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SYSTEM FOR DYNAMICALLY
DETERMINING VEHICLE REAR/TRUNK
LOADING FOR USE IN A VEHICLE
CONTROL SYSTEM

CROSS REFERENCE

This application is a divisional of U.S. application Ser. No.
11/010,863, now allowed U.S. Pat. No. 7,660,654 filed on
Dec. 13, 2004 herein incorporated by reference.

TECHNICAL FIELD

The present invention relates generally to a control appa-
ratus for controlling a system of an automotive vehicle in
response to sensed dynamic behavior, and more specifically,
to a method and apparatus for determining a rear vehicle
loading and/or the impact of vehicle loading on the control
apparatus of the vehicle.

BACKGROUND

Recently, vehicle roll stability control (RSC) schemes, i.e.,
U.S. Pat. No. 6,324,446, have been proposed to address the
issue of friction-induced rollovers. RSC system includes a
variety of sensors sensing vehicle states and a controller that
controls a distributed brake pressure to reduce a tire force so
the net moment of the vehicle is counter to the roll direction.

During an event causing the vehicle to roll, the vehicle
body is subject to a roll moment due to the coupling of the
lateral tire force and the lateral acceleration applied to the
center of gravity of vehicle body. This roll moment causes
suspension height variation, which in turn results in a vehicle
relative roll angle (also called chassis roll angle or suspension
roll angle). The relative roll angle is an important variable that
is used as an input to the activation criteria and to construct the
feedback pressure command, since it captures the relative roll
between the vehicle body and the axle. The sum of the chassis
roll angle and the roll angle between wheel axle and the road
surface (called wheel departure angle) provides the roll angle
between the vehicle body and the average road surface, which
is one of the important variables feeding back to the roll
stability control module. Trucks, SUVs and cars sometimes
are used for carrying heavy loads. For example, a truck full of
cargo is loaded in the rear, a trunk of a car may be loaded, and
SUV or van may be loaded on its rear. The rear loading may
cause the vehicle to have a pitch due to the increased load.

A large rear/trunk load (additional mass) may saturate the
lateral forces on the rear axle of the vehicle, making the
vehicle more prone to oversteer. In terms of stability, a GWAR
(gross weight at rear axle) may cause the vehicle to move with
a large side slip angle during some aggressive maneuvers.
When the vehicle is sliding at a very large sideslip angle, it
gets into nonlinear range of its vehicle dynamics, and some-
times the vehicle could be tripped and rolled over. It is usually
hard for the ordinary driver to control and the vehicle dynam-
ics controls have to be activated. Hence, it would be desirable
to adjust control authority in stability controls in order to
achieve improved performance for a vehicle with large trunk
or rear loading.

The large vehicle trunk loading may also have adverse
effect on vehicle sensor readings. For example, the trunk
loading could cause the vehicle pitch down towards its rear
axle. Such loading-induced pitch may cause erroneous read-
ings from a pitch rate sensor, a yaw rate sensor and a longi-
tudinal acceleration sensor. Hence it is desirable to determine
such loading-induced pitch misalignment based on the
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2

detected trunk or rear loading and to use this information to
compensate the sensor signal outputs. Such trunk loading
induced pitch misalignment can also be used to conduct
vehicle body leveling control and to adjust the orientation of
the headlights.

SUMMARY OF THE INVENTION

It is therefore one object of the invention to provide a
system for a characterization of the chassis pitch that may be
used in conjunction with the various vehicle systems includ-
ing but not limited to a roll stability control system, a yaw
stability control, a headlight leveling control and a vehicle
leveling control. In the stability controls, such trunk loading
can be used to determine accurate vehicle pitch trending for
vehicles, and adaptively adjust the computation of the pitch
angle and/or adaptively adjust the activation criteria for the
stability control system. More specifically, the present inven-
tion may determine an additional mass and position of the
mass or the effect of the additional mass and position. That is,
a relatively small mass change may significantly impact the
directional dynamics of the vehicle. A rear or trunk load can
affect the vehicle pitch dynamics and lateral dynamics to
increase the vehicle oversteer characteristics. The control
system then can make a determination as to how to command
the appropriate actuators in an increasing control sense to
more aggressively correct the potential unstable condition, or
in a desensitizing sense to reduce the amount of actuation for
correcting potential false activation.

In one aspect of the invention, a method of controlling a
vehicle comprises determining a pitch gradient and/or a pitch
acceleration coefficient. That is, the pitch gradient and the
pitch acceleration coefficient may be used individually or in
combination to control a vehicle system such as a safety
system.

In a further aspect of the invention, a method of controlling
a safety device for a vehicle comprises determining a com-
posite parameter called pitch gradient, determining another
composite parameter called pitch acceleration coefficient,
determining an added mass and a position of the added mass
from the pitch gradient and the pitch acceleration coefficient,
and controlling the vehicle system in response to the added
mass and position.

In another aspect of the invention, a control system for an
automotive vehicle includes a pitch rate sensor generating a
pitch rate signal, a longitudinal acceleration sensor generat-
ing a longitudinal acceleration signal, and a yaw rate sensor
generating a yaw rate signal. A safety system and the sensors
are coupled to a controller. The controller determines an
added mass and a position of the added mass from the roll
rate, the longitudinal acceleration and the yaw rate and con-
trols the safety system in response to the added mass and
position.

One advantage of the invention is that the vehicle trunk
loading condition can be detected and determined very accu-
rately. Such loading conditions cannot be accurately detected
through vehicle longitudinal dynamics as in some of the
existing methods which use engine torque and the vehicle
longitudinal acceleration to compute the vehicle mass.

