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ABSTRACT 

A control system (18) for an automotive vehicle (10) has a 
?rst roll condition detector (64A), a second roll condition 
detector (64B), a third roll condition detector (64C), and a 
controller (26) that uses the roll condition generated by the 
roll condition detectors (64A-C) to determine a Wheel lift 
condition. Other roll condition detectors may also be used in 
the Wheel lift determination. The Wheel lift conditions may 
be active or passive or both. 
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WHEEL LIFTED AND GROUNDED 
IDENTIFICATION FOR AN AUTOMOTIVE 

VEHICLE 

RELATED APPLICATIONS 

[0001] The present invention claims priority to Us. pro 
visional patent application Nos. 60/400,375, 60/400,261, 
60/400,172, 60/400,376, 60/400,156, and 60/400,155, all 
?led on Aug. 1, 2002, and No. 60/401,418 ?led on Aug. 5, 
2002, and is a continuation-in-part of US. patent application 
Ser. No. 10/038,364 entitled “Wheel Lift Identi?cation For 
An Automotive Vehicle”, Which is a continuation-in-part of 
US. patent application Ser. No. 09/669,513 entitled “Wheel 
Lift Identi?cation For An Automotive Vehicle”, each of 
Which are hereby incorporated by reference herein, and US. 
patent applications (Attorney Docket Nos. 202-0762/FGT 
1678, 202-0634/FGT-1679, and 203-0670/FGT-1846), ?led 
simultaneously hereWith. 

TECHNICAL FIELD 

[0002] The present embodiment relates generally to a 
control apparatus for controlling a system of an automotive 
vehicle in response to sensed dynamic behavior, and more 
speci?cally, to a method and apparatus for determining 
Whether a Wheel of an automotive vehicle has lifted from the 
pavement using passive Wheel lift detection. 

BACKGROUND 

[0003] Dynamic control systems for automotive vehicles 
have recently begun to be offered on various products. 
Dynamic control systems typically control the yaW of the 
vehicle by controlling the braking effort at the various 
Wheels of the vehicle. YaW control systems typically com 
pare the desired direction of the vehicle based upon the 
steering Wheel angle and the direction of travel. By regu 
lating the amount of braking at each corner of the vehicle, 
the desired direction of travel may be maintained. Typically, 
the dynamic control systems do not address rollover (Wheels 
lifting) of the vehicle. For high pro?le vehicles in particular, 
it Would be desirable to control the rollover characteristic of 
the vehicle to maintain the vehicle position With respect to 
the road. That is, it is desirable to maintain contact of each 
of the four tires of the vehicle on the road. 

[0004] In vehicle rollover control, it is desired to alter the 
vehicle attitude such that its motion along the roll direction 
is prevented from achieving a predetermined limit (rollover 
limit) With the aid of the actuation from the available active 
systems such as controllable brake system, steering system 
and suspension system. Although the vehicle attitude is Well 
de?ned, direct measurement is usually impossible. 

[0005] During a potential vehicular rollover event, Wheels 
on one side of the vehicle start lifting, and the roll center of 
the vehicle shifts to the contact patch of the remaining tires. 
This shifted roll center increases the roll moment of inertia 
of the vehicle, and hence reduces the roll acceleration of the 
vehicle. HoWever, the roll attitude could still increase rap 
idly. The corresponding roll motion When the vehicle starts 
side lifting deviates from the roll motion during normal 
driving conditions. 

[0006] When the Wheels start to lift from the pavement, it 
is desirable to con?rm this condition. This alloWs the system 
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to make an accurate determination as to the appropriate 
correction. If Wheels are on the ground, or recontact the 
ground after a lift condition, this also assists With accurate 
control. 

[0007] Some systems use position sensors to measure the 
relative distance betWeen the vehicle body and the vehicle 
suspension. One draWback to such systems is that the 
distance from the body to the road must be inferred. This 
also increases the number of sensors on the vehicle. Other 
techniques use sensor signals to indirectly detect Wheel 
lifting qualitatively. 

