY

-2 50 deg/séc

e Experimentally Determined

k
) Experimentally Determined
k
Pk 75 deg | Energy
A 90 deg ’
Thr
D 2.5 \/deg2+ (deg/ sec)2
g 10 deg
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Fig. 9b
Step Parameter Value Algorithm
Sensor o™ e 0.8 * max range of roll gyro measurement Measures & Energy
Recalibration * Thr_4
Criteria (e.g. w,” " =250 deg/sec)
(400) Arme 0.5 sec
g™ 180 deg
AL 0.5 sec
A4 0.8 * max range of accelerometer measurement
¥ r
(e.g. A}T,h -4 =15 2)
AL 3sec
Sensor p 3 Energy
Recalibration '
Criteria
(324)
Safing Criteria A;ﬁm-_a 19¢g Measures & Energy
(200)
w3 50 deg/sec
Fig. 10
Test A | B cC | D
Type Corkscrew Deceleration Sled
Initial Speed MPH 33 28 14 17
Avg. Deceleration g 1.5 2.5
Result Roll Non-Roll | Non-Roll Roll
Energy Algorithm TTF (ms) 537 . - - 594
Measures Algorithm TTF (ms) 855 - - 98
Safing Algorithm TTF (ms) 846 - 43 26
Head Closure (ms) 905 800 216 196
Maximum Roll Angle (deg) - 37 34 -
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VEHICLE ROLLOVER DETECTION SYSTEM

CROSS-REFERENCE TO RELATED
APPLICATIONS

The instant application claims the benefit of U.S. Provi-
sional Application Ser. No. 60/366,149 filed on Mar. 19,
2002, which is incorporated herein by reference.

BRIEF DESCRIPTION OF THE DRAWINGS

In the accompanying drawings:

FIG. 1a illustrates a rear view of a vehicle prior to the
initiation of a roll event;

FIG. 156 illustrates a rear view of a vehicle during a roll
event;

FIG. 2 illustrates a block diagram of a rollover detection
system,

FIG. 3 illustrates a flow diagram of a rollover detection
algorithm;

FIG. 4 illustrates a flow diagram of a data acquisition and
preprocessing algorithm incorporated in the rollover detec-
tion algorithm;

FIG. 5 illustrates a flow diagram of a safing algorithm
incorporated in the rollover detection algorithm;

FIG. 6 illustrates a flow diagram of the rollover detection
algorithm;

FIG. 7 illustrates a flow diagram of an algorithm incorpo-
rated in the rollover detection algorithm for determining if
sensor recalibration is required;

FIGS. 8a, 85 and 8¢ are tables that illustrate details of the
rollover detection algorithm;

FIGS. 9a and 95 are tables that illustrate examples of
values of parameters of the rollover detection algorithm;

FIG. 10 illustrates a table of conditions associated with
various rollover events and non-rollover events;

FIG. 11a illustrates a plot of filtered roll rate, roll angle and
filtered lateral acceleration of a vehicle subjected to a cork-
screw roll test designated as Test A, resulting in a rollover
event;

FIG. 115 illustrates a plot of filtered roll rate, roll angle and
filtered lateral acceleration of a vehicle subjected to a cork-
screw roll test designated as Test B, resulting in a non-rollover
event;

FIG. 11c¢ illustrates a plot of filtered roll rate, roll angle and
filtered lateral acceleration of a vehicle subjected to a decel-
eration sled test designated as Test C, resulting in a non-
rollover event;

FIG. 11d illustrates a plot of filtered roll rate, roll angle and
filtered lateral acceleration of a vehicle subjected to a decel-
eration sled test designated as Test D, resulting in a rollover
event;

FIG. 12 illustrates plots of a figure-of-merit and an associ-
ated deployment threshold for a rollover measure as a func-
tion of time, in accordance with a measures algorithm, for the
rollover event of Test D and the non-rollover event of Test C;

FIG. 13 illustrates a plot of roll rate as a function of time for
a signal having a roll rate offset;

FIG. 14 illustrates plots of roll angle as a function of time
based upon the data of FIG. 13, for various associated pro-
cesses for determining roll angle from roll rate; and

FIG. 15 illustrates plots of roll rate as a function of roll
angle, and plots of associated rollover thresholds, in accor-
dance with an energy algorithm, for the rollover event of Test
A and the non-rollover event of Test B;

20

25

30

35

40

45

50

55

60

65

2

FIG. 16 illustrates a front view of a passenger compartment
of'a vehicle, and a block diagram of another embodiment of a
rollover detection system; and

FIG. 17 illustrates a block diagram of a controller in accor-
dance with the rollover detection system illustrated in FIG.
16.

DESCRIPTION OF EMBODIMENT(S)

There exists a need for a vehicle rollover detection system
that provides for discrimination of vehicle rollover suffi-
ciently quickly to enable associated safety restraint actuators,
e.g. seat belt pretensioners, air bags or roll curtains, to be
deployed before an initial head contact with the interior of the
vehicle, particularly for the types of rollovers resulting in
relatively fast head closure times. For example, there are
some roll events for which head closure may occur before it
can be reliably determined from the physics of the roll event
whether the vehicle will completely rollover. There further
exists a need for a robust vehicle rollover detection system
that provides for sufficiently fast discrimination of vehicle
rollover responsive to either relatively slow or relatively fast
rollover events.

Referring to FIG. 14, a rollover detection system 10 is seen
mounted in a vehicle 12. The vehicle 12 is shown with a local
Cartesian coordinate system with the X-axis aligned with the
vehicle’s longitudinal axis—positive forward,—the Y-axis
aligned with the vehicle’s lateral axis—positive leftward,—
and the Z-axis aligned with the vehicle’s vertical axis—posi-
tive upward. The vehicle 12 has a mass M, and the associated
center-of-gravity CG thereof is located at a height Z, above
the ground The vehicle 12 is shown sliding at a velocity U in
the negative Y direction towards an obstruction 14.

Referring to FIG. 15, upon one or more wheels 16 of the
vehicle 12 engaging the obstruction 14, the resulting reaction
force F therefrom causes the vehicle 12 to rotate about the
X-axis relative to a trip point 13, at a time dependent angular
velocity m_(t) causing a time dependent angular position 0(t),
wherein the vehicle 12 has a moment-of-inertia I, about the
associated axis of rotation that is parallel with the X-axis and
intersecting the trip point 13. The rotation of the vehicle 12
increases the height Z.; of the center-of-gravity CG relative
to the height Z, thereof prior to engagement with the obstruc-
tion 14, thereby increasing the potential energy M-g-(Z -
Z,) of the vehicle 12 relative to the pre-engagement position
and orientation. Accordingly, the potential energy of the
vehicle 12 is dependent upon the angular position 6 thereof.
Furthermore, with rotation, the vehicle 12 gains an angular
kinetic energy of

Fal
uES

The reaction force F also causes a linear acceleration

™

of'the center-of-gravity CG, as indicated by the lateral accel-
eration component A (t) along the local Y-axis. Whereas
FIGS. 1a and 15 illustrate a roll event caused by the impact of
a sliding vehicle with an obstruction, it should be understood
that roll events can be caused by other scenarios, e.g. a tire
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blowout followed by a subsequent engagement of the associ-
ated wheel rim with the ground. Accordingly, the rollover
detection system 10 is not limited to a particular type of roll
event.

Referring to FIG. 2, the rollover detection system 10 com-
prises a lateral accelerometer 18 and an angular rate sensor
20, which are preferably, but not necessarily, mounted proxi-
mate to the center-of-gravity CG of the vehicle 12. The lateral
accelerometer 18 is responsive to a time dependent lateral
acceleration component A (t) of acceleration along the local
Y-axis. For example, the lateral accelerometer 18 may com-
prise an accelerometer, e.g. a micro-machined accelerometer
having at least one axis of sensitivity, with an axis of sensi-
tivity substantially aligned with the local Y-axis. The angular
rate sensor 20, e.g. a gyroscope, is oriented so as to be respon-
sive to a time-dependent component of angular velocity w_(t)
about the local X-axis. The lateral accelerometer 18 and
angular rate sensor 20 are operatively coupled to respective
filters 22, 24 that filter the respective signals A (t) and w,(t)
for processing by a processor 26 having a memory 28. It
should be understood that the filters 22, 24 can be either
separate from or incorporated in the processor 26, and may be
either analog or digital, or a combination thereof, as known to
one of ordinary skill in the art. Moreover, the filters 22, 24
could be adapted as part of the respective lateral accelerom-
eter 18 or angular rate sensor 20. The processor 26 processes
the respective filtered Ay(t) and @, (t) signals so as to discrimi-
nate whether or not the vehicle would be likely to roll over,
and responsive thereto, to control the actuation of appropriate
safety restraint actuators 30 so as to mitigate rollover induced
injury to an occupant of the vehicle 12. For example, the
processor 26 may comprise a digital computer, microproces-
sor or other programmable device, an analog processor, ana-
log or a digital circuitry, or a combination thereof. Moreover,
the safety restraint actuators 30 may include, but are not
limited to, a seat belt pretensioner 32 operatively connected to
a seat belt 34; a thorax air bag inflator 36 adapted to provide
protection from both rollover and side-impact crashes; a roll
curtain 38 adapted to deploy between the occupant and the
side window 39 of the vehicle 12; or an overhead air bag
inflator 40 adapted to deploy an air bag from the roof or
headliner of the vehicle 12. Whereas FIG. 2 illustrates the
safety restraint actuators 30 for one seating position of the
vehicle 12, it should be understood that safety restraint actua-
tors 30 may be provided at each seating position, and that the
rollover detection system 10 can be adapted to control any or
all of the safety restraint actuators 30 responsive to rollovers
in any direction for which the associated safety restraint
actuators 30 are adapted to mitigate occupant injury. More-
over, the particular set of safety restraint actuators 30 need not
necessarily include all of those described hereinabove, or
may include other types of safety restraint actuators 30 not
described hereinabove.

Referring to FIG. 3, in accordance with one embodiment of
a rollover detection algorithm 100 for detecting a vehicle
rollover and controlling the actuation of one or more associ-
ated safety restraint actuators 30—e.g. in accordance with the
apparatus illustrated in FIG. 2—comprises the combination
of a data acquisition and preprocessing algorithm 150, a
measures algorithm 300.1, an energy algorithm 300.2, a saf-
ing algorithm 200 and associated logic 330", 340 that gener-
ates a signal 342 that controls the actuation of the safety
restraint actuator(s) 30 responsive thereto.

The measures algorithm 300.1 uses a heuristic, time-do-
main discrimination process to detect a rollover condition,
and can be beneficial in shortening deployment times for most
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rollover events characterized by relatively fast head closure
times (e.g. <250 msec) that are typically associated with
larger lateral vehicle forces. The measures algorithm 300.1
utilizes both the filtered lateral acceleration component Ay
and filtered angular velocity @, signals to evaluate a function
that is compared with a threshold, that along with other cri-
teria, are used to make a deployment decision.

The energy algorithm 300.2 uses a phase-space discrimi-
nation process—based upon the physics associated with a
vehicle rollover process—to detect a rollover condition, and
can be beneficial in providing reliable deployment decisions
for slower roll events that are caused primarily by vertical
forces on the vehicle or by low level lateral forces on the
vehicle 12. The energy algorithm 300.2 utilizes the filtered
angular velocity @, signal to determine the roll state of the
vehicle 12 and to compare the instantaneous total energy
(rotational kinetic and potential) thereof with that needed to
cause the vehicle 12 to roll past an associated equilibrium
position. The energy algorithm 300.2 utilizes both the filtered
lateral acceleration component Ay and filtered angular veloc-
ity o, signals in the associated entrance and exit criteria.

