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ROAD SURFACE FRICTION COEFFICIENT
ESTIMATING APPARATUS

BACKGROUND OF THE INVENTION
[0001] 1. Field of the Invention

[0002] This invention generally relates to a road surface
friction coefficient estimating apparatus for a vehicle. More
specifically, the present invention relates to a road surface
friction coefficient estimating apparatus for use when the
vehicle is traveling at a steady state, i.e., no acceleration or
deceleration occurring in the vehicle.

[0003] 2. Background Information

[0004] Tt is well known that a road surface friction coef-
ficient is useful control information in anti-skid control
systems to avoid locking the wheels during braking, and in
traction control systems to prevent wheel slippage caused by
driving torque exerted during acceleration. Therefore, it is
desirable to accurately estimate the road surface friction
coefficient of the road on which a vehicle is traveling.

[0005] Consequently, various road surface friction coeffi-
cient estimating methods have been proposed for use in the
anti-skid control systems and traction control systems that
are mounted on vehicles. Generally, such methods estimate
the road surface friction coefficient by utilizing the change
in vehicle velocity. For example, a common method used in
anti-skid systems is to estimate the vehicle velocity while
the anti-skid control system is operating, and then estimate
the road surface friction coefficient based on the amount of
change in the vehicle velocity. Such method is disclosed in
Japanese Laid-Open Patent Publication No. 5-131912.

[0006] Similarly, in the case of traction control systems,
vehicle velocity is estimated by detecting the wheel velocity
from non-driving wheels while the traction control system is
operating. Then, the road surface friction coefficient is
estimated based on the amount of change in the vehicle
velocity.

[0007] Meanwhile, in Japanese Laid-Open Patent Publi-
cation No. 11-48939, the applicants of the present invention
have proposed an anti-skid control apparatus, in which the
road surface friction coefficient is estimated using the driv-
ing torque or the braking torque on the wheels, the wheel
load, and the rotational acceleration of the wheels during
braking, based on the rotational motion equations of the
wheels.

[0008] There has also been proposed another method of
estimating the road surface friction coefficient which uses
the driving torque or the braking torque on the wheels, the
wheel load, and the rotational acceleration of the wheels,
based on the rotational motion equations of the wheels. In
this method, four points representing four wheels of the
vehicle are plotted in a two-dimensional coordinates having
an axis of driving/braking force per unit wheel load and an
axis of wheel velocity. In this coordinate, a regression line
can be drawn based on the points. The slope angle of the
regression line with respect to the wheel velocity axis
expresses the driving stiffness, from which the road surface
friction coefficient can be estimated. This method is dis-
closed in Japanese Laid-Open Patent Publication No.
10-35443. Such method improves the anti-skid control per-
formance and traction control performance.
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[0009] These road surface friction coefficient estimating
methods have proven to be useful in providing control
information for an anti-skid control system and/or a traction
control system. However, the above-mentioned road surface
friction coefficient estimating methods still have room for
improvement in view of the following observations.

[0010] The aforementioned road surface friction estimat-
ing methods generate driving forces or braking forces on the
wheels in order to estimate the road surface friction coeffi-
cient. In other words, in the case of road surface friction
coefficient estimating apparatuses used in the aforemen-
tioned anti-skid control systems and traction control sys-
tems, it is difficult to obtain an accurate estimate unless
driving forces or braking forces are generated on the wheels.
Estimation is particularly difficult when the vehicle is trav-
eling in a steady state, i.e., neither accelerating nor decel-
erating.

[0011] Furthermore, in the aforementioned road surface
friction coefficient estimating apparatuses, when driving
forces or braking forces are generated on the wheels in order
to estimate the road surface friction coefficient during
steady-velocity travel, the resulting acceleration or decel-
eration of the vehicle causes awkwardness in the driving.

[0012] Also, some of such road surface friction coefficient
estimating apparatuses require a sensor, such as a small
wheel-shaped sensor, in addition to the regular wheels of the
vehicle, such that the small wheel-shaped sensor contacts
the road surface. In that case, the price of the vehicle will
increase due to the cost of the sensor. Additionally, there will
be a need to decide where the sensor should be mounted.

[0013] Accordingly, the existing road surface friction
coefficient estimating methods and apparatuses do not have
the ability to estimate the road surface friction coefficient
accurately and easily while the vehicle is traveling in a
steady state, without causing an awkwardness in driving due
to the acceleration or deceleration of the vehicle which is
caused for the purpose of estimation of the road surface
friction coefficient. Additionally, the aforesaid functions of
road surface friction estimation should be preferably pro-
vided in a simple manner.