[0008] One eXample of a Wheel lifting determination can 
be found in US. Pat. No. 6,356,188. The system applies a 
change in torque to the Wheels to determine Wheel lift. The 
output from such a Wheel lifting determination unit can be 
used qualitatively. This method is an active determination 
since the basis of the system relies on changing the torque 
of the Wheels by the application of brakes or the like. In 
some situations it may be desirable to determine Wheel lift 
Without changing the torque of a Wheel. 

[0009] It Would therefore be desirable to provide a rollover 
detection system that improves reliability in predicting the 
occurrence of Wheel lift during the operation of the auto 
motive vehicle. 

SUMMARY 

[0010] It is therefore one object of the invention to provide 
a rollover detection system that may be used in conjunction 
With the dynamic stability control system of the vehicle to 
determine the presence of a potential rollover. The present 
invention seeks to determine the roll condition and Wheel 
lifting in a number of Ways using the sensors available from 
the vehicle control system. The various roll conditions are 
compared to roll thresholds to determine the likelihood that 
the Wheel has lifted. The control system then can make a 
determination as to hoW to command the appropriate actua 
tors to correct the potential rollover condition. 

[0011] In one aspect of the invention, a Wheel lift identi 
?cation system for an automotive vehicle includes a ?rst roll 
condition detector, a second roll condition detector, and a 
third roll condition detector. A controller determines Wheel 
lift in response to the ?rst, second, and third roll conditions. 

[0012] In a further aspect of the invention, a method of 
controlling a vehicle having a plurality of Wheels comprises 
determining a relative roll angle, determining a Wheel depar 
ture angle, determining a rolling radius-based Wheel depar 
ture angle, determining normal loading at each Wheel, 
determining an actual road torque, determining a Wheel 
longitudinal slip; and determining a Wheel lift status for said 
plurality of Wheels in response to said relative roll angle, 
said Wheel departure angle, said rolling radius-based Wheel 
departure roll angle, the normal loading at each Wheel, an 
actual road torque and the Wheel longitudinal slip. 

[0013] One advantage of the invention is that by providing 
such a system an improved determination of Wheel lifting 
may be determined. The accuracy of the roll angle calcula 
tion may correspondingly be increased, resulting in a more 
appropriate braking or steering evasive action. 

[0014] Other advantages and features of the present inven 
tion Will become apparent When vieWed in light of the 
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detailed description of the preferred embodiment When 
taken in conjunction With the attached drawings and 
appended claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0015] FIG. 1 is a diagrammatic vieW of a vehicle With 
variable vectors and coordinate frames according to one 
embodiment of the present invention. 

[0016] FIG. 2A is a block diagram of a stability system 
according to one embodiment of the present invention. 

[0017] FIG. 2B is a block diagrammatic vieW of the Wheel 
lift detection system of FIG. 2A. 

[0018] FIG. 2C is a block diagrammatic vieW of the 
rollover stability control feedback command of FIG. 2A. 

[0019] FIG. 3 is a diagrammatic vieW of a vehicle shoW 
ing the displacement of the vehicle body and aXle relative to 
road surface. 

[0020] FIG. 4 is a diagrammatic vieW shoWing the forces 
applied to the front Wheel/tire/suspension assembly during a 
potential rollover event. 

[0021] FIG. 5 is a diagrammatic vieW shoWing the forces 
applied to the rear Wheel/tire/suspension assembly during a 
potential rollover event. 

[0022] FIG. 6 is How chart of a passive Wheel lift deter 
mination according to one embodiment of the present inven 
tion. 

[0023] FIG. 7 is a How chart of an active Wheel lift 
identi?cation system according to one embodiment of the 
present invention. 

[0024] FIG. 8A is a plot of pressure versus time for a 
Wheel lift identi?cation system according to one embodi 
ment of the present invention. 