Other advantages and features of the present invention will
become apparent when viewed in light of the detailed descrip-
tion of the preferred embodiment when taken in conjunction
with the attached drawings and appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a diagrammatic view of a vehicle with coordinate
frames according to the present invention.
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FIG. 2 is a block diagram of a stability system according to
the present invention.

FIG. 3 is a front view of an automotive vehicle illustrating
various angles according to the present invention.

FIG. 4 is a side view of an automotive vehicle in a pitching
condition illustrating various variables thereon.

FIG. 5 is a top view of an automotive vehicle having vari-
ables used in the following calculations thereon.

FIG. 6 is a detailed block diagrammatic view of a controller
according to one embodiment of the present invention.

FIG. 7 is a flowchart of a method of operating the present
invention.

DETAILED DESCRIPTION

In the following figures, the same reference numerals will
be used to identify the same components. The present inven-
tion may be used in conjunction with a rollover control sys-
tem for a vehicle. The present invention may also be used with
a deployment device such as airbag or active roll bar or
pre-tensioning belts. The present invention could pass infor-
mation to an adaptive cruise control system or a brake based
collision avoidance system to change the brake request levels
of'the system. The present invention will be discussed below
in terms of preferred embodiments relating to an automotive
vehicle moving in a three-dimensional road terrain. The
present invention is described with respect to determining an
added mass and position of the added mass. However, as will
be described below the added mass and position may not be
directly determined, rather by adaptively updating a pitch
condition parameter such as a pitch gradient value and/or a
pitch acceleration coefficient, the effects of added mass and
the position of the added mass may be included in those
values. Such values may also be referred to as an “adaptive”
pitch gradient and an “adaptive” pitch acceleration coeffi-
cient. The various pitch parameters may be referred to as
adaptively determined meaning that such values may change
due to changes in the mass or load over time. That is, such
values are not fixed. That is the values may be updated as the
vehicle is running or driving. The values may then be aver-
aged.

It should also be noted that while one of the pitch gradient
or pitch acceleration coefficient may be adaptively deter-
mined, the other two values may not be adaptive.

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 dynamic condition.
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) wheel/tires 13B respectively. The vehicle 10 may also
have a number of different types of front steering systems 14a
and rear steering systems 144, including having each of the
front and rear wheels configured with a respective control-
lable 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/s and M is the
total mass of the vehicle.

As mentioned above, the system may also be used with
safety systems including active/semi-active suspension sys-
tems, anti-roll bar, or airbags or other safety devices deployed
or activated upon sensing predetermined dynamic conditions
of the vehicle.
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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 roll stability
control or a rollover control system (including lateral accel-
erometer, yaw rate sensor, steering angle sensor and wheel
speed sensor which are equipped for a traditional yaw stabil-
ity control system) together with a roll rate sensor and a
longitudinal accelerometer. The various sensors will be fur-
ther described below. The sensors may also be used by the
control system in various determinations such as to determine
a lifting event, determine a position of a mass, etc. 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 b, ,b, and b is
called a body frame 22, whose origin is located at the center
of gravity of the car body, with the b, corresponding to the x
axis pointing forward, b, corresponding to the y axis pointing
off the driving side (to the left), and the b, corresponding to
the 7 axis pointing upward. The angular rates of the car body
are denoted about their respective axes as w, for the roll rate,
o,, for the pitch rate and w, for the yaw rate. Calculations may
take place in an inertial frame 24 that may be derived from the
body frame 22 as described below.

The angular rate sensors and the accelerometers may be
mounted on the vehicle car body along the body frame direc-
tions b, ,b, and b; which are the x-y-z axes of the sprung mass
of the vehicle.

The longitudinal acceleration sensor is mounted on the car
body located at the center of gravity, with its sensing direction
along b,-axis, whose output is denoted as a,. The lateral
acceleration sensor is mounted on the car body located at the
center of gravity, with its sensing direction along b,-axis,
whose output is denoted as a,.

The other frame used in the following discussion includes
the road frame, as depicted in FIG. 1. The road frame system
1, 1,15 is fixed on the driven road surface, where the r; axis is
along the average road normal direction computed from the
normal directions of the four-tire/road contact patches.

In the following discussion, the Euler angles of the body
frame b, b,b; with respect to the road frame r; r,r; are denoted
as0,,,and 6, ,,, which are also called the relative Euler angles
(i.e., relative roll and relative pitch angles, respectively).

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 accelerometer 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. It should be noted that various combina-
tions and sub-combinations of the sensors may be used.

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 translate the
wheel speeds into the speed of the vehicle. Yaw rate, steering
angle, wheel speed and possibly a slip angle estimate 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 trans-
mission sensor. For example, if speed is determined while
speeding up or braking around a corner, the lowest or highest
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wheel speed may not be used because of its error. Also, a
transmission sensor may be used to determine vehicle speed.

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 rela-
tive to the road surface. Sensors that may be used to achieve
this include but are not limited to a radar-based proximity
sensor, a laser-based proximity sensor and a sonar-based
proximity sensor. The roll rate sensor 34 may also use a
combination of sensors such as proximity sensors to make a
roll rate determination.

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 velocity of
one or more of the suspension chassis components. 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 electronic component that may
include steer by wire using a hand wheel or joy stick.

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 com-
ponents including a pressure transducer in an act of air sus-
pension, 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
laterally 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 accelera-
tion 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.