[0014] This need for accurate and easy road surface fric-
tion coefficient estimation method and apparatus that func-
tion while the vehicle is traveling in a steady state is further
emphasized in view of various vehicle control systems and
vehicle stabilizing apparatuses which are likely to be intro-
duced in vehicles in the near future. These vehicle control
systems and vehicle stabilizing apparatuses automatically
generate braking forces in a vehicle in various manners in
order to avoid obstacles by using information provided by
external sensors. In these systems, the distance between the
vehicle and the obstacle and relative velocity are detected by
the external sensors. Automatic braking is executed in order
to avoid the obstacle. Particularly in these systems, it is
inherently necessary to be able to operate appropriately
whenever obstacle avoidance is necessary, even when the
vehicle is traveling in a steady state. If the road surface
friction coefficient cannot be estimated accurately, the auto-
matic braking may not be able to generate sufficient braking
force. Therefore, the road surface friction coefficient esti-
mation is indispensable in these vehicle control systems.

[0015] In view of the above, there exists a need for a road
surface friction coefficient estimating apparatus and meth-
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ods which overcome the above mentioned problems in the
prior art. This invention addresses this need in the prior art
as well as other needs, which will become apparent to those
skilled in the art from this disclosure.

SUMMARY OF THE INVENTION

[0016] An object of the present invention is to provide a
road surface friction coefficient estimating apparatus that
can function while the vehicle is traveling in a steady state.

[0017] Another object of the present invention is to pro-
vide a road surface friction coefficient estimating method
that can function while the vehicle is traveling in a steady
state.

[0018] This object is basically attained by providing a road
surface friction coefficient estimating apparatus for a vehicle
equipped with a plurality of wheels. The road surface
friction coefficient estimating apparatus has target driving/
braking force setting means, driving force generating means,
braking force generating means, wheel velocity detecting
means, wheel load detecting means, and road surface fric-
tion coefficient calculating means. The target driving/brak-
ing force setting means sets a pre-selected torque to be
generated. The driving force generating means generates a
driving force in at least one of the wheels in accordance with
the pre-selected force set by the target driving/braking force
setting means. The braking force generating means gener-
ates a braking force in at least one of other wheels in
accordance with the pre-selected force set by the target
driving/braking force setting means. The braking force has
a magnitude to cancel the driving force. The wheel velocity
detecting means produces a wheel velocity signal indicative
of a wheel velocity. The wheel load detecting means pro-
duces a wheel load signal indicative of a wheel load. The
road surface friction coefficient calculating means calculates
a road surface friction coefficient based on the wheel load,
the wheel velocity, and the braking and driving forces.

[0019] These and other objects, features, aspects and
advantages of the present invention will become apparent to
those skilled in the art from the following detailed descrip-
tion, which, taken in conjunction with the annexed draw-
ings, discloses a preferred embodiment of the present inven-
tion.

BRIEF DESCRIPTION OF THE DRAWINGS

[0020] Referring now to the attached drawings which form
a part of this original disclosure:

[0021] FIG. 1 is a schematic view of a road surface
coefficient estimating apparatus for a vehicle in accordance
with selected embodiments of the present invention;

[0022] FIG. 2 is a block diagram of the road surface
friction coefficient estimating apparatus for a vehicle in
accordance with the selected embodiments of the present
invention;

[0023] FIG. 3 is a flowchart of the road surface friction
coefficient estimation in accordance with the first embodi-
ment of the present invention;

[0024] FIG. 4 is a flowchart of a subroutine of calculating
vehicle velocity Vi and driving stiffness Kd, which corre-
sponds to step S110 in FIG. 3;
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[0025] FIG. 5 is a graph illustrating an engine perfor-
mance characteristic by the relationship between engine
torque Te and engine rotation Ne, to determine an engine
output torque for use in the road surface friction coefficient
estimation in accordance with the selected embodiments of
the present invention;

[0026] FIG. 6 is a graph illustrating the relationship
between the wheel cylinder pressure Pw and the command
sent to the proportional solenoid valve by the brake fluid
pressure controller for use in the selected embodiments of
the present invention;

[0027] FIG. 7 is a graph illustrating the relationship
between the wheel load W and the wheel driving/braking
force F for use in the selected embodiments of the present
invention;