Whereas FIG. 3 illustrates the measures algorithm 300.1
and the energy algorithm 300.2 used in combination, it should
be understood that this is not essential, and that either of the
algorithms can be used alone. However, the combination of
algorithms increases the robustness of the associated rollover
detection system 10, because for some conditions, e.g. “curb-
trip” conditions, the measures algorithm 300.1 can provide
faster discrimination than the energy algorithm 300.2;
whereas for other conditions, e.g. “corkscrew”, “ramp” or
“flip” conditions, the energy algorithm 300.2 can provide
faster discrimination than the measures algorithm 300.1.

The measures algorithm 300.1 and energy algorithm 300.2
are independent of one another, although each utilizes com-
mon, filtered data from the data acquisition and preprocessing
algorithm 150, i.e. a filtered lateral acceleration component
Ay and a filtered angular velocity ®,. Both the measures
algorithm 300.1 and the energy algorithm 300.2 are charac-
terized by associated entrance and exit criteria, wherein cal-
culations associated with the respective algorithm are com-
menced if the respective associated entrance criteria is
satisfied, and these calculations are terminated if the respec-
tive associated exit criteria is satisfied, and then reset if and
when the entrance criteria are subsequently satisfied.

The safing algorithm 200 can improve the reliability of the
rollover detection system 10 by providing an independent set
of conditions, or safing criteria—dependent upon the filtered
lateral acceleration component Ay and/or filtered angular
velocity o, —that must be met in order to enable the deploy-
ment of the one or more associated safety restraint actuators
30. Both the measures algorithm 300.1 and the energy algo-
rithm 300.2 are each “safed” by a common safing algorithm
200. Whereas the safing algorithm 200 provides for addi-
tional discrimination so as to mitigate against an undesirable
actuation of the safety restraint actuators 30 responsive to
non-rollover events, it should be understood that the sating
algorithm 200 is not essential, and that either measures algo-
rithm 300.1 or the energy algorithm 300.2 can be used alone,
orin combination with one another, with or without the safing
algorithm 200.

In the operation of the rollover detection algorithm 100,
responsive to data from the data acquisition and preprocess-
ing algorithm 150, if either the measures algorithm 300.1 OR
330' the energy algorithm 300.2 detects a vehicle rollover
condition, AND 340 if the safing algorithm 200 determines
that an associated independent safing condition is satisfied,
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then, in step (350), one or more safety restraint actuators 30
are deployed so as to mitigate injury to an associated occupant
of the vehicle, that could result from the rollover event,
whether or not the vehicle 12 actually rolls over.

The data acquisition and preprocessing algorithm 150, saf-
ing algorithm 200, measures algorithm 300.1, and energy
algorithm 300.2 are described hereinbelow with reference to
flow charts illustrated in FIGS. 3-7. FIG. 6 illustrates a flow
chart of a general algorithmic structure of both the measures
algorithm 300.1 and the energy algorithm 300.2, wherein
particular details of the measures algorithm 300.1 and the
energy algorithm 300.2 are provided in table format in FIGS.
8a-c. The algorithms are described mathematically, wherein
parameters are used for application specific constants, and
these parameters are listed in FIGS. 94 and 96 along with
exemplary values for a particular type of vehicle. It should be
understood that the parameters are generally adapted to a
particular application, e.g. vehicle platform, and that the par-
ticular values of the parameters in FIGS. 9a and 956 are illus-
trative only, and should not be considered to limit the scope of
the instant invention.

Referring to FIG. 4, the data acquisition and preprocessing
algorithm 150 acquires a measurement of lateral acceleration
component A, from the lateral accelerometer 18 in step (152),
and acquires a measurement of longitudinal angular velocity
m,, or roll rate, from the angular rate sensor 20 in step (158).
Data from more than 100 rollover tests has indicated that the
angular velocity w, associated with a rollover generally
ranges between +300 degrees/second

(£

and the lateral acceleration component A (t) associated there-
with generally ranges between

£20 gl | AP ).

Respective measurements of the lateral acceleration compo-
nent A(t) and the angular velocity w, that exceed these
respective limits are respectively clipped thereat in steps
(154) and (160) respectively. For example, the value of an
lateral acceleration component A (t) measurement less that
-20 g would be set in step (154) to —20 g, for the example of
an associated range of +20 g. The polarities of the lateral
accelerometer 18 and the angular rate sensor 20 are set so that
the corresponding polarities of angular velocity w, and the
lateral acceleration component A, signals are the same as
each other during a roll event. Generally, the level

| A==

for clipping signals from the lateral accelerometer 18 is set to
the minimum of either 20 g or the range of the lateral accel-
erometer 18. Similarly, the level

[
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for clipping signals from the angular rate sensor 20 is set to
the minimum of either 300 degrees/second or the range of the
angular rate sensor 20.

The raw lateral acceleration component A, and angular
velocity w, data from the lateral accelerometer 18 and the
angular rate sensor 20 respectively are filtered by respective
filters 22, 24 in steps (156) and (162) respectively, so as to
respectively provide a filtered lateral acceleration component
Ay and a filtered angular velocity .. The use of filtered
measurements is beneficial in avoiding a false entrance of the
roll discrimination algorithm, and in improving the associ-
ated discrimination process by the measures algorithm 300.1
and the energy algorithm 300.2. The filters 22, 24 are, for
example, moving average filters having a moving average
window of T, , e.g. between 10 and 15 milliseconds, so as to
provide a suitable compromise between fast signal response
and noise reduction. As an example, for a processor 26 that
uniformly samples the angular velocity w, and lateral accel-
eration component A, signals—as is assumed hereinbelow—
with a sampling rate of 2500 Hz (corresponding to a sample
period dt=0.4 milliseconds) and a window of 12.8 millisec-
onds, a moving average for each signal would be calculated
from the last 32 samples acquired. The individual samples of
the moving average are typically uniformly weighted, but
could alternatively be non-uniformly weighted.

Generally, the lateral accelerometer 18 and the angular rate
sensor 20 can exhibit offset and/or drift error (generally
referred to herein as sensor offset error), which, unless oth-
erwise compensated, can cause associated roll detection
errors. The sensor offset errors are estimated by filtering the
associated sensor measurements with associated filters hav-
ing an effective cutoff frequency that is substantially lower—
or, stated in another way, a effective filter time constant that is
substantially greater—than the associated above-described
moving-average filters that provide the filtered lateral accel-
eration component Ay and the filtered angular velocity .. For
example, the acceleration offset

~ Offset

and the angular velocity offset

~ Offset
wX

are filtered from the associated raw measurements of angular
velocity w, and lateral acceleration component A, respec-
tively, by respective moving average filters in steps (168) and
(170) respectively, each moving-average filter having an
associated filter window of width T,,, 4., €.g. about 4
seconds. From step (164), the filtered values of acceleration
offset

~ Offset
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and angular velocity offset

~ Offset
w

are updated only if the neither the measures algorithm 300.1
nor the energy algorithm 300.2 have been entered, as indi-
cated by neither associated ONGOING_EVENT_FLAGs—
i.e. neither an ONGOING_MEASURES_EVENT_FLAG
nor an ONGOING_ENERGY_EVENT_FLAG—being set.
Accordingly, in step (166), the relatively long-term filtered
values of acceleration offset

~ Offset

and angular velocity offset

&)gjfxer

are not updated during periods of time when the associated
lateral acceleration component A, and angular velocity m,
could be substantially different from the associated sensor
offset values.

Whereas FIG. 4 illustrates the acquisition and processing
of the lateral acceleration component A, before that of the
angular velocity w,, it should be understood that the relative
order could be reversed, or these operations could be per-
formed in parallel.

The measures algorithm 300.1, energy algorithm 300.2,
and the safing algorithm 200 each utilize values of filtered
lateral acceleration component Ay and filtered angular veloc-
ity @, that are compensated by subtracting the corresponding
sensor offsets, i.e. the acceleration offset

~ Offset

and the angular velocity offset

&)gjfxer

respectively, so as to provide a corresponding compensated
lateral acceleration component

(A0 = A, - A% )
and a compensated angular velocity

(1) = @x(0) — &2 (1))

respectively.
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Referring to FIG. 5, the safing algorithm 200 commences
with step (202), wherein associated SAFING_EVENT_
FLAGs—i.e. an ACCELERATION_SAFING_EVENT_
FLAG and aROLL_SAFING_EVENT_FLAG—are initially
reset. Then, in step (204), if either the measures algorithm
300.1 or the energy algorithm 300.2 have been entered, as
indicated by either of the associated ONGOING_EVENT_
FLAGs (i.e. the ONGOING_MEASURES_EVENT_FLAG
or the ONGOING_ENERGY_EVENT_FLAG) being set,
then in step (206), if the magnitude of the compensated lateral
acceleration component A, is greater than a third acceleration
threshold

Thr_3
A

then the ACCELERATION_SAFING_EVENT_FLAG is set
in step (208). Otherwise, from step (204), the process repeats
with step (202). Following step (208), or otherwise from step
(206), in step (210), if the magnitude of the compensated
angular velocity o', is greater than a third angular velocity
threshold

Thr 3
[

then the ROLL_SAFING_EVENT_FLAG is set in step
(212). Then, or otherwise from step (210), the process repeats
with step (204). Accordingly, if the conditions on lateral
acceleration and angular velocity associated with the safing
algorithm 200 have been satisfied—not necessarily simulta-
neously—after at least one of the measures algorithm 300.1
and the energy algorithm 300.2 have commenced and before
both have exited, then the respective associated SAFING_
EVENT_FLAGS are set so as to enable a deployment of the
one or more associated safety restraint actuators 30 respon-
sive to the detection of a roll event by either the measures
algorithm 300.1 or the energy algorithm 300.2. Each of the
SAFING_EVENT_FLAGs are set, or latched, separately, but
both are reset simultaneously, and both must be set in order
for the one or more associated safety restraint actuators 30 to
be actuated responsive to the measures algorithm 300.1 or the
energy algorithm 300.2.

Alternatively, the safing algorithm 200 may be adapted to
incorporate only one of the above-described SAFING_EV-
ENT_FLAGSs and associated criteria, so that the safing crite-
ria is responsive to at least one of a magnitude of the com-
pensated lateral acceleration component A', being greater
than a third acceleration threshold

Thr 3
A y

at a first point of time following a time of inception of either
the measures algorithm 300.1 or the energy algorithm 300.2,
and a magnitude of the compensated angular velocity ',
being greater than a third angular velocity threshold

Thr 3
[
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at a second point of time following the time of inception,
wherein the time of inception is the time at which the associ-
ated entrance criteria are satisfied for the associated measures
algorithm 300.1 or energy algorithm 300.2, and the first and
second points of time following the time of inception are
arbitrary with respect to one another. For example, the energy
algorithm 300.2 could be “safed” responsive solely to the
compensated lateral acceleration component A', being
greater than a third acceleration threshold

Thu_3
A y

at a point of time following a time of inception of the energy
algorithm 300.2.

The rollover detection system 10 may be adapted for
improved reliability by implementing the safing algorithm
200 on a microprocessor that is separate from that used to
implement either the measures algorithm 300.1 or the energy
algorithm 300.2, in which case if the safing algorithm 200 is
not aware of the ONGOING_EVENT_FLAGs, then instead
of being reset responsive to these flags, the SAFING_EV-
ENT_FLAGs may be reset after a delay, e.g.

Aty

(e.g. 12 seconds), following a point in time at which either
safing criteria was last satisfied so that the safing condition
remains active until either a deployment of the one or more
associated safety restraint actuators 30, or until after both
algorithms will have had to have exited.