[0025] FIG. 8B is a plot of Wheel speed versus time for a 
Wheel lift identi?cation system according to one embodi 
ment of the present invention. 

[0026] FIG. 9 is a How chart illustrating a plot of a passive 
Wheel lift detection using the operating torque of the vehicle. 

[0027] FIG. 10 is an end vieW of an automotive vehicle on 
a bank. 

[0028] FIG. 11 is a block diagrammatic vieW of the 
controller. 

[0029] FIG. 12 is a high level How chart illustrating 
condition detection and the resulting actions. 

[0030] FIG. 13 is a How chart of a drive train based 
decision step 302 of FIG. 12. 

[0031] FIG. 14 is a How chart of the passive Wheel lift 
grounding detection step 304 of FIG. 12. 

[0032] FIG. 15 is a How chart of the active Wheel lift 
grounding detection step 308 of FIG. 12. 

[0033] FIG. 16 is a How chart of the resulting actions step 
312 of FIG. 12. 

DETAILED DESCRIPTION 

[0034] In the folloWing ?gures the same reference numer 
als Will be used to identify the same components. The 

Jan. 29, 2004 

present invention may used in conjunction With a rollover 
control system for a vehicle. HoWever, the present embodi 
ment may also be used With a deployment device such as 
airbag or roll bar. The present invention Will be discussed 
beloW in terms of preferred embodiments relating to an 
automotive vehicle moving in a three-dimensional road 
terrain. 

[0035] Wheel lift detection is the determination of When a 
Wheel has lifted from the pavement. A passive system 
determines Wheel lift indirectly using outputs from various 
sensors Without perturbing the vehicle or Wheels. 

[0036] One aspect of the invention is passive Wheel detec 
tion Which is named in comparison With the so-called active 
Wheel lift detection of US. Pat. No. 6,356,188. In active 
Wheel lift detection, the Wheel lifting is identi?ed by request 
ing a change in torque at a Wheel such as by applying a small 
amount of pressure in each Wheel and then checking What 
the Wheel slip ratio is doing. In passive Wheel lift detection 
as set forth herein, the available sensor signals are used to 
identify Wheel lifting Without the system requiring a pres 
sure command to the brake system of each Wheel. Of course, 
as Will be described beloW, active and passive detection may 
be used together. Wheel lifting typically occurs on the 
Wheels on the inside of a turn. Depending on the vehicle 
con?guration such as suspension, the front Wheel or rear 
Wheel may lift ?rst. 

[0037] Another aspect includes active and passive and yet 
another includes roll angle correction in response to Wheel 
lift grounding. 

[0038] Referring to FIG. 1, an automotive vehicle 10 With 
a safety system of the present invention is illustrated With the 
various forces and moments thereon during a rollover con 
dition. Vehicle 10 has front right (FR) and front left (FL) 
Wheel/tires 12A and 12B and rear right (RR) Wheel/tires 13A 
and rear left (RL) tires 13B respectively. These tires are 
parenthetically identi?ed 0, 1, 2, and 3 in some embodiments 
beloW. The vehicle 10 may also have a number of different 
types of front steering systems 14a and rear steering systems 
14b including having each of the front and rear Wheels 
con?gured With a respective controllable actuator, the front 
and rear Wheels having a conventional type system in Which 
both of the front Wheels are controlled together and both of 
the rear Wheels are controlled together, a system having 
conventional front steering and independently controllable 
rear steering for each of the Wheels or vice versa. Generally, 
the vehicle has a Weight represented as Mg at the center of 
gravity of the vehicle, Where g=9.8 m/s2 and M is the total 
mass of the vehicle. 

[0039] As mentioned above, the system may also be used 
With safety systems including active/semi-active suspension 
systems, anti-roll bar, or airbags or other safety devices 
deployed or activated upon sensing predetermined dynamic 
conditions of the vehicle. 