[0028] FIG. 8 is a graph illustrating the relationship
between the wheel slip rate S and the wheel driving/braking
force F for use in the selected embodiments of the present
invention;

[0029] FIG. 9 is a graph illustrating the wheel load
compensation coefficient fw used to compensate for the
nonlinearity between the wheel load W and the wheel
driving/braking force F for use in the selected embodiments
of the present invention;

[0030] FIG. 10 is a graph illustrating the slip rate com-
pensation coefficient fs used to compensate for the nonlin-
earity between the wheel slip rate S and the wheel driving/
braking force F for use in the selected embodiments of the
present invention;

[0031] FIG. 11 is a graph with a plot of points on a
two-dimensional coordinates having the wheel velocity axis
and the driving/braking force per unit wheel load axis, each
point representing each wheel for use in the selected
embodiments of the present invention;

[0032] FIG. 12 is a graph illustrating the relationship
between the driving stiffness and the maximum road surface
friction coefficient, for use in the selected embodiments of
the present invention;

[0033] FIG. 13 is a flowchart of an obstacle avoidance
control to be executed concurrently with the road surface
friction coefficient estimation in accordance with the
selected embodiments of the present invention; and

[0034] FIG. 14 is a partial flowchart of the road surface
friction coefficient estimation in accordance with the second
embodiment of the present invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

[0035] Selected embodiments of the present invention will
now be explained with reference to the drawings. It will be
apparent to those skilled in the art from this disclosure that
the following description of the embodiments of the present
invention is provided for illustration only, and not for the
purpose of limiting the invention as defined by the appended
claims and their equivalents.

First Embodiment

[0036] A first embodiment of the present invention is
explained below referring to FIGS. 1-13. FIG. 1 schemati-
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cally shows a road surface friction coefficient estimating
apparatus (hereinafter referred to as estimating apparatus)
100 installed in a rear-wheel drive vehicle or automobile 101
in accordance with the first embodiment of the present
invention.

[0037] Estimating apparatus 100 is designed to estimate
the road surface friction coefficient when vehicle 101 is
travelling in a steady state, i.e., no acceleration and/or
deceleration occurring in the vehicle 101. As explained
below, the estimation of the road surface friction coefficient
is accomplished by applying a driving force to the driving
wheels and a counteracting braking force to the non-driving
wheels when the vehicle 101 is neither accelerated nor
decelerated during the estimating process of the estimating
apparatus 100. Of course, it will be apparent to those skilled
in the art from this disclosure that the estimating apparatus
100 can also estimate a road surface friction coefficient
during deceleration and/or acceleration. Thus, the estimating
apparatus 100 can be utilized for estimating road surface
friction coefficient in most traveling conditions.

[0038] Inthis embodiment, the estimating apparatus 100 is
incorporated into a driving/braking control system for
vehicle 101. Vehicle 101 basically comprises a set of road
wheels, a power drive system, a brake system and a sus-
pension system, as discussed below.

[0039] The brake system of vehicle 101 is designed such
that the left and right braking forces can be controlled
independently by adjusting braking hydraulic pressures for
both the front and rear wheels. The brake system 60 of
vehicle 101 basically includes a brake pedal 1, a booster 2,
a reservoir 3, a master cylinder 4, a brake fluid pressure
controller or braking force controller 5, four brake disks 11,
21, 31 and 41, and four wheel cylinders 12, 22, 32 and 42.
The four brake disks 11, 21, 31 and 41 and the four wheel
cylinders 12, 22, 32 and 42 form four brake units for
individually providing a braking force to each one of the
wheels 10, 20, 30 and 40, respectively. In accordance with
a driver’s pedal effort on the brake pedal 1, master cylinder
4 displaces brake hydraulic fluid under pressure to brake
fluid pressure controller 5. The brake fluid pressure control-
ler 5 supplies a brake fluid pressure with or without pressure
modulation to each wheel cylinder 12, 22, 32 and 42. Wheel
cylinders 12,22, 32 and 42 provide a braking force to wheels
10,20, 30 and 40 by applying hydraulic pressure to the brake
disks 11, 21, 31 and 41 from brake fluid pressure controller
5 to frictionally clamp brake disks 11, 21, 31 and 41. Thus,
brake fluid pressure controller 5 generates braking force by
generating a desired braking force on wheels 10, 20, 30 and
40.