The measures algorithm 300.1 and the energy algorithm
300.2 each operate in accordance with the general algorith-
mic structure illustrated in FIG. 6, wherein each of these
algorithms is indicated generally by reference number 300. A
decimal designator to a particular reference number will be
used herein to refer to a particular algorithm. For example,
whereas the general overall process is referred to by reference
number 300, reference number 300.1 is used to refer to the
measures algorithm, and reference number 300.2 is used to
refer to the energy algorithm. As an other example, whereas
the general algorithm calculations step is referred to by ref-
erence number 326, reference number 326.1 is used to refer to
the algorithm calculations step of the measures algorithm
300.1 in particular, and reference number 326.2 is used to
refer to the algorithm calculations step of the energy algo-
rithm 300.2. The particular equations associated with particu-
lar algorithmic steps, for each of the algorithms, are provided
in tabular form in FIGS. 8a-c; and the associated parameters
and exemplary values thereof are provided in tabular form in
FIGS. 9a-b.

Referring to FIG. 6, the general roll processing algorithm
commences with step (302), wherein a corresponding
ONGOING_EVENT_FLAG is reset. The ONGOING_EV-
ENT_FLAG, when set, indicates that the entrance criteria has
been satisfied for the roll processing algorithm, and the cor-
responding exit criteria has not been satisfied, so that the
associated algorithm is active. Then in step (150), the associ-
ated data that is used by the algorithm is acquired and pre-
processed in accordance with the data acquisition and pre-
processing algorithm 150 described hereinabove. Then, in
step (304), if the ONGOING_EVENT_FLAG has not been
set—indicating that data from a potential roll event is not
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being processed, and that the vehicle 12 is not then involved
in a roll event—then, in step (306), a set of entrance criteria
are evaluated and compared with associated thresholds, and if
the entrance criteria are satisfied, then in step (308) the
ONGOING_EVENT_FLAG is set, and in step (310), the
algorithm is initialized, e.g. by initializing various dynamic
variables associated with the algorithm.

Otherwise, from step (304), if the ONGOING_EVENT_
FLAG has been set—indicating that data from a potential roll
event is being processed,—then in step (312) an associated
measure of time, e.g. sample count, is updated, and in step
(400), the newly acquired data is evaluated so as to determine
ifa sensor (i.e. the lateral accelerometer 18 or the angular rate
sensor 20) needs to be recalibrated. The process associated
with step (400) is illustrated in FIG. 7 and is described more
fully hereinbelow.

If, from step (400), one or more sensors require recalibra-
tion, then in step (314), the one or more sensors requiring
recalibration are recalibrated. For example, both the lateral
accelerometer 18 and the angular rate sensor 20 may be
testable, wherein a known stimulus may be applied to the
sensor, and the corresponding sensor output may be cali-
brated so as to represent the known stimulus. For example, the
lateral accelerometer 18 may comprise a micro-machined
mass element suspended by spring-element beams, and an
electrostatic field may be applied between the mass element
and a housing so as to deflect the beam by an amount that
corresponds to a reference acceleration level. A calibration
factor is then calculated so that the calibrated output from
strain sensing elements operatively connected to the spring-
element beams corresponds to the reference acceleration
level. If; in step (316), the process of step (314) indicates that
one or more sensors have failed—for example, if there is
substantially no change in output responsive to whether or not
the test stimulus is applied to the sensor, then in step (318) a
fault condition is set; a warning device, e.g. light, is activated
so as to alert the driver of the vehicle 12; and the rollover
detection system 10 is disabled from deploying any safety
restraint actuators 30. Otherwise, from step (316), i.e. if nei-
ther the lateral accelerometer 18 nor the angular rate sensor 20
has failed, then, in step (320), both ONGOING_EVENT_
FLAGs—i.e. the ONGOING MEASURES_EVENT_
FLAG and the ONGOING_ENERGY_EVENT_FLAG—are
reset responsive to there having been at least one sensor
recalibration, and the process repeats anew with step (150).

Otherwise, from step (400), if none of the sensors require
recalibration, then, in step (322), an exit criteria is evaluated
so as to determine whether the algorithm should be exited
until such time that the entrance criteria of step (306) are
again satisfied so as to enable the algorithm to be reentered. If,
from step (322), the exit criteria are satisfied, then, in step
(324), if the algorithm is the energy algorithm 300.2, and if
the energy algorithm 300.2 has consecutively been entered in
step (306), and then exited in step (322) as a result of a
time-out (i.e.

Ar> AE ),

max.

then reentered in step (306) shortly—e.g. during the next
iteration of the algorithm—after exiting in step (322), then
after the p” consecutive exit in step (322)—e.g. p=3—the
process continues with step (314) as described hereinabove,
wherein the sensors are diagnosed, and if necessary, recali-
brated. Otherwise, from step (324), the associated ONGOIN-



US 7,698,036 B2

11
G_EVENT_FLAG—i.e. the ONGOING_MEASURES_EV-
ENT_FLAG or the
ONGOING_ENERGY_EVENT_FLAG—is reset in step
(320), and the process repeats anew with step (150).

Otherwise, from step (322), if the algorithm has been
entered in step (306) and not exited in step (322), then the
associated algorithm calculations are performed for the par-
ticular iteration of the algorithm associated with a particular
value of the measure of time from either steps (310) or (312).
Then, in step (330), if the associated algorithm detection
criteria are satisfied in the particular iteration of the
algorithm, and if, in step (340), the SAFING_EVENT_
FLAG(s)—i.e. the ACCELERATION_SAFING_EVENT_
FLAG and the ROLL_SAFING EVENT_FLAG—have
been set, then in step (350) a roll event has been detected, and
the associated safety restraint actuators 30 are actuated. Oth-
erwise either, from step (330), if the algorithm detection
criteria are not satisfied, or, from step (340), if all of the
SAFING_EVENT_FLAG(s) have not been set—so that the
associated safing criteria has not been satisfied at some point
in time during either the measures algorithm 300.1 or the
energy algorithm 300.2, then the process continues repeats
beginning with step (150) for the next iteration.

Although both the measures algorithm 300.1 and the
energy algorithm 300.2 depend upon measurements of the
lateral acceleration component A, and the longitudinal angu-
lar velocity w, from the data acquisition and preprocessing
algorithm 150, the other variables and parameters associated
with each algorithm are otherwise independent of one
another, as are the associated entrance criteria in step (306),
algorithm initializations in step (310), exit criteria in step
(322), algorithm calculations in step (326), and algorithm
decision criteria in step (330), examples of all of which are
detailed in FIGS. 84, 85, 8¢, 9a and 95. For example, whereas
each algorithm determines a measure of time since inception,
and calculates a measure of roll angle by integrating the
measurement of longitudinal angular velocity ,, these
respective measures of time are independent of one another,
as are the respective measures of roll angle. Both the mea-
sures algorithm 300.1 and the energy algorithm 300.2 assume
that the vehicle is initially level (i.e. 0(t,,,;4,0.)=0) When the
processing by the respective algorithms is commenced.

The process 400 for determining whether or not either the
lateral accelerometer 18 or the angular rate sensor 20 requires
recalibration is illustrated in FIG. 7. In steps (402), (404),
(406) and (408), if the magnitude of the filtered angular
velocity @, continuously exceeds a fourth angular rate thresh-
old

Thu_4
[

for an associated period of time

A,

then a recalibration of the angular rate sensor 20 is signaled in
step (410). Otherwise, in steps (412), (414), (416), (418) and
(420), if the either the magnitude of the roll angle 6* from the
measures algorithm 300.1, or roll angle 6% from the energy
algorithm 300.2, continuously exceeds a roll angle threshold
07" for an associated period of time
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A,

then a recalibration of the angular rate sensor 20 is signaled in
step (410). Otherwise, in step (422), a recalibration of the
angular rate sensor 20 is not signaled. In steps (424), (426),
(428) and (430), if the magnitude of the filtered lateral accel-
eration component Ay continuously exceeds a fourth lateral
acceleration threshold

Thu_4
A y

for an associated period of time

A,

then a recalibration of the lateral accelerometer 18 is signaled
in step (432). Otherwise, in step (434), a recalibration of the
lateral accelerometer 18 is not signaled. If a recalibration was
signaled in either steps (410) or (432), then the process con-
tinues with step (314) as described hereinabove. Otherwise,
no sensor recalibration is signaled, and the process continues
with step (322) as described hereinabove.

Referring to FIG. 6, FIGS. 8a-c, and FIGS. 9a-b, the mea-
sures algorithm 300.1 will now be discussed with greater
particularity, wherein the steps of FIG. 6 are suffixed with
“0.1” to indicate their association therewith. The
ONGOING_EVENT_FLAG for measures algorithm
300.1—referred to as the ONGOING_MEASURES_EV-
ENT_FLAG—is set in step (308.1) upon satisfaction of the
entrance criteria in step (306.1), and is reset in step (320.1)
upon satisfaction of the exit criteria in step (322.1). The
ONGOING_MEASURES_EVENT_FLAG, for example,
could correspond to a particular location in the memory 28 of
the associated processor 26 that implements the measures
algorithm 300.1. After entry following step (306.1), the mea-
sures algorithm 300.1 is not subsequently exited until either
the measures event exit criteria is satisfied in step (322.1), or
until a roll event is detected causing a deployment of the
safety restraint actuators 30. Moreover, after the measures
event exit criteria is satisfied and the measures algorithm
300.1 is exited, the measures algorithm 300.1 can be subse-
quently reentered if the associated measures event entrance
criteria is subsequently satisfied.

In step (306.1), the entrance criteria of the measures algo-
rithm 300.1 is, for example, that the magnitude of the com-
pensated lateral acceleration component A', be greater than a
first acceleration threshold

Thu_L
A

ie.:

Thu_1
[AL@] > AY™
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For an example of one particular type of vehicle, based upon
actual rollover data, the first acceleration threshold

Thr_1
Ay

was set to about 1.4 g. It should be recognized that this
threshold value, as well as the value of the other parameters of
the measures algorithm 300.1, is generally dependent upon
the characteristics of the particular associated vehicle 12 or
class of vehicles, and that the particular value used for a
particular rollover detection system 10 can be adjusted for
improved discrimination dependent upon the nature of the
associated vehicle 12 or class of vehicles.

In step (310.1), upon initial entrance to the measures algo-
rithm 300.1 following step (308.1), the measures algorithm
300.1 is initialized. An event sample count n* and the values
of angular position 6™(n*-1) and a measure function R(n*-
1) are initialized—e.g. to values of zero. Also the sampled
time t* (-1) just prior to the time of event entrance is initial-
ized to a value of the time of measures event entrance t* (0),
which is initialized to a value of the current time t; and the
time period At (0) since algorithm entrance is initialized to a
value of zero. The superscript “M” used herein refers to
variables associated with the measures algorithm 300.1.

Upon subsequent iteration of the measures algorithm
300.1, if in step (304.1) the ONGOING_MEASURES_EV-
ENT_FLAG is set, then, in step (312.1), the event sample
count n™is incremented, the associated current sampled time
t(n™) is set equal to the current time t, and the measures
event time At™ is calculated as the period extending from the
time of measures event entrance t* (0), to the current time t*
(™) as follows:

A (M= (1) -1(0)

In step (322.1), the exit criteria of the measures algorithm
300.1 is, for example, that the time period since algorithm
entrance At (n™) be greater than time period threshold

AM et AM (M) > AM

For the example of one particular type of vehicle, based upon
actual rollover data, the time period threshold At™ was set to
about 165 milliseconds. Upon exit from the measures algo-
rithm 300.1, the ONGOING_MEASURES_EVENT_FLAG
is resetin step (320.1), and pending subsequent satisfaction of
the entrance criteria in step (306.1), this causes the variables
associated with the measures algorithm 300.1 to be initialized
in step (310.1).