[0040] The sensing system 16 is coupled to a control 
system 18. The sensing system 16 may comprise many 
different sensors including the sensor set typically found in 
a yaW control system (including lateral accelerometer, yaW 
rate sensor, steering angle sensor and Wheel speed sensors) 
together With a roll rate sensor, a vertical accelerometer, and 
a longitudinal accelerometer. The various sensors Will be 
further described beloW. The present embodiment uses the 
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various sensors to determine Wheel lift. The sensors may 
also be used by the control system in various determinations 
such as to determine a lifting event. The Wheel speed sensors 
20 are mounted at each corner of the vehicle and generate 
signals corresponding to the rotational speed of each Wheel. 
The rest of the sensors of sensing system 16 may be mounted 
directly on the center of gravity of the vehicle body, along 
the directions x, y and Z shoWn in FIG. 1. As those skilled 
in the art Will recogniZe, the frame from b1, b2 and b3 is 
called a body frame 22, Whose origin is located at the center 
of gravity of the car body, With the b1 corresponding to the 
X axis pointing forWard, b2 corresponding to the y axis 
pointing off the driving side (to the left), and the b3 corre 
sponding to the Z axis pointing upWard. The angular rates of 
the car body are denoted about their respective axes as 00X for 
the roll rate, my for the pitch rate and 002 for the yaW rate. The 
calculations may take place in an inertial frame 24 that may 
be derived from the body frame 22 as described beloW. 

[0041] The angular rate sensors and the accelerometers 
may be mounted on the vehicle car body along the body 
frame directions b1, b2 and b3, Which are the x-y-Z axes of 
the sprung mass of the vehicle. 

[0042] The longitudinal acceleration sensor is mounted on 
the car body located at the center of gravity, With its sensing 
direction along bl-axis, Whose output is denoted as 013;. The 
lateral acceleration sensor is mounted on the car body and 
may be located at the center of gravity, With its sensing 
direction along b2-axis, Whose output is denoted as oty. 

[0043] The other frame used in the following discussion 
includes the road frame, as depicted in FIG. 1. The road 
frame system r1r2r3 is ?xed on the driven road surface, 
Where the r3 axis is along the average road normal direction 
computed from the normal directions of the four-tire/road 
contact patches. 

[0044] In the folloWing discussion, the Euler angles of the 
body frame blbzb3 With respect to the road frame rlrzr3 are 
denoted as GXbI, 0ybr and 02hr, Which are also called the 
relative Euler angles (i.e., relative roll, relative pitch and 
relative yaW angles, respectively). 

[0045] Referring noW to FIG. 2, roll stability control 
system 18 is illustrated in further detail having a controller 
26 used for receiving information from a number of sensors 
Which may include a yaW rate sensor 28, a speed sensor 20, 
a lateral acceleration sensor 32, a vertical acceleration sensor 

33, a roll angular rate sensor 34, a steering Wheel (hand 
Wheel) angle sensor 35, a longitudinal acceleration sensor 
36, a pitch rate sensor 37, steering angle (of the Wheels or 
actuator) position sensor 38, suspension load sensor 40 and 
suspension position sensor 42. 

[0046] Controller 26 may include a signal multiplexer 50 
that is used to receive the signals from the sensors 28-42. 
The signal multiplexer 50 provides the signals to a Wheel lift 
detector 52, a vehicle roll angle calculator 54, and to a roll 
stability control (RSC) feedback control command 56. Also, 
Wheel lift detector 52 may be coupled to the vehicle roll 
angle calculator 54. The vehicle roll angle calculator 54 may 
also be coupled to the RSC feedback command 56. Vehicle 
roll angle calculator 54 is described in provisional applica 
tion Nos. 60/400,376 and 60/400,172, and US. application 
(Docket No. 201-0938/FGT 1660), the disclosures of Which 
are incorporated herein by reference. 
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[0047] Referring noW also to FIG. 2B, the Wheel lift 
detector 52 may include passive Wheel detector 58 as Will be 
further described herein, active Wheel detector 60 as 
described above With respect to the prior art and an inte 
grated Wheel lift detector 62. Thus, both active and passive 
may be used together. As Will be further described beloW, an 
arbitration scheme betWeen the active and passive lifting 
may be used in a Wheel ?nal lift determination Within the 
integrated Wheel lift detector 62. 