[0040] More specifically, brake fluid pressure controller 5
is operatively coupled to each of pressure supply systems or
channels that are each connected to brake units of wheels 10,
20, 30 and 40. Brake fluid pressure controller 5 includes an
actuator (not shown in figures) in each of the left, right,
front, and rear pressure supply systems. Preferably, propor-
tional solenoid valves are used as the actuators so that the
wheel cylinder hydraulic pressure Pw can be controlled to
any desired braking hydraulic pressure. In this manner, each
wheel 10, 20, 30 or 40 can be braked individually when the
wheel cylinder of each brake unit 12, 22, 32 or 42 is supplied
with hydraulic pressure from brake fluid pressure controller
5. Actuators and this function of controlling the brake units
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by pressure are well known in the art. Therefore, the
structure and function of actuators and brake units will not
be explained in further detail herein.

[0041] Brake fluid pressure controller 5 functions as brak-
ing force generating means by adjusting the hydraulic pres-
sure delivered from master cylinder 4 in accordance with an
input signal from driving/braking force controller 50. Brake
fluid pressure controller § then controls the braking hydrau-
lic pressure supplied to the wheel cylinders 12, 22, 32 and
42 of wheels 10, 20, 30 and 40.

[0042] The power system of vehicle 101 basically includes
at least an engine 6, a throttle controller 7, an automatic
transmission 8 with a conventional differential gear device,
and a driving torque controller or driving force controller 9.
Power from the engine 6 is transmitted through the trans-
mission 8 and the conventional differential gear device to the
rear wheels 30 and 40 which are the driving wheels, and
indirectly to the front wheels 10 and 20 which are non-
driving wheels on a non-powered axle.

[0043] As shown in FIG. 1, estimating apparatus 100
basically includes a driving/braking force controller or con-
trol unit 50, a driving torque controller 9 and brake system
60. Thus, estimating apparatus 100 is operatively coupled to
engine 6, throttle controller 7, and transmission 8 to apply
driving forces to left and right rear wheels 30 and 40. The
estimating apparatus 100 is also operatively coupled to
brake system 60 of vehicle 101 to apply braking forces to
left and right front wheels 10 and 20.

[0044] An engine speed sensor or engine revolution sensor
senses the engine speed Ne in terms of the number of
revolutions per unit time. A throttle position sensor senses an
engine throttle opening (degree) TVO. An engine controller
controls the engine 6 in accordance with engine and vehicle
operating condition sensed by a group of sensors including
the engine speed sensor and the throttle position sensor.
Vehicle 101 of this embodiment further includes a transmis-
sion controller for controlling the automatic transmission in
accordance with various input information items. Since
engines and transmissions are well known in the art, the
structure and function of the engine 6 and the transmission
8 would be obvious to one of ordinary skill in the art without
further explanation herein.

[0045] The driving/braking force controller 50 controls
individual brake pressures of the wheel cylinders 12, 22, 32
and 42 by controlling the brake fluid pressure controller S.
In addition, the driving/braking force controller 50 estimates
unknown vehicle operating variables such as vehicle body
speed Vx and a road surface friction coefficient « for a wheel
slip brake control or anti-skid brake control. In this example,
the driving/braking force controller 50 serves as an estimat-
ing unit or estimating means for estimating various forces
and/or operating conditions. Brake fluid pressure sensors
sense the respective brake fluid pressures applied to the
wheel cylinders. In this preferred embodiment, the brake
fluid pressure sensors serve as brake sensors for sensing
individual braking conditions on the wheels 10, 20, 30 and
40.