If, in step (322.1), the exit criteria is not satisfied, then the
algorithm calculations are updated in step (326.1) for the
particular iteration of the measures algorithm 300.1, as fol-
lows.

First, the angular position 6* is estimated by integrating
the signed value of the compensated angular velocity o', as
follows:

OMM)=0M (1 M=1) 40’ (nM)-dit

wherein the integration time step dt is given by the difference
between the time t*(n™) at the current iteration, and the time
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at the previous iteration t*(n—1)—which difference would be
constant for a uniform sampling rate—as follows:

dr=>MEMy-MnM-1)

and the compensated angular velocity ', is given by:
Wi () = @0~ a0

A measure function R is then evaluated, which is used to
calculate a figure-of-merit FOM. The measure function R is
given by:

M

Ar
R(M) = R(n™ —1)-[1—T]+F*-KE”*-PE*

The first term of the measure function R is a damping term
comprising the product of the previous value, R(n*-1) mul-
tiplied by a damping factor

The level of damping is determined by a constant T dependent
upon the particular type of vehicle. For example, based upon
rollover test data for a particular type of vehicle, the value of
T was determined to be about 400 seconds. The damping term
ensures that the resulting figure-of-merit FOM will decrease
for events for which the values of the compensated lateral
acceleration component A', or the compensated angular
velocity ', do not continue to be significant.

The remaining term of the measure function R, additive
with the first term, is the product of the following three mea-
sures: a force measure F*, a rotational kinetic energy measure
KE*, and a potential energy measure PE*.

The force measure F* is given as the current sample of the
compensated lateral acceleration component A',, which is
given by:

~ Offset

AMy = Ay - A7 ()

Generally, force and acceleration are related by Newton’s
second law (F=M-A). The force measure F* is not necessarily
an exact measure of force—which would generally need to
account for the vector nature of force and acceleration—but
instead is a measure that is at least related to the reaction force
F acting upon the vehicle 12. During a typical vehicle roll
event, the compensated lateral acceleration component A’ , is
caused by a lateral force on the tires or wheel rim. This lateral
force is the same force responsible for the rotational torque
about the center of vehicle mass that leads to eventual roll-
over. The compensated lateral acceleration component A',
does not necessarily provide a complete measure of the actual
reaction force F. For example, the compensated lateral accel-
eration component A', does not necessarily account for the
effects of non-rigid body dynamics, e.g. from damping forces
in the tire(s) or other damping elements, or from the dynamics
of the suspension system. However, the compensated lateral
acceleration component A’ is heuristically—for small angles
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and excluding the effects of non-rigid body dynamics—pro-
portional to the reaction force F that causes the vehicle 12 to
roll. Data from fast or tripped rollover tests has shown that the
compensated lateral acceleration component A', becomes
significant about 20 milliseconds before significant compen-
sated angular velocity ', is observed from angular rate sen-
sor 20. Whereas the force measure F* is illustrated herein as
linear with respect to the compensated lateral acceleration
component A’ , it should be understood that the force measure
F* could be some other function (other than linear) or power
(other than 1) of the compensated lateral acceleration com-
ponent A'y.

The rotational kinetic energy measure KE* is given by
@' 2. Generally, the rotational kinetic energy measure KE* is
related to the rotational kinetic energy of the vehicle. For
example, with KE*=q' 2, the rotational kinetic energy mea-
sure KE* is proportional to the rotational kinetic energy of the
vehicle 12 by the proportionality constant I./2. However, the
rotational kinetic energy measure KE* could also be repre-
sented differently. For example, other powers of @'_other than
2 could be used to form the rotational kinetic energy measure
KE* from compensated angular velocity ', or the rotational
kinetic energy measure KE* could be some other function of
compensated angular velocity o',.

The product of the force measure F* and the rotational
kinetic energy measure KE* provides for a measure that
predicts rollover more quickly than compensated angular
velocity o', alone. This also provides a predictive measure of
eventual compensated angular velocity o', because it has
been observed that significant lateral force inferred from the
compensated lateral acceleration component A', usually
manifests as increased compensated angular velocity o',
about 20 milliseconds thereafter. Moreover, weighting the
compensated angular velocity @', more heavily than the com-
pensated lateral acceleration component A',, e.g. by using the
square of the compensated angular velocity w',, increases the
influence of actual compensated angular velocity ', upon the
resulting figure-of-merit FOM.

The potential energy measure PE* is given as PE*=sign
(A'y(nM))~60+6M ™) as a constant plus the current sample of
the angular position 6*(n*). The constant 8, is dependent
upon the particular vehicle. For example, based upon rollover
test data for a particular type of vehicle, the value of 6, is
about 0.1 degrees. The constant term has the same sign as
either the compensated angular velocity o', or the compen-
sated lateral acceleration component A' ), assuming both sig-
nals are polarized so as to have the same polarity for a given
roll event. Including the potential energy measure PE* in the
product term of the measure function R increases the influ-
ence of roll dynamics upon the resulting figure-of-merit FOM
and increases the magnitude thereof for medium-speed roll
events, for example, events having associated actuator firing
times (time-to-fire TTF) of typically between 140 and 230
milliseconds. (The bounds of'this range could be extended by
20% or more depending upon the vehicle characteristics, and
could be further different for different types of vehicles).
Compared with the force measure F* and with the rotational
kinetic energy measure KE*, the potential energy measure
PE* is relatively less significant, and could be ignored (e.g.,
by setting PE*=1) in a reduced rollover detection system 10.
However, the potential energy measure PE* appears to be
beneficial for the subset of roll event cases exhibiting inter-
mediate actuator firing times.

The figure-of-merit FOM is then given by:

FOM@M=1RE™M)I-(IR@™) - RGM-1)1)
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The figure-of-merit FOM is calculated from the absolute
values of the associated R(n™) and R(n*~1) terms so that the
figure-of-merit FOM is independent of the direction of roll.
The term (IR@™)I-IRM™-1)I) provides a measure of the
derivative or slope of the measure function R with respect to
time, wherein the actual slope would be given by dividing this
term by the sampling period dt (a constant in uniformly
sampled data systems). This slope factor, in combination with
a threshold function described below, has the effect of requir-
ing the figure-of-merit FOM to increase with time in order for
a rollover event to be detected and for a resulting associated
deployment of one or more safety restraint actuators 30.

Alternatively, and particularly for relatively small values of
(IR@")I-IR(m™-11), the figure-of-merit FOM may be given
by:

FOM@My=IR(1™)|

Following the algorithm calculations of step (322.1), the
algorithm detection criteria evaluated in step (330.1) com-
prise a plurality of detection conditions, for example, as illus-
trated in FIG. 8c. If all of the detection conditions are satis-
fied—so that generally a measures event threshold is
exceeded—then arollover is considered likely to occur, and if
in step (340), an associated safing criteria is satisfied from the
safing algorithm 200, then in step (350), the associated one or
more safety restraint actuators 30 are deployed so as to miti-
gate injury to the associated occupant or occupants. The
detection criteria are established in accordance with a par-
ticular detection philosophy. Ideally, the detection criteria
would provide for detection of any roll event for which there
would be a head contact with the interior of the vehicle (i.e. a
“head closure”) of sufficient severity that injury to the occu-
pant therefrom would be mitigated by a timely deployment of
the associated one or more safety restraint actuators 30; and
would provide for ignoring other events. However, if such
ideal performance is not feasible, then the detection criteria
can be adapted to provide a suitable compromise. For
example, in order to detect severe roll events sufficiently
fast—i.e. sufficiently sooner than the associated head closure
time so that the associated one or more safety restraint actua-
tors 30 can be actuated in time, and at a rate, so as to mitigate
risk of injury to the occupant—it may be necessary to accept
deployment of the associated one or more safety restraint
actuators 30 responsive to severe rollover events that do not
completely roll the vehicle (e.g. curb trip or mid-to-high-g
deceleration type roll events).

As afirst detection condition of step (330.1), the measures
event time At is tested to be within a range of measures event
times (A . A ), as follows:

72 max.

AM < AM < AM

min max

For example, the associated minimum and maximum event
times for one particular class of vehicles are

Aplh,

=40 milliseconds and A7*, =165 milliseconds

so that the period of time elapsed since the event trigger falls
within a particular time window. The minimum measures
event time
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constraint prevents hard lateral input force events of very
short duration from causing an inadvertent detection, while
allowing for a sufficiently early safety restraint deploymentto
satisfy the earliest observed head closure times. (The head
closure time is the time at which the head of an occupant
contacts the interior of the vehicle). Typically, for severe curb
trip or deceleration sled events, the roll discrimination algo-
rithm entrance time would occur about 20 milliseconds after
the start of the roll event (i.e. the beginning of the physical
event). The earliest that the roll discrimination algorithm
could begin to deploy the airbags would then be about 60
milliseconds after the start of the roll event (entrance time
plus 40 milliseconds). The fastest observed head closure
times are on the order of 115 milliseconds after the start of the
roll event. Given that the associated data processing and
safety restraint deployment (e.g. airbag inflation) takes about
30 milliseconds, the safety restraint actuator 30 would be
fully deployed for these cases at about 90 milliseconds after
the start of the roll event. The minimum fire time At ensures
that the information provided in the signals from lateral accel-
erometer 18 and angular rate sensor 20 has been utilized as
much as possible while still enabling a deployment decision
to be made in time to avoid head closure for severe events. The
maximum firing time At™** reduces the vulnerability of the
roll discrimination algorithm to concatenated events, and
may also enable the roll discrimination algorithm to reset and
catch a second “real” initiator of a rollover in an accident
where the second of two time-separated lateral events leads to
rollover. If, in step (330.1), the measures event time At is
within the specified range, then the first detection condition is
met, and additional detection criteria are evaluated in step
(330.1). Otherwise, the process continues with step (150) for
the next iteration.

As a second detection condition of step (330.1), the figure-
of-merit FOM is compared with a threshold function FOM™"
(At™) that, for the exemplary vehicle platform, provides for
sufficiently fast discrimination times for substantially all
events as necessary in accordance with the above-described
detection philosophy. The threshold function FOM?""(At™),
for example, has the following form:

FOM™"(APM)=4-AM+B

The associated second detection condition is given by:

FOM#™)y>FOM™ (A"

For example, based upon data from a set of rollover tests of a
particular type of vehicle, A and B were given as A=6.46*10"*
(g°deg®/ms*s*) and B=-2.34*10" (g’deg®/s*) for (40
milliseconds=At*<96 milliseconds), and as A=2.59*10""
(g°deg®/ms*s*) and B-1.36%*10"° (g?degS/s*) for (96
milliseconds=At”=165 milliseconds). The figure-of-merit
FOM and the threshold function FOM™(AtY), for example,
both have engineering units of [g*deg®/s*]. Generally, differ-
ent types of vehicles would have either different parameter
values or different functional forms for the threshold function
FOM™"(AtY). A multi-segmented threshold function
FOM™7(AtY), e.g. comprising a plurality of linear segments,
has been found to be beneficial to the performance of the roll
discrimination algorithm. The above exemplary threshold
line was developed from data that was sampled at a rate of
1250 Hz for a time step of 0.8 milliseconds. The threshold
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function FOM™"(At*) would be different for different data
sampling rates because of differences in the resultants of
integrations involved in calculating the figure-of-merit FOM.
Generally, the threshold function FOM™"(At*) could be rep-
resented by either a function of time, a piecewise function of
time, or a table lookup with respect to time. Furthermore,
whereas the threshold function FOM™7(AtY) is generally a
function of time—e.g. time period since inception—, it
should be understood that this threshold function FOM™”
(At™) could in some cases be constant, i.e. constant with
respect to time. If, in step (330.1), the figure-of-merit FOM
exceeds the threshold function FOM™(At™), then the second
detection condition is met, and additional detection criteria
are evaluated in step (330.1). Otherwise, the process contin-
ues with step (150) for the next iteration.