The roll condition of the vehicle may also be established by
one or more of the following translational or rotational posi-
tions, 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.

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 oft the center of
gravity and translated equivalently thereto.

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.

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 deter-
mined.

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,
avehicle roll angle calculator 54, and to a roll stability control
(RSC) feedback control command 56. Also, wheel lift detec-
tor 52 may be coupled to the vehicle roll angle calculator 54.

20

25

30

35

40

45

50

55

60

65

6

The vehicle roll angle calculator 54 may also be coupled to
the RSC feedback command 56. The RSC feedback com-
mand 56 may include a torque controller 57. Vehicle roll
angle calculator 54 is described in U.S. Provisional Applica-
tions 60/400,376 and 60/400,172, and in U.S. patent applica-
tion Ser. No. 10/459,697, the disclosures of which are incor-
porated herein by reference.

A loading detector 58 may also be included in controller
26. The loading detector 58 may be used to determine an
additional mass of the vehicle and a position or longitudinal
distance of the mass as will be described below.

Safety device 44 may control an airbag 45 or a steering
actuator 46 A-46 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.

Safety device 44 may control the position of the front right
wheel actuator 46 A, 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 actua-
tors 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 26 determines a roll condition and/
or wheel lift and controls the steering position and/or braking
of the wheels.

Safety device 44 may be coupled to a brake controller 60.
Brake controller 60 controls the amount of brake torque at a
front right brake 62 A, front left brake 625, rear left brake 62¢
and a rear right brake 624d. Other safety systems such as an
antilock brake system 64, a yaw stability control system 66
and a traction control system 68 may also benefit from the
knowledge of the pitch gradient, the pitch acceleration coef-
ficient, additional mass and position of the mass. This infor-
mation may impact the control strategy such as an amount of
braking may be modified.

The output of the controller may be coupled to a vehicle
body leveling system 70, a headlight adjustment system 72
and a sensor signal compensation block 74. The body leveling
system 70 may be coupled to suspension control 48 which
control the suspension to compensate for the change in the
pitch angle due to added mass. The headlight aiming direction
may also be changed with headlight adjustment block 72.
Various sensor signals may be changed by a factor due to the
induced pitch misalignment.

The roll condition is one condition that may be sensed and
modified due to additional load. 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. [f 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 is small enough, the wheels are likely all
grounded. In the case that both of them are not small and the
double wheel lifting condition is detected or determined, the
sum of those two angles will be used by the feedback control
module to compute the desired actuation command for
achieving rollover control performance.

The roll condition of a vehicle can be characterized by
rolling radius-based wheel departure roll angle, which cap-
tures 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
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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 magni-
tude of this angle indicates the wheels are all grounded.

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 expe-
rience 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. The
low mu surface condition and wheel-lifted-up condition can
be further differentiated based on the chassis roll angle com-
putation, i.e., in low mu surface, the chassis roll angle is
usually very small. Hence, an accurate determination of chas-
sis roll is desired.

The roll condition of the vehicle can be characterized by
the normal loading sustained at each wheel. Theoretically,
when a normal loading at a wheel decreases to zero, the wheel
is no longer contacting the road surface. In this case a poten-
tial rollover is underway. Large magnitude of this loading
indicates that the wheel is grounded. Normal loading is a
function of the calculated chassis roll and pitch angles.
Hence, an accurate determination of chassis roll and pitch
angles is desired.

The roll condition can be identified 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 acceleration,
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 torques determined from the
nonlinear torques calculated from the normal loading and the
longitudinal slip at each wheel.

The roll condition of a vehicle can be characterized by the
chassis roll angle itself; i.e., the relative roll angle 6., between
the vehicle body and the wheel axle. If this chassis roll angle
is increasing rapidly, the vehicle might be on the edge of
wheel lifting or rollover. Small magnitude of this angle indi-
cates the wheels are not lifted or are all grounded. Hence, an
accurate determination of the chassis roll angle is beneficial
for determining if the vehicle is in non-rollover events.

The roll condition of a vehicle can also be characterized by
the roll angle between the wheel axle and the average road
surface, this is called wheel departure angle. If the 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.

The center of gravity C is also illustrated with nominal
mass M. A roll axis is also illustrated at a distance D from the
center of gravity. a,, is the lateral acceleration.

Referring now to FIG. 3, the relationship of the various
angles of the vehicle 10 relative to the road surface 11 is
illustrated. In the following, a reference road bank angle 6,
is shown relative to the vehicle 10 on a road surface. The
vehicle has a vehicle body 10a and wheel axle 105. The wheel
departure 0,,,, is the angle between the wheel axle and the
road. The relative roll angle 6, is the angle between the wheel
axle 105 and the body 10a. The global roll angle 6, is the
angle between the horizontal plane (e.g., at sea level) and the
vehicle body 10a.
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Another angle of importance is the linear bank angle. The
linear bank angle is a bank angle that is calculated more
frequently (perhaps in every loop) by subtracting the relative
roll angle generated from a linear roll dynamics of a vehicle
(see U.S. Pat. No. 6,556,908 which is incorporated by refer-
ence herein), from the calculated global roll and pitch angles
(as the one in U.S. patent application Ser. No. 09/789,656,
which is incorporated by reference herein). If all things were
slowly changing without drifts, errors or the like, the linear
bank angle and reference road bank angle terms would be
equivalent.