[0048] Referring noW also to FIG. 2C, the roll stability 
control (RSC) controller 26 may also include a ?rst roll 
condition detector 64A, a second roll condition detector 
64B, a third roll condition detector 64C, a fourth roll 
condition detector 64D, and a roll event sensor 66. It should 
be noted that the implementation of the Wheel lift detector 
52, the vehicle roll angle calculator 54, the roll stability 
control feedback control command 56 having a torque 
control system 57 (described further beloW), the passive 
Wheel lift detection 58, the active Wheel lift detection 60, and 
the integrated Wheel lift detection 62 may all be incorporated 
in softWare Within the controller 26. Separate control 
devices may also be used. 

[0049] Wheel lift detector 52 determines a qualitative 
determination of vehicle rollover. This is in contrast to the 
vehicle roll angle calculator 54, Which is a quantitative 
determination of rollover. Active Wheel lift detector 60 can 
be determined in many Ways including US. Provisional 
Application Nos. 60/400,375 and 60/400,156, both ?led 
Aug. 1, 2002, and US. Pat. No. 6,356,188, the disclosures 
of Which are incorporated by reference herein. The inte 
grated Wheel lift detector 62 is set forth in Us. Provisional 
Application No. 60/401,418 ?led Aug. 5, 2002, the disclo 
sure of Which is incorporated herein. Vehicle roll angle 
calculator 54 is described in US. Provisional Application 
Nos. 60/400,376 and 60/400,172, both ?led Aug. 1, 2002, 
and Ford Disclosure 201-0938 (FGT 1660), Which are 
incorporated by reference herein. 

[0050] In the preferred embodiment the sensors are 
located at the center of gravity of the vehicle. Those skilled 
in the art Will recogniZe that the sensor may also be located 
off the center of gravity and translated equivalently thereto. 

[0051] Lateral acceleration, roll orientation and speed may 
be obtained using a global positioning system (GPS). Based 
upon inputs from the sensors, controller 26 may control a 
safety device 44. Depending on the desired sensitivity of the 
system and various other factors, not all the sensors 28-42 
may be used in a commercial embodiment. Safety device 44 
may control an airbag 45 or a steering actuator/braking 
actuator 46A-D at one or more of the Wheels 12A, 12B, 13A, 
13B of the vehicle. Also, other vehicle components such as 
a suspension control 48 may be used to adjust the suspension 
to prevent rollover. 

[0052] Roll angular rate sensor 34 and pitch rate sensor 37 
may sense the roll condition or lifting of the vehicle based 
on sensing the height of one or more points on the vehicle 
relative to the road surface. Sensors that may be used to 
achieve this include a radar-based proximity sensor, a laser 
based proximity sensor and a sonar-based proximity sensor. 

[0053] Roll rate sensor 34 and pitch rate sensor 37 may 
also sense the roll condition or lifting based on sensing the 
linear or rotational relative displacement or displacement 
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velocity of one or more of the suspension chassis compo 
nents. This may be in addition to or in combination With 
suspension position sensor 42. The position sensor 42, roll 
rate sensor 34 and/or the pitch rate sensor 37 may include a 
linear height or travel sensor, a rotary height or travel sensor, 
a Wheel speed sensor used to look for a change in velocity, 
a steering Wheel position sensor, a steering Wheel velocity 
sensor and a driver heading command input from an elec 
tronic component that may include steer by Wire using a 
hand Wheel or joy stick. 