As a third detection condition of step (330.1), the figure-
of-merit FOM is tested to see if it is increasing in magnitude
with respect to time at the time of prospective deployment of
the safety restraint actuator(s) 30, as follows:

IFOM(#™)1>IFOM(#"-1)| AND
|IFOM(#™)|>|FOM(#"-m)|, where m>1, e.g. m=6

The third detection condition is intended to prevent deploy-
ment in cases, for example, for which the threshold function
FOM™"(At) is exceeded, e.g. at At=40 milliseconds, but for
which the event was decaying away (e.g. for which the mag-
nitude of either A or w, or both was decreasing). If, in step
(330.1), the figure-of-merit FOM is increasing with respect to
time, then the third detection condition is met and additional
detection criteria are evaluated in step (330.1). Otherwise, the
process continues with step (150) for the next iteration.

As afourth detection condition of step (330.1), the magni-
tude of the compensated lateral acceleration component A’ at
the time of prospective deployment of the safety restraint
actuator(s) 30) is compared with a second acceleration
threshold

A ;‘hr] ,

as follows:

M Thr 2
AL M) > AT

The fourth detection condition prevents a failure of the angu-
lar rate sensor 20 in a mode that causes a large, false compen-
sated angular velocity ', signal from causing an inadvertent
deployment of the safety restraint actuator(s) 30. For
example, a second acceleration threshold

Thr_ 2
A y

value of 0.7 g would likely not be exceeded during normal
driving conditions for which there is no lateral tire slip on the
driving surface. If, in step (330.1), the magnitude compen-
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sated lateral acceleration component A', greater than the sec-
ond acceleration threshold

A;‘her’

then the fourth detection condition is met and additional
detection criteria are evaluated in step (330.1). Otherwise, the
process continues with step (150) for the next iteration.

As a fifth detection condition of step (330.1), the magni-
tude of the compensated angular velocity ', is compared
with an associated second roll rate threshold w2 at the
time of prospective deployment of the safety restraint actua-
tor(s) 30, as follows:

loo' (171 >0 T2

For example, the second roll rate threshold ™2 is about 50
degrees/second. The fifth detection condition ensures that the
vehicle 12 is experiencing significant angular velocity at the
time of deployment of the safety restraint actuator(s) 30. The
second and fifth detection conditions in combination prevent
severe side impact events from deploying the safety restraint
actuator(s) 30. The fifth detection condition also prevents a
failed lateral accelerometer 18—indicating a large, false lat-
eral acceleration signal—from causing an inadvertent
deployment of the safety restraint actuator(s) 30. If, in step
(330.1), the magnitude of the compensated angular velocity
o', is greater than the second roll rate threshold ™2, then
the fifth detection condition is met, and the process continues
with step (340). Otherwise, the process continues with step
(150) for the next iteration.

The herein-described measures algorithm 300.1 has been
successfully tested with data from a series of vehicle rollover
tests, and has been demonstrated to provide a reliable predic-
tion of eventual vehicle rollover. For roll events caused by
high lateral acceleration, predictions can be made relatively
quickly, which enables the measures algorithm 300.1 to
deploy the airbags before head closure for the type of roll
events where head closure typically occurs most rapidly. Gen-
erally, the measures algorithm 300.1 is beneficial in providing
relatively early rollover detection and relatively early time-
to-fire (TTF’s) of the associated safety restraint actuator(s)
30, for short and medium time roll events, similar to curb trip
and high-g lateral deceleration type events.

Accordingly, the rollover detection system 10 incorporat-
ing the measures algorithm 300.1 provides for improved dis-
crimination of vehicle rollover that allows for rollover airbag
deployment times that meet occupant head closure times
while minimizing inadvertent deployments, by:

utilizing the measured lateral acceleration to aid in predict-

ing future (20-30 ms later) roll motion;

combining lateral acceleration with angular speed and total

rotation angle to produce a measure of the current rota-
tion state and dynamics, and the forcing function that is
producing the rotation, without requiring the use of ini-
tial vehicle angle information for roll events where the
starting angle is less than about 20 degrees from hori-
zontal; and

utilizing vehicle specific dynamics properties (as derived

from rollover test data) combined with early measured
vehicle responses to allow for a prediction of eventual
vehicle rollover before such outcome is definitive.

Referring to FIGS. 10 four different vehicle test condi-
tions—designated as Test A, Test B, Test C and Test D, are
tabulated for purposes of illustrating and comparing the mea-
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sures algorithm 300.1 and the energy algorithm 300.2 (the
energy algorithm 300.2 is described more fully hereinbelow).
Tests A and B are corkscrew type tests, which illustrate con-
ditions for which the energy algorithm 300.2 exhibits faster
rollover detection than the measures algorithm 300.1, and
Tests C and D are deceleration sled tests for which the mea-
sures algorithm 300.1 exhibits faster rollover detection than
the energy algorithm 300.2. The vehicle rolled over in Tests A
and D, but did not roll over in Tests B and C, but rather
achieved a maximum roll angle of 37 and 34 degrees respec-
tively. The initial vehicle speed, average vehicle deceleration,
and associated detection and event times are also tabulated in
FIG. 10, wherein the head closure time is the time at which the
head ofthe occupant (dummy) actual struck the interior of the
vehicle.

Referring to FIGS. 11a-d, the filtered roll rate (angular
rate) from an angular rate sensor 20, roll angle, and filtered
lateral acceleration from a lateral accelerometer 18 are illus-
trated as a function of time for each of Tests A-D respectively
in accordance with the conditions that are tabulated in FIG.
10.

Referring to FIG. 12, the calculated figure-of-merit FOM is
plotted for Tests C and D as a function of measures event time
At i.e. the time since inception of the measures algorithm
300.1 for actual sled deceleration tests of a particular type of
vehicle in accordance with the table of FIG. 10. FIG. 12 also
illustrates an associated threshold function FOM ™" (At™) for
the particular type of vehicle. Test D caused the vehicle to
rollover and Test C reached a maximum rotation angle of
about 34 degrees. The figure-of-merit FOM(n™) calculated
by the herein-described measures algorithm 300.1 in con-
junction with the associated threshold function FOM™"
(At™), enabled a firing time (TTF) of 98 milliseconds after
inception of the roll event for test D, for which the vehicle
rolled over, which was substantially before the associated
head closure time of 196 milliseconds, thereby providing 98
milliseconds within which to deploy the associated one or
more safety restraint actuators 30. The safing criteria of asso-
ciated safing algorithm 200 were satisfied 26 milliseconds
after inception of the roll event, which was substantially
before the detection criteria was satisfied by the measures
algorithm 300.1. By comparison, the detection criteria of the
hereinbelow described energy algorithm 300.2 were not sat-
isfied for the event of Test D until 594 milliseconds after
inception of the roll event, which was substantially after the
associated head closure time, thereby illustrating the benefit
of the measures algorithm 300.1 for the roll event of Test D.

Referring to FIG. 6, FIGS. 8a-c, and FIGS. 9a-b, the
energy algorithm 300.2 will now be discussed with greater
particularity, wherein the steps of FIG. 6 are suffixed with
“0.2” to indicate their association therewith. The
ONGOING_EVENT_FLAG for energy algorithm 300.2—
referred to as the ONGOING_ENERGY_EVENT FLAG—
is set in step (308.2) upon satisfaction of the entrance criteria
instep (306.2), and is reset in step (320.2) upon satisfaction of
the exit criteria in step (322.2). The ONGOING_ENER-
GY_EVENT_FLAG, for example, could correspond to a par-
ticular location in the memory 28 of the associated processor
26 that implements the energy algorithm 300.2. After entry
following step (306.2), the energy algorithm 300.2 is not
subsequently exited until either the energy event exit criteria
is satisfied in step (322.2), or until a roll event is detected
causing a deployment of the safety restraint actuators 30.
Moreover, after the energy event exit criteria is satisfied and
the energy algorithm 300.2 is exited, the energy algorithm
300.2 can be subsequently reentered if the associated energy
event entrance criteria is subsequently satisfied.
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The energy algorithm 300.2 utilizes the angular velocity w,
signal from angular rate sensor 20 to determine the roll state
of'the vehicle and compare the total energy (rotational kinetic
and potential) of the vehicle 12 with that needed to com-
pletely roll.

In step (306.2), the entrance criteria of the energy algo-
rithm 300.2 is, for example, that the magnitude of the com-
pensated lateral acceleration component A', be greater than a
first acceleration threshold

Thr_1
A

OR that the magnitude of the compensated angular velocity
o', be greater than a first roll rate threshold o™ " i.e.:

E Thr_1
A4 > AT

OR
I, (2Z) >0 Tt

For an example of a particular type of vehicle, based upon
actual rollover data, the first acceleration threshold

Thr_1
Ay

was set to about 1.4 g (as for the measures algorithm 300.1)
and the first roll rate threshold w””’—! was set to about 19
degrees/second. It should be recognized that this threshold
value, as well as the value of the other parameters of the
energy algorithm 300.2, is generally dependent upon the
characteristics of the particular associated vehicle 12 or class
of vehicles, and that the particular value used for a particular
rollover detection system 10 can be adjusted for improved
discrimination dependent upon the nature of the associated
vehicle 12 or class of vehicles.

In step (310.2), upon initial entrance to the energy algo-
rithm 300.2 following step (306.1), the energy algorithm
300.2is initialized. An event sample count n” and the value of
angular position 6%(-1) are initialized—e.g. to values of zero.
Also the sampled time t5(-1) just prior to the time of event
entrance is initialized to a value of the time of energy event
entrance t2(0), which is initialized to a value of the current
time t; and the time period At(0) since algorithm entrance is
initialized to a value of zero. Furthermore, a second event
sample count nZ is initialized to zero, as is a time period At*"
since roll direction change. The superscript “E” used herein
refers to variables associated with the energy algorithm
300.2.

Upon subsequent iteration of the energy algorithm 300.2,
if, in step (304.2), the ONGOING_ENERGY_EVENT_
FLAG is set, then, in step (312.2), the event sample count n
is incremented, the associated current sampled time t*(n®) is
set equal to the current time t, and the energy event time At*
is calculated as the period extending from the time of energy
event entrance t(0) to the current time t“(n”) as follows:

AE By =E (nF)-1£(0)
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In step (322.2), one exit criteria of the energy algorithm
300.2 is, for example, that the energy event time At” be greater
than a maximum time period threshold

A

max>

ie.:

A (nF) > A

Another exit criteria of the energy algorithm 300.2 is, for
example, that the energy event time AtZ be greater than a
minimum time period threshold

AL,

min>

and that the time period since the entrance criteria of step
(306.2) was most recently satisfied is greater than a second
time period threshold

AL

Event >

i.e., as follows:

> A

Event

Af(nf) > A, AND AE(nf) - A"

The energy algorithm 300.2 requires a substantially longer
period of time than the measures algorithm 300.1 before
being restarted (i.e. exited and reset) because of possibility of
relatively slow rollover events. For the example of a particular
type of vehicle, based upon actual rollover data, the time
period threshold

A

max

was set to about 12 seconds, the minimum time period thresh-
old

was set to about 4 seconds, and the second time period thresh-
old

AL

Event

was set to about 2 seconds. Accordingly, for this example, the
energy algorithm 300.2 is executed for at least 4 seconds but
not more than 12 seconds, and subject to these limitations, is
exited if the time period since the entrance criteria was most
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recently satisfied exceeds 2 seconds. Upon exit from the
energy algorithm 300.2, the ONGOING_ENERGY_
EVENT_FLAG is reset in step (320.2), after which a subse-
quent satisfaction of the entrance criteria in step (306.2)
causes the variables associated with the energy algorithm
300.2 to be initialized in step (310.2).