Referring now to FIGS. 4 and 5, an automotive vehicle 10
is illustrated with various parameters illustrated thereon. A
change in mass AM is illustrated relative to nominal center of
gravity C,. The center of gravity moves to C when the added
mass AM is added thereto. The change in mass or load AM is
positioned at a distance H above the load floor 80. The nomi-
nal center of gravity C, is located a distance [ from the added
mass in longitudinal direction. The longitudinal distance
between the new center of gravity and the nominal center of
gravity C, is AL.

In FIG. 5, the longitudinal acceleration is denoted by a,
whereas the longitudinal velocity is denoted v,_. The lateral
acceleration and lateral velocity is denoted by a,,v,, respec-
tively. The steering wheel angle is denoted by 9,,. The wheel-
base of the vehicle is denoted by the symbol b.

Referring now to FIG. 6, controller 26 is illustrated in
further detail. Controller 26 receives the various sensor sig-
nals, for example, the pitch rate, longitudinal acceleration,
and yaw rate from the respective sensor signals. Other input
signals such as the relative roll angle, flatness index and
vehicle motion characteristics may be determined from other
various sensor signals or from a stability control system such
as a roll stability control system. The flatness index provides
an indication as to the flatness (pitch/bank) of the road. One
way to determine a flatness index is set forth in U.S. Pat. No.
6,178,248, which is incorporated by reference herein. Vehicle
motion characteristics may, for example, provide an indica-
tion of the motion of the vehicle such as acceleration or
deceleration. From the sensor signals, the loading position in
a longitudinal direction and amount of loading, and the pitch
gradient and pitch acceleration coefficient may be deter-
mined. These values may ultimately generate a vehicle pitch
angle compensation term, which can be used for correcting
sensor signals and for a roll stability control system to adjust
control gains and thresholds. Instead of directly determining
the load and position of the load, an adaptive pitch accelera-
tion coefficient and an adaptive pitch gradient may be deter-
mined first. Such parameters inherently relate to the load and
position of the load included therein. Therefore they can be
used to find the loading and the loading position. As will be
further described below, the controller 26 uses the pitch rate
signal and performs a derivative in box 84 to generate the
pitch acceleration signal w , which is then filtered by the first
filter 86 to generate the variable X. The X value is provided to
the pitch gradient and pitch acceleration coefficient determi-
nation module 88. The longitudinal acceleration signal is
filtered in the second filter 90 and provided to the pitch gra-
dient and pitch acceleration coefficient determination module
88 illustrated as Y. The pitch rate, yaw rate and relative roll
angle are provided to a Z determination module 92 to deter-
mine the intermediate variable Z. The intermediate variable Z
is filtered in the third filter number 94 and provided to pitch
gradient and pitch acceleration coefficient determination
module 88. As will be further described below, the output of
the pitch gradient and pitch acceleration coefficient determi-
nation module 88 is the pitch gradient and the pitch accelera-
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tion coefficient which are provided to a loading/loading posi-
tion detection block 96. The loading/loading position
detection block 96 generates a change in mass, a position
signal and a change in position signal corresponding to a
change in the center of gravity of the vehicle. A vehicle
loading compensation term is generated in loading character-
ization block 98. The output of the loading characterization
block 98, may be provided to a stability control module and/
oraloading induced pitch misalignment module. The loading
induced pitch misalignment may be used by the vehicle body
leveling system 70, the headlight adjustment system 72 and
the sensor signal compensation block 74.

Referring now to FIG. 7, the operation of the controller 26
is described in further detail. In step 102, the various sensors
such as the pitch rate sensor, the longitudinal acceleration
sensor, and yaw rate sensor are read. In step 103, the pitch
gradient and pitch acceleration coefficient are determined.

There are two pitch angle computations set forth below.
Ultimately a pitch gradient and a pitch acceleration coeffi-
cient are derived from the relative pitch angle and the other the
global pitch angle. The relative pitch angle ¢,,,, ... 1s a func-
tion of the longitudinal acceleration a,, the pitch acceleration
o,, the pitch gradient p and the pitch acceleration coefficient
o
ey

Pretadive M @005P,0)

In z-transformation,

@

Prctarive=PLpicch ()00 L pier(2)W.
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where
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AM =

by 3(3) 137

is a filter which reflects the linear pitch model of the vehicle.
Notice that during deceleration and acceleration, vehicle
pitch motion behaves differently. In this case,

NN

AM =

b\ 3{3) ) )

should be tuned differently for deceleration and acceleration.
Denote the pitch transfer function as T, ,..(2) during
vehicle acceleration, and as T, ,.(7z) during vehicle
deceleration. Similarly the pitch gradient and the pitch accel-
eration coefficient are different for the vehicle acceleration
and deceleration and they are denoted as p“““ and o“ for
acceleration, and p?*° and o?*° for deceleration.

On level ground, the global pitch angle ¢,,,,,, s a function
of the pitch rate  , the yaw rate w,_, relative roll angle
and the relative pitch angle ¢,.;,,,.
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where T, ,(z) and T, (z) are two filters to conduct anti-drift
integration and steady state compensation. Notice that on
level ground, the relative pitch angle and the global pitch
angle are equal. Therefore from (1) and (3) or (2) and (4),
relationships between the pitch gradient p and the pitch accel-
eration coefficient o may be determined. Inserting (2) into (4)
during acceleration,

Pototar™ Laad D000, 1ot | P T o5 ) Dpiron_acel?)