[0054] The roll condition or lifting may also be sensed by 
sensing directly or estimating the force or torque associated 
With the loading condition of one or more suspension or 
chassis components including a pressure transducer in an air 
suspension, a shock absorber sensor such as a load sensor 

40, a strain gauge, the steering system absolute or relative 
motor load, the steering system pressure of the hydraulic 
lines, a tire lateral force sensor or sensors, a longitudinal tire 
force sensor, a vertical tire force sensor or a tire sideWall 
torsion sensor. The yaW rate sensor 28, the roll rate sensor 
34, the lateral acceleration sensor 32, and the longitudinal 
acceleration sensor 36 may be used together to determine 
that the Wheel has lifted. Such sensors may be used to 
determine Wheel lift or estimate normal loading associated 
With Wheel lift. These are passive methods as Well. 

[0055] The roll condition of the vehicle may also be 
established by one or more of the folloWing translational or 
rotational positions, velocities or accelerations of the vehicle 
including a roll gyro, the roll rate sensor 34, the yaW rate 
sensor 28, the lateral acceleration sensor 32, the vertical 
acceleration sensor 33, a vehicle longitudinal acceleration 
sensor 36, lateral or vertical speed sensor including a Wheel 
based speed sensor 20, a radar-based speed sensor, a sonar 
based speed sensor, a laser-based speed sensor or an optical 
based speed sensor. 

[0056] Safety device 44 may control the position of the 
front right Wheel actuator 46A, the front left Wheel actuator 
46B, the rear left Wheel actuator 46C, and the right rear 
Wheel actuator 46D. Although as described above, tWo or 
more of the actuators may be simultaneously controlled. For 
eXample, in a rack-and-pinion system, the tWo Wheels 
coupled thereto are simultaneously controlled. Based on the 
inputs from sensors 28 through 42, controller 0.26 deter 
mines a roll condition and/or Wheel lift and controls the 
steering position of the Wheels. 

[0057] Speed sensor 20 may be one of a variety of speed 
sensors knoWn to those skilled in the art. For eXample, a 
suitable speed sensor may include a sensor at every Wheel 
that is averaged by controller 26. The controller may trans 
late the Wheel speeds into the speed of the vehicle. YaW rate, 
steering angle, Wheel speed and possibly a slip angle esti 
mate at each Wheel may be translated back to the speed of 
the vehicle at the center of gravity. Various other algorithms 
are knoWn to those skilled in the art. Speed may also be 
obtained from a transmission sensor. For eXample, if speed 
is determined While speeding up or braking around a corner, 
the loWest or highest Wheel speed may not be used because 
of its error. Also, a transmission sensor may be used to 
determine vehicle speed. 

[0058] Load sensor 40 may be a load cell coupled to one 
or more suspension components. By measuring the stress, 
strain or Weight on the load sensor a shifting of the load can 
be determined. 
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[0059] Several different combinations of sensors may be 
used to determine a Wheel lift status. Once the qualitative 
Wheel lift is determined, quantitative roll condition may be 
determined. The folloWing is a summary of hoW the quan 
titative Wheel lifting indication from the various vehicle 
motion variables after qualitative Wheel lifting status is 
identi?ed. 

[0060] The roll condition of a vehicle can be characteriZed 
by the relative roll angle betWeen the vehicle body and the 
Wheel aXle and the Wheel departure angle (betWeen the 
Wheel aXle and the average road surface). Both the relative 
roll angle and the Wheel departure angle may be calculated 
in relative roll angle estimation module by using the roll rate 
and lateral acceleration sensor signals. If both the relative 
roll angle and the Wheel departure angles are large enough, 
the vehicle may be in either single Wheel lifting or double 
Wheel lifting. On the other hand, if the magnitude of both 
angles are small enough, the Wheels are likely all grounded. 