If, in step (322.2), the exit criteria is not satisfied, then the
algorithm calculations are updated in step (326.2) for the
particular iteration of the energy algorithm 300.2, as follows.

First the angular position 6 is estimated by integrating the
signed value of the compensated angular velocity ', as fol-
lows:

OF (nB)=0F (nP-1 )+’ (nF)-dt

wherein the integration time step dt is given by the difference
between the time t“(n”) at the current iteration, and the time
at the previous iteration t*(n®-1)—which difference would
be constant for a uniform sampling rate—as follows:

dt=EEmE)-1EHF-1)

and the compensated angular velocity ', is given by:

W (1) = B:(0) = B (1)

In step (326.2), the algorithm calculations are further
adapted to compensate for offsets in the angular velocity m,
signal due either to gyroscope error, or to an offset as a result
of significant vehicle motion, that may not otherwise be
adequately compensated in the compensated angular velocity
o', particularly for rough road conditions for which the angu-
lar velocity , signal may exhibit substantial oscillatory
behavior. The energy algorithm 300.2 does not exit for at least

AL

Event

seconds, e.g. 2 seconds, following the most recent time at
which the algorithm entrance criteria were satisfied, which
thereby provides for extending the duration of the energy
algorithm 300.2 forup to

Atf

seconds, e.g. 12 seconds, which can lead to a substantial roll
angle integration errors (e.g. 24 to 36 degrees) for a relatively
small offset—e.g. 2-3 degrees/second—in the signal from the
angular rate sensor 20. On a rough road, the vehicle 12 can
exhibit substantial oscillatory roll motion, and a “rough road
event” would be characterized by an angular velocity o, that
oscillates about the true angular velocity offset

—Offset
wX

0.
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For example, referring to FIG. 13, an angular velocity w,
signal having a true angular velocity offset

22570 of —6.5

degrees/second is plotted as a function of time. Because typi-
cal roll events do not exhibit a change in sign of compensated
angular velocity o', during the roll event, it is possible to
recognize a rough road condition from oscillation in the com-
pensated angular velocity o', signal. Under these conditions,
the integrated roll angle 6% is damped toward zero degrees
every time the compensated angular velocity w', changes
sign, according to the following equation:

1024 — (nf —nf
M,O.S and n” = nf

E\ _ E _ 3
FnF)=Fn"-1) MAX[ T £

wherein the counter n_; is set equal to the event sample count
n” at the time of reversal, which provides for damping the roll
angle 0% by an amount between 0.1% and 50% each time the
compensated angular velocity ', changes direction, depend-
ing upon the period of time since the most recent change of
direction.

Referring to FIG. 14, the affect of the above-described
compensation for the roll oscillation effect is illustrated,
wherein the roll angle 6%, integrated from the angular velocity
w, (roll rate) data plotted in FIG. 13, is plotted as a function of
time for various conditions. As the first condition, the true
angular velocity offset

—=Offset
wX

of' -6.5 degrees/second is removed prior to integration. As the
second condition, the roll angle 6 is integrated from the
biased angular velocity w, data, and then compensated for roll
oscillation as described hereinabove. As the third condition,
the roll angle SE is integrated from the biased angular veloc-
ity m, data without the above-described compensation for roll
oscillation, which illustrates the potential for false detection
of'aroll event as a result of an uncompensated angular veloc-
ity m,, bias for relatively long integration intervals. The
above-described compensation for roll oscillation substan-
tially corrects for roll-oscillation induced integration errors,
without adversely affecting the detection of an actual roll
event for which the angular velocity w_ is substantially uni-
directional.

In step (326.2), the algorithm calculations further provide
for recording the latest time at which the entrance criteria of
step (306.2) are satisfied, so as to provide a supplemental
basis for the exit criteria of step (322.2), as follows:

|4%,(n®)] > AT OR |, (nF)] > I

Following the algorithm calculations of step (322.2), the
algorithm detection criteria evaluated in step (330.2) com-
prise a plurality of detection conditions, for example, as illus-
trated in FIG. 8c. If all of the detection conditions are satis-
fied—so that generally an energy event threshold is
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exceeded—then arollover is considered likely to occur, and if
in step (340), an associated safing criteria is satisfied from the
safing algorithm 200, then in step (350), the associated one or
more safety restraint actuators 30 are deployed so as to miti-
gate injury to the associated occupant or occupants. The
detection criteria of the energy algorithm 300.2 are estab-
lished in accordance with a detection philosophy similar to
that described hereinabove for the measures algorithm 300.1.

The principal detection criteria of the energy algorithm
300.2 are based upon the behavior of the compensated angu-
lar velocity ', and roll angle 6%, and the associated trajectory
thereof, in the associated phase-space of angular velocity and
roll angle (i.e. the m-6 phase-space). An example of the w-0
phase-space is illustrated in FIG. 15.

In accordance with rigid body dynamics, there exists a
theoretical threshold boundary in phase-space that distin-
guishes between roll and non-roll events of an associated
rigid body. For example, this theoretical threshold boundary
is given by:

2
2
— +hgg

I
omg - T : -[1 —sin(0+tan*1(2h$]]]
W™ () = -

4

where mg is the weight of the vehicle, T is the vehicle track
width, 1 is the vehicle moment of inertia in roll, and h . ; is the
height of the vehicle center of gravity. This equation is nearly
linear in the ®-0 plane over the region of interest. However,
because of non-rigid body effects, the practical threshold
boundary is beneficially modeled as a piecewise-linear
boundary comprising, for example, a series of about 5 or 6
connected line segments that generally follow the above theo-
retical threshold boundary, but which can be tailored for a
particular vehicle 12 or vehicle platform to improve discrimi-
nation between roll and non-roll events. Generally, this
boundary could be represented by either a function in phase-
space (e.g. a function of roll angle 0), a piecewise function in
phase-space (e.g. a piecewise function of roll angle 8), or a
table lookup in phase-space. Referring to FIG. 15, actual
rollover test data—filtered using the hereinabove-described
running average filter—for Tests A and B of FIGS. 11a and
115 respectively, in accordance with the conditions of FIG.
10, is plotted in the w-0 phase-space, together with an
example of the associated theoretical threshold boundary and
an example of a practical, piecewise-linear threshold bound-
ary.

The distance between the current ordered pair (w' (%),
0%(n%)) and the linear segment of the practical threshold
boundary is calculated for each iteration for the linear seg-
ment whose associated endpoint angle values 0,, 0, ; bound
the current roll angle 8%(n”). Each linear segment of the
practical threshold boundary is defined by its endpoints (w,,
0,) and (g, ,,0.,,).- The distance D between the current
ordered pair and the appropriate linear segment of the prac-
tical threshold boundary is given by:

D&y, 65, 0, k) =

[(wm =) (05 (%) = 0) = Ors — 00 - (| ()] — i)

\/(9k+1 — 0% + (W1 — P
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whereby, if this distance is less than zero, then the practical
threshold boundary has been crossed.

The slope of the trajectory of (o' (n®),0%(n”)) in the »-0
phase-space is given by:

W, (") = W (nF = 1)

Ey _
Slope(n™) = FEE) G E— 1)

and the associated angle of this slope in the m-6 phase-space
is given by:

B= tan’l(Slope(nE)- g]

If, in step (330.2), the angle [ is within limits (i.e.
pr<B<p™e, where e.g. B""=75 degrees and B"“*=90
degrees), the magnitude of the roll rate is increasing with time
(.e. lo' (0®)-lo' (n®~1)1>0), the distance to the practical
threshold boundary is less than zero (i.e. D(@',, 6%,n% k)<0)
and the roll angle 6% is greater than a roll angle threshold 87"
(i.e. 16507, where e.g. 07""=10 degrees), then the energy
detection criteria are satisfied. Alternatively, the energy
detection criteria are satisfied if the distance in w-m phase-
space is less than a threshold D7 (i.e. D(w' 8% nZ k)<D™,

where e.g. D™"=-2.5 Vdeg?+(deg/sec)?) and the roll angle 6%
is greater than the roll angle threshold 07" (i.e. 16%1>0""") If
the energy detection criteria are satisfied in step (330.2), and
if, in step (340), the safing criteria are satisfied, then, in step
(350), the associated one or more safety restraint actuators 30
are deployed so as to mitigate injury to the associated occu-
pant or occupants.

The energy algorithm 300.2 deployment decision is not
latched, so that, if the safing criteria has not been satisfied by
the time the detection criteria of the energy algorithm 300.2 is
satisfied, then the energy algorithm 300.2 continues to be
iterated until either the safing criteria is satisfied, or the energy
algorithm 300.2 is otherwise exited in step (322.2)

It should be understood that the measures algorithm 300.1
and the energy algorithm 300.2 can be executed in series or in
parallel, on a common processor 26 or on separate processors
26. If executed in series, then the steps illustrated in FIG. 6 for
one iteration are completed for one of the algorithms, then the
other algorithm would commence with either step (302) for
the first pass, or step (150) for subsequent passes.

Whereas the rollover detection algorithm has been illus-
trated with equations in a particular form, it should be under-
stood that these calculations may be implemented on a par-
ticular processor 26 in a variety of ways without departing
from the scope of the teachings herein. For example, the
particular calculations described herein may require modifi-
cation in order to be practically implemented on a particular
processor, for example, depending upon the resolution of
associated analog-to-digital converters, and the type and pre-
cision of mathematical operations that can be performed by
the particular processor 26, and the preferred word size of the
particular processor 26.

Whereas the roll discrimination algorithm is illustrated
herein as applied to sampled data, it should be understood that
the algorithm could also be implemented continuously, for
example using an analog processor. Moreover, it should be
understood that the event sample count o™ may be either
explicit or implicit in the actual implementation of the roll
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discrimination algorithm, and that the associated time-depen-
dent variables can be expressed as functions of either time t or
event sample count o, .

Whereas the measures algorithm 300.1 and the energy
algorithm 300.2 have been illustrated as utilizing a measure of
roll angle that is found by integrating the associated compen-
sated angular velocity ',, it should be understood that a
measured roll angle, e.g. from an incline sensor, could be used
instead of a calculated roll angle.

Referring to FIGS. 16 and 17, in accordance with another
embodiment, a rollover detection system 10.1 comprises the
rollover detection system 10 as illustrated in FIG. 2 and
described hereinabove, and further comprises an occupant
detection system 42 that is adapted to sense the proximity of
an occupant 44 to one or more interior sides of the vehicle 12
incorporating associated one or more safety restraint actua-
tors 30 that are provided to mitigate associated rollover
induced injury to the occupant 44.