=0T soo2) Dpiren_ace(Z)00; ®

or the following for deceleration

Potorar= Lagid D000, raive] +9dec s pizen_aed?)
=0T o (D) pisch_adec2) 0,

Q)

By equating (2) and (5) for vehicle acceleration case, the
following equation may be obtained

preexee_gaee yuee =] )

where
X =T e O D piren_ace()=1]a,

Y =T (D D yireh_aced)-110, ®)

and U is computed as the following
©

Similarly, by equating (2) and (6) for vehicle deceleration
case, the following equation may be obtained

piecydec_qpdec plec=(;

U=T,#2)[0,=0.0,c101vc]

10)
where
XeeT, @I, pizch,dec(z)‘ Ya,

V=T O T piron_aed@)-110, 1)

The following is a summary of the computation algorithm.

In step 104, the filtered longitudinal acceleration X is deter-
mined in the following iterative equation

Xm0 Ky 1+ 82X o4 A3 X 39110 1,005, 10305 5 12)

whered, n_are the involved filter coefficients. Notice that, the
above cdmi)utation is good for both acceleration and decel-
eration, and the deceleration value is denoted as X% and the
acceleration value is denoted as X with different sets of
filter coefficients. When the vehicle longitudinal acceleration
signals a_is changing from a positive value to a negative value
and crossing zero value at the time instant k, the following
reset is used to start the computation for X

dec_y ace

K =X

X, dee—y, _ace
-2 *-2

kasd%:kasam (13)

and the computation for X“°“ is stopped. Similarly, when the
vehicle’s longitudinal acceleration signal a, is changing from
anegative value to a positive value and crossing zero value at
the time instant t, the following reset is used to start the
computation for X“““

ace— dec
Xt—l 7Xt—l

X,

ace— dec
=2 =X, =2

X, =X, gt (14)

and the computation for X“*° is stopped.
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In step 106, the filtered pitch acceleration'Y is determined
in the following iterative equation

Y=d, Vi td oY otd sl stn 04000, +

Yk-1
30y, (15)

Notice that the above computation is good for both accelera-
tion and deceleration, and the corresponding values are
denoted as Y¥° and Y respectively with different sets of
filter coefficients. The similar reset schemes such as those in
(13) and (14) for X“** and X“°° are also used here.

In step 108, the filtered value U is determined in (9) as
(16)

Uk:afu0 Uk+a?u1 U,H+z/iu2 ot ot Zye 140,70 5
where

Zk:myk—m 0 17

2 Orelativey

where d,,,n,, for i=1,2,3,4 are the involved 2" set of filter
coefficients.

Using the calculated value variables X,%“° Y,#“ at each
sampling instant k (during vehicle acceleration), or the cal-
culated value X,%<)Y #*¢ at each sampling instant t (during
vehicle deceleration), U, and U,, equation (7) and (10) can be
used to potentially compute the unknown parameters of the
pitch gradient p®* and p“ the pitch acceleration coefficient
0“““ and 0%,

Since equations (7) and (10) are true when the vehicle is
driven on level ground and the vehicle does not have any
wheel in the air (4 tires are contacting the road), a conditional
least-square (CLS) method can be used. Two CLS’s may be
used. The first CLS method conduct p““ or p?*® and o“““ or
0% parameter updating after a fixed number of conditional
samples, while the second method updates p““ or p“< and
0%“ or 0%, and resets a covariance matrix at each condi-
tional sample.

Since p®*° or p and 0°““ or 0*“ are related to the inertia
parameters of the pitch motion of the vehicle body, only if the
vehicle pitch mode is fully excited they can be identified
correctly through least-square methods. The brake actions
either from a driver brake request or controlled brake request
through a stability control system can be used as such an
excitation source. The same is true for vehicle throttling.
However, under the steady-state driving condition (coasting)
or vehicle acceleration/deceleration is smaller than a thresh-
o0ld, the least-square identification is not conducted. Consid-
ering the driver steering input could induce both roll and pitch
dynamics (sharp turn causes vehicle weight towards the
front), hence the steering wheel angle velocity could be also
used for identifying conditions for pitch mode excitation

18)

where J,, is the measured steering wheel angle, 9,,,, ,...,, and
8,0v max are two thresholds to bound the magnitude of the
steering angle velocity. 0, ,,,.,,» 1s a threshold for bounding the
magnitude of the steering wheel angle. The reason we actu-
ally limit the upper bound of the steering wheel angle velocity
is due to the consideration that extremely fast steering input
could generate unrealistic dynamics.

In step 110, the conditional sum of the products or cross
products of the above filtered variables are determined over a
significant large number N of the conditional samples. This is
performed using the following iterative algorithm if the first
CLS method is used

<1§ |=< >
B min =100 Z0,y e a0 18,128,
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-continued
& level ground

&ssN)

areee = affe +(X{)
T, = B - XY
B, =+
B = B+ XU,

acc
23

_ jpacc _ yace
s+l _bzx =¥ U

s=s+1

}
When the vehicle is decelerated

20

if ((ax < —Gynin
or (@ =0 & Syumin = 1l = Srnmar &0l = Gumas))
& level ground

&ssN)

dec  _ dec decy2
afy,, =aii, + (X))
dec  _ dec dec ydec
ai;,, = @i, — XY

dec  _ dec | pydecy?
ay = dys, + (V)

dec _ pdec dec
blm = bls + XU,
dec _ pdec _ ydec
bl =0 -1
s=s+1

}

Notice that the time instant denoted by k and t is different
from the CLS updating instant denoted by s. Only if the
conditions are satisfied all the time, then s=k and t. N in (19)
and (20) is the total number of conditional samples used for
the CLS, which could have value ranged from 1000 to 80,000.