[0061] The roll condition of a vehicle can be characteriZed 
by rolling radius-based Wheel departure roll angle, Which 
captures the angle betWeen the Wheel aXle and the average 
road surface through the dynamic rolling radii of the left and 
right Wheels When both of the Wheels are grounded. Since 
the computation of the rolling radius is related to the Wheel 
speed and the linear velocity of the Wheel, such rolling 
radius based Wheel departure angle Will assume abnormal 
values When there are large Wheel slips. This happens When 
a Wheel is lifted and there is torque applied to the Wheel. 
Therefore, if this rolling radius-based Wheel departure angle 
is increasing rapidly, the vehicle might have lifted Wheels. 
Small magnitude of this angle indicates the Wheels are all 
grounded. 

[0062] The roll condition of the vehicle can be seen 
indirectly from the Wheel longitudinal slip. If during a 
normal braking or driving torque the Wheels at one side of 
the vehicle eXperience increased magnitude of slip, then the 
Wheels of that side are losing longitudinal road torque. This 
implies that the Wheels are either driven on a loW mu surface 
or lifted up. 

[0063] The roll condition of the vehicle can be character 
iZed by the normal loading sustained at each Wheel. Theo 
retically, When a normal loading at a Wheel decreases to 
Zero, the Wheel is no longer contacting the road surface. In 
this case a potential rollover is under the Way. Large mag 
nitude of this loading indicates that the Wheel is grounded. 

[0064] The roll condition can be identi?ed by checking the 
actual road torques applied to the Wheels and the road 
torques Which are needed to sustain the Wheels When they 
are grounded. The actual road torques can be obtained 
through torque balancing for each Wheel using Wheel accel 
eration, driving torque and braking torque. If the Wheel is 
contacting the road surface, the calculated actual road 
torques must match or be larger than the nonlinear torques 
calculated from the normal loading and the longitudinal slip 
at each Wheel. 

Relative Roll Angle and Wheel Departure Angle 
Using Lateral Acceleration and Roll Angular Rate 

Sensor 

[0065] The roll condition of a vehicle can be characteriZed 
by the relative roll angle 0XI betWeen the vehicle body and 
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the Wheel axle, Which has been calculated by using the roll 
rate and lateral acceleration sensor signals. If this roll angle 
is increasing rapidly, the vehicle might be in the edge of 
Wheel lifting or rollover. Small magnitude of this angle 
indicates the Wheels are not lifted or are all grounded. 

[0066] The roll condition of a vehicle can also be charac 
teriZed by the roll angle betWeen the Wheel axle and the 
average road surface, this is called Wheel departure angle. If 
this roll angle is increasing rapidly, the vehicle has lifted 
Wheel or Wheels and aggressive control action needs to be 
taken in order to prevent the vehicle from rolling over. Small 
magnitude of this angle indicates the Wheels are not lifted. 
This section describes hoW to quantitatively determine the 
vehicle roll angle When a qualitative Wheel lifting is iden 
ti?ed. That is, if a qualitative Wheel lifting is detected, a 
quantitative computation of the Wheel lifting may be initi 
ated. 

[0067] Referring noW to FIGS. 3, 4 and 5, the present 
invention Will be discussed beloW in terms of preferred 
embodiments relating to an automotive vehicle having a 
Wheel/tire/suspension assembly 354 during potential roll 
over events Where one side of the vehicle is lifted or Wheels 
on one side of the vehicle lose contact With the road surface 
or Wheels on one side do not carry normal loadings. The 
Wheel/tire/suspension assembly has an axle 356. Although a 
physical axle may not be present, axle is a term used for the 
common axis of the front or rear Wheels. 

[0068] The sensing system uses the lateral acceleration 
sensor 32 and the roll angular rate sensor 34 to determine 
Wheel lift in one of the roll condition detectors 64A-D. The 
lateral acceleration sensor 32 is used to measure the total 
lateral acceleration of the center of gravity of the vehicle 
body, and the roll rate sensor 34 measures the vehicle body 
roll angular rate. The method of determining Wheel lifting 
using the roll rate sensor 34 and the lateral acceleration 
sensor 32 is described in US. patent application (Docket 
Number 201-0938/FGT 1660), the disclosure of Which is 
incorporated by reference. 