The occupant detection system 42 senses at least the pres-
ence of an occupant 44 in a given seating location, and may be
further adapted to provide a measure of the proximity or
position directly or indirectly—of an occupant 44, or portion
thereof e.g. a head portion of an occupant 44—to an associ-
ated inner boundary 46 of the vehicle 16, for example, by
either measuring the distance by which the occupant is sepa-
rated from the inner boundary 46, and/or by measuring angle
by which the occupant 44 is leaning from vertical—e.g.
toward the inner boundary 46—together with a measure of
where the occupant is seated on the associated vehicle seat 48.
For example, the occupant detection system 42 may provide
a measure of the lateral position or distance of the occupant’s
head 50, or torso 52, relative to the associated inner boundary
46 of the vehicle 12, which can be beneficial in estimating an
associated head 50, or torso 52, closure time, i.e. the time at
which the occupant’s head 50, or torso 52, would likely
contact the inner boundary 46 of the vehicle 12. The occupant
detection system 42 may incorporate various detection tech-
nologies, for example, vision sensing, capacitive sensing,
active or passive infrared sensing, laser sensing, optical sens-
ing, radio wave (radar) sensing, microwave sensing, sound
wave (ultrasonic) sensing, multi-point seat weight distribu-
tion sensing, or electrostatic sensing. For example, in a
capacitive sensing system (or electric field sensing system),
the associated electrode or electrodes could be placed on
either the interior roof or roof rail just above the window or on
a pillar (or other fixed position) nearest the occupant to be
detected. Alternatively, or additionally, an electrode could be
located in either the headrest portion or the upper back portion
of the associated vehicle seat 48. As another example, the
occupant 44 could be detected with a vision system, for
example, incorporating an associated structured light illumi-
nation system and an associated camera and image process-
ing system for detecting an object from its interaction with the
structured light.

For an occupant detection system 42 that provides a mea-
sure of the distance between the occupant’s head 50, or torso
52, and the associated inner boundary 46 of the vehicle 12, as
a function of time, the associated distance can be tracked over
time, and the associated closure time may be estimated there-
from. For example, the associated lateral velocity of the head
50, or torso 52, can be either estimated from the change in
associated position with respect to time, or by measuring this
velocity directly, e.g. from a Doppler shift of a measurement
signal. The associated lateral acceleration of the head 50, or
torso 52, can then be estimated from the change in associated
velocity with respect to time. For example, the associated
velocity can be either continuously estimated or measured, or
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estimated or measured at discrete intervals. The associated
closure time can then be estimated by solving the following
equation for time t:

Algrerat ¥

D) = Vigerat # 1 + 5

where D(t) is the distance of the head 50, or torso 52 from the
associated inner boundary 46, andV,,,...,and A,,..,.; are the
associated velocity and acceleration respectively of the head
50, or torso 52, e.g. using the most recent estimates or mea-
surements of associated distance, velocity and acceleration,
wherein acceleration is assumed constant.

The rollover detection system 10.1 incorporates a control-
ler 54, for example, as illustrated in FIG. 17, comprising the
lateral accelerometer 18, angular rate sensor 20, filters 22, 24,
processor 26, and memory 28 in accordance with the embodi-
ment illustrated in FIG. 2 and described more fully herein-
above.

Sets of left 56.1 and right 56.2 occupant sensors are opera-
tively connected to one or more input ports of the processor
26, for example, via either a signal bus 58, a multiplexed
signal line, or a plurality of signal cables. For example, FIG.
17 illustrates an embodiment comprising both left 60.1 and
right 60.2 first occupant sensors, e.g. vision sensors located
overhead, and left 62.1 and right 62.2 second occupant sen-
sors, e.g. capactive sensors located in the associated left 64.1
and right 64.2 doors. Whereas each occupant seating location
has been illustrated as having associated therewith two dif-
ferent occupant sensors, the particular number of occupant
sensors is not considered to be limiting. For example, in
another embodiment, there might be only one occupant sen-
sor 56.1, 56.2 at each seating location to be sensed, or there
might be more than two occupant sensors associated with any
one seating location.

The processor 26 is also operatively connected—e.g. via
either a signal bus 66, a multiplexed signal line, or a plurality
of'signal cables—to associated sets of left 30.1 and right 30.2
safety restraint actuators, for example, left 32.1 and right 32.2
seat belt pretensioners, left 36.1 and right 36.2 thorax air bag
inflators, left 38.1 and right 38.2 roll curtains,' left 40.1 and
right 40.2 overhead air bag inflators. The processor 26 deter-
mines the direction of roll from the associated signals of the
angular rate sensor 20 and/or lateral accelerometer 18 so as to
provide for deploying one or more safety restraint actuators
30 on the side L, R on which the vehicle 12 is rolling.

Generally, it is desirable to deploy a safety restraint actua-
tor 30 only when necessary, in order to avoid unnecessary
associated repair costs, and to avoid potential adverse affects
of'the deployment on an occupant 44 who is positioned within
an “at-risk” zone of a safety restraint actuator 30 that must be
sufficiently energetic to protect the occupant 44 in an accident
situation. Accordingly, a safety restraint actuator 30 is ben-
eficially deployed in situations for which the benefits of miti-
gating injury to an occupant—e.g. caused by a head closure
with the interior of the vehicle (e.g. window, upper door rail,
ceiling) or caused by ejection or partial ejection from the
vehicle—outweigh the associated risk of injury from the
deployment of the safety restraint actuator 30. For example,
the risk of injury by an air bag inflator generally increases as
the distance of the occupant from the air bag inflator
decreases. Generally, it is beneficial if the associated safety
restraint actuator 30 can be fully deployed prior to the inter-
action thereof with the occupant 44. Different safety restraint
actuators 30 can require different amounts of time to deploy.
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For example, an air bag inflator may require about 20 milli-
seconds to inflate, depending upon the size of the associated
air bag.

As indicated by the data of FIG. 10, rollover events are
generally much slower than frontal or side-impact crashes,
thereby providing considerably more time within which to
detect the roll event and deploy the associated safety restraint
actuator(s) 30. For example, in Test A, head closure did not
occur until 368 milliseconds after the energy algorithm 300.2
first detected the roll event, and 59 milliseconds after the
saring algorithm 200 confirmed the roll event. In Test D, head
closure did not occur until 98 milliseconds after the measures
algorithm 300.1 detected the roll event. In both of these cases,
there would have been ample time to deploy the associated
safety restraint actuator(s) 30 substantially before the associ-
ated head closure, so as to improve the likelihood that the
associated safety restraint actuator(s) 30 were fully deployed
prior to their associated interaction with the occupant 44.
However, in some situations—particularly for tripped roll
events, e.g. curb-tripped roll events,—it is not possible to
detect if complete vehicle rollover will occur before the asso-
ciated head closure or partial ejection. For example, this may
depend upon where the occupant is seated relative to the
associated inner boundary 46 of the vehicle 12. In these
situations, it may be desirable to actuate the associated safety
restraint actuator(s) 30 before they might otherwise be actu-
ated—in order that they be deployed prior to head closure,—
at the potential risk of actuation responsive to events for
which the vehicle does not ultimately roll over, so as to avoid
the adverse affects that may result from deploying a safety
restraint actuator(s) 30 after head closure.

In accordance with one mode of operation, responsive to
the detection of a roll event by either the measures algorithm
300.1 or the energy algorithm 300.2, as confirmed by the
safing algorithm 200, the occupant detection system 42 pro-
vides for disabling the actuation of the associated left 30.1 or
right 30.2 safety restraint actuator(s) if an occupant is not
present on the left or right side to which the vehicle is rolling.
For example, if there were no passenger on the right side of
the vehicle 12, and if the vehicle 12 were to roll to the right,
then responsive to the input from the left 56.1 occupant
sensor(s) indicating that no occupant 44 was present in the left
seating location, then the processor 26 would not actuate the
left 30.1 safety restraint actuator(s) responsive to the roll, so
as to avoid any potential adverse affects, e.g. repair costs, of
unnecessarily deploying the left 30.1 safety restraint
actuator(s).

In accordance with another mode of operation, the timing
of the actuation of the safety restraint actuator(s) 30 can be
adapted responsive to either the distance of the occupant 44
from the associated inner boundary 46 of the vehicle 12, or
responsive to a projected head or torso closure time, which is
in turn responsive to sensed occupant kinematics. For
example, responsive to a measure of occupant position from
the occupant detection system 42—or a prediction of occu-
pant position therefrom,—the actuation of the safety restraint
actuator(s) 30 could either be inhibited; or delayed or
advanced relative to the time at which the roll event would
otherwise be detected.

For example, the deployment of some or all safety restraint
actuator(s) 30 could be delayed until head/body closure with
the associated inner boundary 46 of the vehicle 12 was immi-
nent (on the order of 10-30 milliseconds before contact,
depending upon how long the associated safety restraint
actuator(s) 30 might require to be substantially deployed; i.e.
if the head or torso closure time is greater than the deployment
time of the associated safety restraint actuator(s) 30), thereby
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providing the rollover detection system 10.1 as much time as
possible to determine or best predict if the event will lead to
complete vehicle rollover. Basing the deployment decision
upon occupant position or head closure would thereby pro-
vide the maximum amount of time for the rollover detection
system 10.1 to evaluate the associated acceleration and angu-
lar velocity measurements in order to better differentiate roll
from non-roll events.

As another example, the deployment of some or all safety
restraint actuator(s) 30 could be expedited if imminent head
closure were either detected or anticipated by the occupant
detection system 42 (e.g. if the head/torso closure time were
less than or equal to the deployment time of the associated
safety restraint actuator(s) 30), by reducing one or more asso-
ciated thresholds of either the measures algorithm 300.1, the
energy algorithm 300.2, or the safing algorithm 200 to a
lower—but still significant—Ilevel. For example, if imminent
head closure were either detected or anticipated by the occu-
pant detection system 42, then some or all safety restraint
actuator(s) 30 might be deployed if a set of minimum condi-
tions were satisfied, e.g. if the angular velocity were to have
exceeded an associated minimum threshold, e.g. on the order
of 60 degrees/second; if the roll angle were to exceed an
associated minimum threshold, e.g. 10 degrees; and/or if the
lateral acceleration were to have exceeded an associated
minimum threshold, e.g. (at least 1 g for at least 10 millisec-
onds). As another example, one or both of the associated
threshold functions illustrated in FIGS. 12 and 15 for the
measures 300.1 and energy 300.2 algorithms respectively
could be reduced—relative those for a system without an
occupant detection system 42—if imminent head closure
were either detected or anticipated by the occupant detection
system 42. These thresholds can be further adjusted accord-
ing to the measured rate of occupant head closure so that
lower thresholds are provide responsive to faster lateral head
speeds. Upon recognition of imminent head closure and after
transcending these lesser thresholds, any restraints that may
be reset or reused would be most likely to be deployed.
Alternatively, all rollover restraints, including airbags could
be deployed just in time to prevent a first impact between the
occupant’s head and the associated inner boundary 46 of the
vehicle 12. Occupant lateral motion provides an additional
indication that a potential rollover event is in progress and
may even be relied upon as rollover safing measure indepen-
dent of other sensed signals such as roll rate.

As another example, if the decision to deploy the safety
restraint actuator(s) 30 is not made until after a head or torso
closure was detected by the occupant detection system 42,
then the safety restraint actuator(s) 30 could be selectively
deployed depending upon occupant position. For example,
either the seat belt pretensioners 32.1, 32.2 or overhead air
bag inflator 40.1, 40.2 could be immediately deployed, since
these would be relatively benign to an occupant positioned
against the associated inner boundary 46 of the vehicle 12.
However, the decision to deploy a roll curtain 38.1, 38.2 or
thorax air bag inflator 36.1, 36.2 would be delayed until the
occupant position provided for an opportunity to properly
deploy the bag between the occupant 44 and the associated
inner boundary 46 of the vehicle 12, so as to enhance protec-
tion for the occupant 44 while preventing the occupant 44
from being situated between a restraint of a safety restraint
actuator 30 and the vehicle door 64.1, 64.2 or side window
39.1,39.2.