Step 110 is performed for the conditional sample when the
road is a level ground. The level ground can be identified if
there is an indication that the vehicle is not on a significantly
banked road. Therefore, checking the road bank angle can be
used for this purpose for example, using the method disclosed
inU.S. Pat. No. 6,718,248. The level of the ground can also be
checked through a flatness index (as in the one calculated in
U.S. Pat. No. 6,718,248), or a road profile detection (see U.S.
Pat. No. 6,718,248), or a rough comparison between the glo-
bal roll angle and the nominal chassis roll angle.

In step 112, the pitch gradient and pitch acceleration coef-
ficient are calculated. p®* and 0*““ are computed as in the
following

ifs=N 2D

acc _ o acc
Do = mm[max{auN -

(i)

> ~%min |, min |
max(ass, , anin)
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-continued
5 b |
maX(azzN i) ) D

)

= mln(ma){(bl N
1CC baCC ] ﬁ'acc].

a
mi:
max(azzN > amm

0;

acc pacc
agic b

20y Ply 1 e
-
max(azz,\,,amm) Dece

aff; =0, a5 = 0; 455 = 0;
B = 03 b5 = 0
}
where a,,,;, is a small number (for example, 0.0001), which is

used to remove division by zero in the implemented compu-
tation; p® and p? are the respective lower and upper
bounds of the pitch gradient, which can be calculated as

pae=pgi—Ap

Poe=pg A @2)

and p,“““ is the nominal value of the pitch gradient (obtained
through vehicle testing for the vehicle with nominal loading),
Ap is the allowed variation of the pitch gradient; 0 and 6*°
are the respective lower and upper bounds of the pitch accel-
eration coefficient, which can be obtained as

oA
=0, +AG 23)

ace

and 0,%““ is the nominal value of the pitch acceleration coef-
ﬁcient (for vehicle with nominal loading), Ao is the allowed
variation of the pitch acceleration coefficient. Similarly, the
deceleration computation can be conducted.

It the second CLS method is used, the pitch gradient p and
the pitch acceleration coefficient o can be calculated in
through the following iterative algorithm. First, during
vehicle acceleration, a 2 by 2 matrix variable V_,, at the
(s+1)th conditional time instant is calculated from its past
value V and the calculated filtered values of X,“““ and Y, **°
as in the following

if ((ax = Aomin (24)
or (@ 2 0 & Syumin = 18] = Srnmax &0l < Gpmar))

& level ground

& s =< N)
{

if s=0)

ol 2

0= 0 Vo ’
(XgeeR  _xgeeyge
S| _ xgeeygee (YI:ZCC)z s
Ve =Ve—g e acc zoe _ yace]T
L+ y[XE = YOIV X - Y]

where g, v and v, are three positive numbers, and the time
instant k denotes the regular time instant and the time instant
s is the conditional time instant. Equation (24) is also called
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the covariance resetting in the normalized least square algo-
rithm. During deceleration, a similar computation to (22) is
conducted.

The pitch gradient and the pitch acceleration coefficient are
calculated using the 2 by 2 matrix V,, and the calculated
filtered values X,, Y,, and Uy, as in the following for accel-
eration case

if ((ax = Aomin (25)

or (a4 20 & Symin = 190l = Sumae &Gl = Sy}

& level ground
& s =< N)
{
|:p3+1 :|acc [Px :|acc Sxee —yeey, .
curl Tlo] T T s T
s=s+1;

}

Similar computation for deceleration can be conducted.
The calculated values are also limited to within their fea-
sible sets as in the following for acceleration case

Pt TSP 1P AP,PO™HAD)

o]

s+l

12C=sat(o,, 7,04~ A0,0,"“+A0) (26)

and the following for deceleration case

dec dec

Pt o=sat(P,y 1, P = AP,po T HAD)

dec_ dec oy dec dec,
01 “=5at(0,, 1 “%,06°~A 0,00 +A0)

During the time instant where the conditions for (24) and
(25) do not hold, the computations are frozen to the last
values.

From the calculated pitch gradient and the pitch accelera-
tion coefficient in step 112, the vehicle loading and its dis-
tance to the c.g. of the vehicle body in the vertical direction
can be determined in step 114.

The variable M, is the nominal vehicle body mass and the
distance of the initial center of gravity C, of the vehicle body
from the rear axle is denoted as L which is measured in the
longitudinal direction parallel to the vehicle floor (see FIG.
4). Ifaloading of an additional mass AM is added to the trunk
or rear portion of the vehicle, and the distance between the
center of gravity C, of this mass and the rear axle is assumed
zero, the center of gravity C of the vehicle body with the extra
mass is likely to change. The longitudinal distance between
C,and C is AL. Then

AM

. @7
M, +AM

AL =

The total pitch inertial of momentum of the vehicle body
with respect to the final (with the added mass) center of
gravity C may be expressed as

L.=L ML MM (28)
where

LM=L, +MAL?

LAM=AM(L-ALY (29)
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By plugging (27) into (29), (28) can be expressed as the
following

MAMI? (30)

Iye = lyeo + ————
ye = e TR AM

Let the nominal pitch gradient and the pitch acceleration
coefficient be p, and or o, then

M.k 31
Po
K pitch
1
[ £
Kpiten

where K., denotes the pitch stiffness due to suspension and
its value is different for vehicle deceleration and acceleration.