[0069] The vehicle body 10 is connected With the Wheel/ 
tire assemblies 12A, 12B, 13A, 13B through suspensions 
360M, 360“, 3601f, and 360K, collectively suspension 360. 
The tire forces are transferred to the vehicle body through 
the suspensions 360. Those forces can be projected along the 
vehicle body-?xed y- and Z-axes. The suspension forces 
projected along the body-?xed y axis (or body-?xed lateral 
direction) are denoted as Sylf, Syrf, Syn, Syrr at the left-front, 
right-front, left-rear and right-rear corners; the suspension 
forces projected along the body-?xed Z axis (or body-?xed 
vertical direction) as Szlf, Szrf, Szh, Sm. The total lateral 
forces applied to the vehicle body along the body-?xed 
lateral axis are Sy, i.e. 

Sy=Sy1ft-SyTf-t-Syh+SyII (1) 
[0070] The vehicle body has roll angular displacement due 
to the suspension forces and the vehicle roll accelerations. 
The roll angular rate of the vehicle body is 00X. Around 
center of gravity of the vehicle body, the suspension forces 
induced roll moment around the vehicle center of gravity 
(c.g.) needs to match the inertia moment from this 00X. The 
suspension forces-induced roll moment around the c.g. has 
tWo terms: 

[0071] the roll moment Msusp_Vert 
suspension forces Szlf, Szrf, Szh, S 

due to the vertical 
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[0072] the roll moment M due to the total lateral 
suspension force Sy. 

susp-lat 

[0073] From FIG. 5, the folloWing expressions for M 
vert and M may be obtained 

susp 

susp - lat 

M...p.v...= caravan-$1.91 

M suspilat=s yhcg' (2) 

[0074] The vehicle body roll angular rate must satisfy the 
folloWing 

[0075] Where IX is the vehicle body roll moment of inertia 
around the c.g. of the vehicle body. If the suspension 
resultant roll stiffness and roll damping rates (including 
anti-roll-bars, suspensions, etc.) are respectively de?ned as 
Kmn and Dmn, and Gbw as the relative angular displacement 
betWeen the vehicle body and the average Wheel axle, then 
the roll moment due to vertical suspension forces M 
can be further expressed as 

susp-vert 

[0076] The roll moment due to lateral suspension forces 
Msusprm needs to be further de?ned so that the roll angular rate 
sensors and the lateral accelerometer may be used. The 
longitudinal and lateral velocities of the c.g. of the vehicle 
body are vz and vy, Which are measured along body-?xed x 
and y-axis respectively, and 002 is the yaW rate of the vehicle. 
The lateral dynamics of the vehicle body Will satisfy the 
folloWing equation of motion based on NeWton’s laW: 

[0077] W is the relative angular displacement 
betWeen the Wheel axle and the road surface, (or the depar 
ture angle of the Wheel axle from the road surface), MS is the 
vehicle body mass (or the sprung mass of the vehicle). 
Solving Sy from (5) and substituting Sy into the second 
equation of (2) leads to 

[0078] The dynamic equation to depict the Wheel axle 
departure angle from the road surface. There are tWo Wheel 
sets, one on the front (FIG. 4) and one on the rear (FIG. 5). 
Due to the differences in front and rear suspensions and 
inertias, there are slight differences betWeen the front and the 
rear Wheel axle departure angles. ewbfmnt is denoted as the 
front Wheel departure angle and GWHW is denoted as the rear 
Wheel departure angle. The average of those tWo angles is 
used to de?ne the angle 0WI 

0...)... + 0.-.... (7) 
i2 . 

0... = 

[0079] The assembly consists of the Wheel, the tires and 
the suspensions. FIG. 5 shoWs the rear axle of such assem 
bly. In order to avoid solving the front lateral and vertical tire 
forces Fyf and Fzf, the rear lateral and vertical tire forces FYI 
and Fly, the equation of motion Was Written around the outer 
tire contact patch for front and rear assemblies 
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