The parameters of the herein-described roll discrimination
algorithm are derived from associated test data, and may
require adjustment if applied to other types of vehicles than
for those for which the parameters were derived, wherein a
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criteria for the adjustment is, for example, robust and early
detection of rollover events while also avoiding, to the extent
possible, falsely discriminating non-rollover events as roll-
over events. The particular values for various parameters
described herein are not considered to be limiting, and for
example may be different for different types of vehicles,
which may have different susceptibilities to rollover. For
example, a vehicle with a relatively high center of gravity or
arelatively narrow wheel-base—e.g. a sport-utility vehicle—
would be more susceptible to rollover than a vehicle having a
relatively low center of gravity or a relatively wide wheel-
base—e.g. a passenger sedan. Furthermore, the rollover
detection system 10 as could also be adapted to sense pitcho-
ver events, i.e. about the local Y-axis of the vehicle, by pro-
viding an associated longitudinal accelerometer and a pitch
rate sensor.

The occupant sensor provides for an improved rollover
detection system by providing for modifying the deployment
of the safety restraint system responsive to either occupant
presence, position, estimated closure time or closure velocity,
so as to reduce the prospects for occupant injury either
responsive to a rollover event, or responsive to the deploy-
ment of the associated safety restraint system.

While specific embodiments have been described in detail,
those with ordinary skill in the art will appreciate that various
modifications and alternatives to those details could be devel-
oped in light of the overall teachings of the disclosure.
Accordingly, the particular arrangements disclosed are meant
to be illustrative only and not limiting as to the scope of the
invention, which is to be given the full breadth of the
appended claims, and any and all equivalents thereof.

We claim:

1. A system for detecting a rollover condition of a vehicle,
comprising:

a. a roll angular velocity sensor operatively coupled to the
vehicle, wherein said roll angular velocity sensor is con-
figured to measure a roll rate of the vehicle about a roll
axis, and said roll axis is substantially aligned with a
longitudinal axis of the vehicle;

b. an occupant sensor responsive to a presence or position
of an occupant in the vehicle, wherein said occupant
sensor provides a measure of proximity or position to an
inner boundary of the vehicle; and

c. a processor operatively coupled to said roll angular
velocity sensor and to said occupant sensor, wherein said
processor is configured to generate a signal for control-
ling a safety restraint system, said signal for controlling
said safety restraint system is responsive to a detection
of'a prospective rollover condition responsive to a signal
from said roll angular velocity sensor, and said processor
is configured to modify either one or more detection
criteria associated with said signal for controlling said
safety restraint system or a timing of an associated
actuation signal, wherein said one or more detection
criteria or said timing is or are modified responsive to a
signal from said occupant sensor, and said detection
criteria comprises a threshold associated with a rollover
detection algorithm.

2. A system for detecting a rollover condition of a vehicle
as recited in claim 1, wherein said occupant sensor is respon-
sive to a position of the head of the occupant.

3. A system for detecting a rollover condition of a vehicle
as recited in claim 1, wherein said occupant sensor is respon-
sive to a position of the torso of the occupant.

4. A system for detecting a rollover condition of a vehicle
as recited in claim 1, wherein said occupant sensor comprises
at least one sensor selected from a capacitive sensor, an active
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infrared sensor, a passive infrared sensor, a vision sensor, a
laser sensor, an optical sensor, a radar sensor, a microwave
senor, a sound wave sensor, a multi-point seat weight distri-
bution sensor, and an electric field sensor.

5. A system for detecting a rollover condition of a vehicle
as recited in claim 1, wherein said processor is adapted to
determine a measure of roll angle by integrating said signal
from said roll angular velocity sensor, and said signal for
controlling said safety restraint system is further responsive
to said measure of roll angle.

6. A system for detecting a rollover condition of a vehicle
as recited in claim 1, further comprising an accelerometer
operatively coupled to the vehicle, wherein said accelerom-
eter is adapted to measure an acceleration of the vehicle
substantially in said lateral direction, and said signal for con-
trolling said safety restraint system is further responsive to a
signal from said accelerometer.

7. A method of providing for detecting a rollover condition
of'a vehicle, comprising:

a. providing for acquiring a measure of roll angular veloc-
ity of the vehicle about a roll axis, wherein said roll axis
is substantially aligned with a longitudinal axis of the
vehicle;

b. providing for acquiring a measure of occupant position
in the vehicle; and

c. providing for generating a signal for controlling a safety
restraint system, wherein said signal for controlling said
safety restraint system is responsive to said measure of
roll angular velocity and to at least one detection criteria;
and

d. providing for modifying either said at least one detection
criteria associated with said signal for controlling said
safety restraint system or a timing of an associated
actuation signal responsive to said measure of occupant
position, wherein said at least one detection criteria
comprises at least one threshold associated with a cor-
responding at least one rollover detection algorithm.

8. A method of providing for detecting a rollover condition

of'a vehicle, comprising:

a. providing for acquiring a measure of roll angular veloc-
ity of the vehicle about a roll axis, wherein said roll axis
is substantially aligned with a longitudinal axis of the
vehicle;

b. providing for acquiring a measure of occupant position
in the vehicle; and

c. providing for generating a signal for controlling a safety
restraint system, wherein said signal for controlling said
safety restraint system is responsive to said measure of
roll angular velocity and to a detection criteria, said
detection criteria is responsive to said measure of occu-
pant position, and a deployment threshold associated
with said detection criteria is shifted by an offset respon-
sive to said measure of occupant position.

9. A method of providing for detecting a rollover condition

of'a vehicle, comprising:

a. providing for acquiring a measure of roll angular veloc-
ity of the vehicle about a roll axis, wherein said roll axis
is substantially aligned with a longitudinal axis of the
vehicle;

b. providing for acquiring a measure of occupant position
in the vehicle; and

c. providing for generating a signal for controlling a safety
restraint system, wherein said signal for controlling said
safety restraint system is responsive to said measure of
roll angular velocity and to a detection criteria, said
detection criteria is responsive to said measure of occu-
pant position, and a deployment threshold associated
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with said detection criteria is scaled by a factor respon-
sive to said measure of occupant position.

10. A method of providing for detecting a rollover condi-
tion of a vehicle, comprising:

a. providing for acquiring a measure of roll angular veloc-
ity of the vehicle about a roll axis, wherein said roll axis
is substantially aligned with a longitudinal axis of the
vehicle;

b. providing for acquiring a measure of occupant position
in the vehicle; and

c. providing for generating a signal for controlling a safety
restraint system, wherein said signal for controlling said
safety restraint system is responsive to said measure of
roll angular velocity and to a detection criteria, said
detection criteria is responsive to said measure of occu-
pant position, and a deployment threshold associated
with said detection criteria is responsive to a rate of
change of said measure of occupant position.

11. A method of providing for detecting a rollover condi-

tion of a vehicle, comprising:

a. providing for acquiring a measure of roll angular veloc-
ity of the vehicle about a roll axis, wherein said roll axis
is substantially aligned with a longitudinal axis of the
vehicle;

b. providing for acquiring a measure of occupant position
in the vehicle;

c. providing for generating a signal for controlling a safety
restraint system, wherein said signal for controlling said
safety restraint system is responsive to said measure of
roll angular velocity and to a detection criteria, and said
detection criteria is responsive to said measure of occu-
pant position;

d. providing for determining or acquiring a measure of roll
angle from said measure of roll angular velocity;

e.providing for determining a threshold function in a phase
space of said measure of roll angular velocity and said
measure of roll angle;

f. providing for modifying said threshold function respon-
sive to said measure of occupant position; and

g. providing for comparing a measure in phase space with
said threshold function, wherein said measure in phase
space comprises a combination of said measure of roll
angular velocity and said measure of roll angle, wherein
said signal for controlling said safety restraint system is
responsive to the operation of comparing said measure
in phase space with said threshold function.

12. A method of providing for detecting a rollover condi-
tion of a vehicle as recited in claim 11, wherein said threshold
function comprises either a function in phase space, a piece-
wise function in phase space, or a table lookup in phase space.

13. A method of providing for detecting a rollover condi-
tion of a vehicle as recited in claim 11, wherein the operation
of moditying said threshold function comprises determining
a roll angular velocity offset responsive to said measure of
occupant position, and subtracting said roll angular velocity
offset from said threshold function.

14. A method of providing for detecting a rollover condi-
tion of a vehicle, comprising:

a. providing for acquiring a measure of roll angular veloc-
ity of the vehicle about a roll axis, wherein said roll axis
is substantially aligned with a longitudinal axis of the
vehicle;

b. providing for acquiring a measure of occupant position
in the vehicle; and

c. providing for generating a signal for controlling a safety
restraint system, wherein said signal for controlling said
safety restraint system is responsive to said measure of
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roll angular velocity and to a detection criteria, and said

detection criteria is responsive to said measure of occu-

pant position, wherein the operation of providing for
generating said signal for controlling said safety
restraint system comprises:

i. providing for acquiring a measure of lateral accelera-
tion of the vehicle;

ii. providing for determining a figure of merit responsive
to said measure of lateral acceleration and said mea-
sure of roll angular velocity;

iii. providing for determining a figure of merit threshold
responsive to said measure of occupant position; and

iv. providing for detecting the rollover condition by
comparing said figure of merit with said figure of
merit threshold.

15. A method of providing for detecting a rollover condi-
tion of a vehicle, comprising:

a. providing for acquiring a measure of roll angular veloc-
ity of the vehicle about a roll axis, wherein said roll axis
is substantially aligned with a longitudinal axis of the
vehicle;

b. providing for acquiring a measure of occupant position
in the vehicle;

c. providing for generating a signal for controlling a safety
restraint system, wherein said signal for controlling said
safety restraint system is responsive to said measure of
roll angular velocity and to a detection criteria, and said
detection criteria is responsive to said measure of occu-
pant position;

d. providing for estimating a closure time at which at least
aportion of the occupant will contact an interior portion
of the vehicle;

e. providing for comparing said closure time with a first
threshold, wherein said first threshold corresponds to a
time period that is necessary to deploy said safety
restraint system prior to interaction therewith by the
occupant; and

f. providing for adapting said signal for controlling said
safety restraint system responsive to the operation of
comparing said closure time with said first threshold.

16. A method of providing for detecting a rollover condi-
tion of a vehicle as recited in claim 15, wherein the operation
of estimating said closure time comprises estimating or mea-
suring a velocity of the occupant relative to the vehicle.

17. A method of providing for detecting a rollover condi-
tion of a vehicle as recited in claim 15, further comprising
storing said measure of occupant position at different times,
wherein the operation of estimating said closure time com-
prises estimating or measuring an acceleration of the occu-
pant relative to the vehicle.

18. A method of providing for detecting a rollover condi-
tion of a vehicle as recited in claim 15, wherein the operation
of estimating said closure time is responsive to a plurality of
measures of occupant position at respective different times.

19. A method of providing for detecting a rollover condi-
tion of a vehicle as recited in claim 15, wherein if said closure
time is less than said first threshold, then further comprising
modifying said signal for controlling said safety restraint
system.

20. A method of providing for detecting a rollover condi-
tion of a vehicle as recited in claim 19, wherein the operation
of modifying said signal for controlling said safety restraint
system comprises causing said safety restraint system to
deploy sooner than would otherwise occur responsive to a
detection of a prospective rollover condition.

21. A method of providing for detecting a rollover condi-
tion of a vehicle as recited in claim 19, wherein the operation
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of modifying said signal for controlling said safety restraint 23. A method of providing for detecting a rollover condi-
system comprises inhibiting a deployment of said safety tion of a vehicle as recited in claim 22, wherein the operation
restraint system. of delaying said deployment of said safety restraint system
22. A method of providing for detecting a rollover condi- comprises delaying said deployment until a difference
tion of a vehicle as recited in claim 19, wherein the operation 5 between said closure time and said first threshold is less than
of modifying said signal for controlling said safety restraint a second threshold.

system comprises delaying a deployment of said safety
restraint system. I T S