Denote them as Kpit.ch,acc for accelerat.ion and Kpitc,?idec for
deceleration respectively. Then for vehicle accelerating,
ot 32)
0 Kpitch_acc
1
a2 — Y
0 Kpitch_acc
and for vehicle decelerating,
e = M 33)
0 Kpitch_dec
1
U,dec — Y
0 Kpitch_dec

Using those nominal values and the calculated values p#°,
dec acc _acc . . .
0““?, and p“““,0°, the loading mass and the loading distance
satisfy the following for acceleration case

AML = K pih_ace (07 = 05°) = Aace 34
AMM,L?
m = Kpiroh_dec(0%° = 08) = Byye
s
and for deceleration case
AML = K piceh_decc (P = pE) = Aec (35
AMMI?
m = Kpirch dec(0% — %) = Byec
s

Theoretically, (34) and (35) should be the same, but due to
numerical error, a slight difference is possible. For this rea-
son, the averaged values will be used

Adec + Aace
A= ——
2

_ Buec + Baee
B 2

(36)
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From the relationship in (34) or (35) and the average values
in (36), the following estimations of the added mass and the
position of the added mass are determined.

2 2 (37)

B 1,B B
L=my+\alz) +57)
AM = A

2

B 1/B® /B
sityala) )

In step 116 one of the vehicle systems is controlled. The is
a safety system such one described above such as a roll or yaw
stability system, or one of the vehicle body leveling system
70, the headlight adjustment system 72 and the sensor signal
compensation block 74.

In step 100 of FIG. 6, a stability control system such as a
roll stability control system or a yaw stability control system
is controlled in response to the added mass and the height of
the added mass. The safety system may also be controlled
directly from the pitch gradient and pitch acceleration coef-
ficient, both of which may be adaptive. A stability control
gain/threshold compensation term may also be generated
based on the pitch gradient, pitch acceleration coefficient, or
the added trunk mass. The threshold may be changed to allow
earlier deployment if an added mass at a predetermined loca-
tion is determined in steps 114. The amount of compensation
will likely be determined experimentally based on the vehicle
configuration.

If the vehicle has a significant amount of loading, i.e., the
calculated loading exceeds a threshold P,

AMZP, . (38)

and at the same time the longitudinal distance of the mass
exceeds another thresholdL,, .

L=, (39)

then the vehicle is more prone to oversteer. In this case, the
yaw stability control gains and the sideslip angle control gains
need to be increased in order to have early activation so as to
prevent the vehicle from getting into uncontrollable and
unstable dynamics. Control gains are set top the value
Grzaz4x Which are tuned for large trunk loading.

If the vehicle has a significant loading, i.e., AMZP, ., but
the loading is not at the vehicle trunk, that is, the longitudinal
distance of the loading is smaller than a lower threshold L,,,,,,

L=L, (40)

all the gains for the feedback control used for commanding
the actuators are set to a set of values Gy 77 ., - tuned for large
non-trunk loadings.

If'the vehicle has a significant loading, i.e., AMZP, ., but
the loading distance is between the trunk distance and zero,
i.e., L is between a lower threshold L,,,, (possibly zero) and
the high threshold L,

Lon=L=L,...

‘min=—

min
maxs
(41)

all the gains for the feedback control used for commanding
the actuators are set to the following values adjusted based on
the detected loading height as in the following

L-L,;
GL = Gurmax + —————(Grmax — Ghrimax)

Lingx = Linin

42)
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If the vehicle has a loading which is below the maximum
allowed loading P, but above the lower bound of a valid

max

trunk loading P,,,,,,, i.e.,

P, SAM=P__ 43)

Assume all the nominal gains for feedback (for the vehicle
with nominal loading) are denoted as G,,,,,, then the control

gains will be adjusted based on the detected loading as in the
following

AM - Py,
Prnax = Prin

44

Gam = Gpom + (Grmax — Grom)

The pitch gradient itself can also be directly used to adjust
control gains. If the vehicle has a significant increase of pitch
gradient, i.e., p=p,,,,, then all the gains for the feedback
control used for commanding the actuators are set to the
following values adjusted based on the detected pitch gradi-
ent as in the following

G, = Gy + L Lrin_
Pmax ~ Pmin

(Gomax — Gomin) “3)

where p,,,,, is the pitch gradient corresponding to a vehicle
without trunk loading and p,,,,,, is the pitch gradient corre-
sponding to the vehicle with maximum trunk loading
allowed.

Notice that the control gain adjustments other than the
above listed linear interpolation methods are possible. Also,
notice that the dead-bands and thresholds used in stability
feedback control can also be similarly adjusted based on the
loading distance L. and/or the loading AM, or the pitch gradi-
ent, or the pitch moment of inertia calculated as in (32).

With the added trunk loading, the front and rear normal
loadings can be calculated as

LoAM +ALM +ALM 46)

b
LoAM +ALM +ALM
b

Nf:Nf0+ g

N, =Ny +AMg -

where b is the vehicle base, N ,N , are nominal normal load-
ings at the front and rear axle when vehicle does not have
trunk loading, L, is the distance from the nominal c.g. of the
vehicle to the rear axle. The nominal loading generated pitch
misalignment of the vehicle can be calculated as

@7

1(Nf0 N,O]
SDLPMO—Z—b K—f— X,

where KK, are the vertical suspension rates for the front and
rear axles. For a well-tuned vehicle, such a nominal loading
induced pitch misalignment is usually zero, i.e., ¢; p30=0.

The load induced pitch misalignment caused by the trunk
loading can be similarly computed as

B 1(Nf N,] 48)
PLpm = W\K; K,
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In 74, the deviation A, p,,between ¢; pp 0 and ¢; 5, canbe
used to correct the sensor readings as in the following

Oreorrected™Wx COS(APLPAL)~ 0 SIN(AWLp2y)
O corrected=0x SINAPLPAL) O, COS(AWL A7)
U correciea0x COS(APpap)—a, SIN(AW, ppy)

Azorrected%x SIN(APLpag)+a- COS(AWLP1y) (49

Where WOicorrecteds Pzeorrecteds@xcorrected@xcorrected A€ the cor-
rected roll rate, yaw rate, longitudinal acceleration and verti-
cal acceleration respectively. Notice that from (49), if the
vehicle is only yawing without rolling, the roll rate sensor
mounted on the vehicle could still have roll rate output.

The above calculated loading induced pitch misalignment
can be fed into 70, 72 to achieve the desired control functions.

While particular embodiments of the invention have been
shown and described, numerous variations and alternate
embodiments will occur to those skilled in the art. Accord-
ingly, it is intended that the invention be limited only in terms
of'the appended claims.

What is claimed is:

1. A method of controlling a vehicle system for a vehicle
comprising:

determining a pitch gradient;

determining a pitch acceleration coefficient;

determining an added mass and a position of the added

mass from the pitch gradient and the pitch acceleration
coefficient; and

controlling the vehicle system in response to the added

mass and position of the added mass.

2. A method as recited in claim 1 wherein determining a
pitch gradient comprises determining a pitch gradient from a
pitch rate sensor signal.

3. A method as recited in claim 1 wherein determining a
pitch acceleration coefficient comprises determining a pitch
acceleration coefficient from a pitch rate sensor signal.

4. A method as recited in claim 1 wherein the position
corresponds to a change in a center of gravity position.

5. A method as recited in claim 1 wherein controlling the
vehicle system comprises controlling a safety system.

6. A method as recited in claim 5 wherein controlling the
safety system comprises controlling a roll stability control
system.

7. A method as recited in claim 5 wherein controlling the
safety system comprises controlling a yaw stability control
system.

8. A method as recited in claim 1 wherein controlling the
vehicle system comprises controlling a headlight leveling
system.

9. A method as recited in claim 1 wherein controlling the
vehicle system comprises controlling vehicle body leveling
system.

10. A method as recited in claim 1 wherein controlling the
vehicle system comprises compensating at least one sensor
output.

11. A method as recited in claim 1 wherein determining a
pitch gradient comprises determining the pitch gradient in
response to a pitch rate signal and a longitudinal acceleration
signal.

12. A method as recited in claim 1 wherein determining a
pitch gradient comprises determining the pitch gradient in
response to a longitudinal acceleration signal, a pitch rate
signal and a pitch acceleration signal.
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13. A method as recited in claim 1 wherein determining a
pitch gradient comprises determining the pitch gradient in
response to a longitudinal acceleration signal, a yaw rate
signal and a pitch rate signal.

14. A method as recited in claim 1 wherein determining a
pitch gradient comprises determining the pitch gradient in
response to a longitudinal acceleration signal, a pitch rate
signal, a pitch acceleration signal and a yaw rate signal.

15. A method as recited in claim 1 wherein determining a
pitch gradient comprises determining the pitch gradient in
response to a longitudinal acceleration signal, a pitch rate
signal, a pitch acceleration signal, a yaw rate signal and a
relative roll angle.

16. A method as recited in claim 1 wherein determining a
pitch acceleration coefficient comprises determining the
pitch acceleration coefficient in response to a pitch rate signal
and a longitudinal acceleration signal.

17. A method as recited in claim 1 wherein determining a
pitch acceleration coefficient comprises determining the
pitch acceleration coefficient in response to a longitudinal
acceleration signal, a pitch rate and a pitch acceleration sig-
nal.

18. A method as recited in claim 1 wherein determining a
pitch acceleration coefficient comprises determining the
pitch acceleration coefficient in response to a longitudinal
acceleration signal, a yaw rate signal and a pitch rate signal.

19. A method as recited in claim 1 wherein determining a
pitch acceleration coefficient comprises determining the
pitch acceleration coefficient in response to a longitudinal
acceleration signal, a pitch rate signal, a pitch acceleration
signal and a yaw rate signal.

20. A method as recited in claim 1 wherein determining a
pitch acceleration coefficient comprises determining the

5
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pitch acceleration coefficient in response to a longitudinal
acceleration signal, a pitch rate signal, a pitch acceleration
signal, a yaw rate signal and a relative roll angle.

21. A method for controlling a vehicle system for a vehicle
comprising:

sensing a pitch rate;

sensing a longitudinal acceleration;

sensing a yaw rate;

determining an input representative of added mass and a

position of the added mass from the sensed pitch rate, the
sensed longitudinal acceleration and the sensed yaw
rate; and

controlling the vehicle system in response to the input

representative of added mass and the position of the
added mass.

22. A method as recited in claim 21 wherein controlling the
vehicle system comprises controlling a safety system.

23. A method as recited in claim 22 wherein controlling the
safety system comprises controlling a roll stability control
system.

24. A method as recited in claim 22 wherein controlling the
safety system comprises controlling a yaw stability control
system.

25. A method as recited in claim 21 wherein controlling the
vehicle system comprises controlling a headlight leveling
system.

26. A method as recited in claim 21 wherein controlling the
vehicle system comprises controlling vehicle body leveling
system.

27. A method as recited in claim 21 wherein controlling the
vehicle system comprises compensating at least one sensor
output.