[0046] The estimating apparatus 100 computes the indi-
vidual vertical wheel loads of the vehicle wheels 10, 20, 30
and 40 by any known system. Preferably, the wheel loads are
based on reading lateral and longitudinal accelerations. The
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driving/braking force controller 50 reads the sensed lateral
acceleration and the sensed longitudinal acceleration from
conventional sensors such as acceleration sensor 53. The
values of the lateral and longitudinal accelerations are then
put through a filtering operation for determining filtered
lateral and longitudinal accelerations, which take into con-
sideration a delay in load transfer due to suspension strokes.
The filtered lateral and longitudinal accelerations are then
used to calculate load variations in the wheels 10, 20, 30 and
40 based on various vehicle constants such as the wheel
base, height of the center of gravity, tread and roll stiffness
distribution of the vehicle 101. From these values, individual
wheel loads for the four wheels 10, 20, 30 and 40 can be
calculated utilizing initial wheel loads preliminarily stored
in a memory section of driving/braking force controller 50.
The acceleration sensor 53 is thus utilized as wheel load
detecting means for producing a wheel load signal that can
be utilized by driving/braking force controller 50 to calcu-
late individual wheel loads. In other words, the acceleration
sensor 53 produces a wheel load signal indicative of a wheel
load, since the precise structure of the sensors and the
calculating algorithms are not critical to the present inven-
tion. Moreover, the sensing and calculation of individual
wheel loads for vehicles are known in the art. Therefore, the
precise structure and algorithms for determining individual
wheel load will not be discussed or illustrated in detail
herein. In other words, the wheel load detecting means can
be any structure and/or algorithm that can be utilized to carry
out the present invention. Therefore, “means plus function”
clauses as utilized in the specification and disclosure should
include any structure and/or algorithm that can be utilized to
carry out the function of the means plus function clause.

[0047] Driving/braking force controller 50 functions as
target driving/braking force setting means and road surface
friction coefficient calculating means. Driving/braking force
controller 50 acts as a vehicle control unit that includes a
microcomputer, an input detection circuit for receiving
various signals, a processor circuit (Central Processing Unit
or CPU), a memory circuit, and an output circuit that outputs
signals to brake fluid pressure controller 5 and driving
torque controller 9. The memory circuit stores processing
results and control programs such as ones for road surface
friction coefficient estimation and obstacle avoidance con-
trol, which are run by the processor circuit. It will be
apparent to those skilled in the art from this disclosure that
the precise structure and algorithms for driving/braking
force controller 50 can be any combination of hardware and
software that will carry out the functions of the present
invention. In other words, “means plus function” clauses as
utilized in the specification and disclosure should include
any structure or hardware and/or algorithm or software that
can be utilized to carry out the function of the “means plus
function” clause.

[0048] Driving/braking force controller 50 performs an
engine control by controlling the amount of fuel injected
into engine 6, a throttle control by controlling the throttle
position detected by a throttle controller 7, and a transmis-
sion control by controlling transmission 8. Particularly,
driving/braking force controller 50 controls the driving
torque via driving torque controller 9, which functions as
driving force generating means. Driving torque controller 9
generates the driving force by controlling an engine output
of engine 6 and a gear ratio of transmission 8, thereby
generating a desired torque on wheels 10, 20, 30 and 40.
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Since vehicle 101 is a rear wheels drive vehicle, the driving
wheels are wheels 30 and 40.

[0049] Driving/braking force controller 50 receives sig-
nals from an acceleration sensor 53, which includes both a
longitudinal G-sensor and a lateral G-sensor, and each of
wheel velocity sensors 13, 23, 33 and 43, which are mounted
on each of wheels 10, 20, 30 and 40. Driving/braking force
controller 50 also receives a signal from a master cylinder
hydraulic pressure sensor 54, which detects a master cylin-
der hydraulic pressure Pm, and a signal from an accelerator
position sensor 55, which detects an accelerator pedal
depression amount Acc. Additionally, driving/braking force
controller 50 receives a signal indicative of a wheel axle
driving torque Tw from driving torque controller 9.

[0050] Acceleration sensor 53 functions as lateral/longi-
tudinal acceleration detecting means by producing a lateral/
longitudinal acceleration signal indicative of the longitudi-
nal acceleration Xg (longitudinal G) and lateral acceleration
Yg (lateral G) of vehicle 101. Acceleration sensor 53 also
functions as wheel load detecting means by producing the
lateral/longitudinal acceleration signals which are indicative
of the wheel loads on each of wheels 10, 20, 30 and 40. In
other words, the acceleration sensor 53 acts as a wheel load
sensor since the lateral/longitudinal acceleration signals can
be considered wheel load signals that can be used by
driving/braking force controller 50 to determine the wheel
loads on each of wheels 10, 20, 30 and 40.

[0051] Wheel velocity sensors 13, 23, 33 and 43 function
as wheel velocity detecting means by producing wheel
velocity signals indicative of the wheel velocities Vwi. The
electrical wheel velocity signals are sent to driving/braking
force controller 50. In the wheel velocity signal Vwi, “i”
denotes a whole number from one to four that is assigned to
each wheel. More specifically, Vw1 is the velocity of front
left wheel 10, Vw2 is the velocity of front right wheel 20,
Vw3 is the velocity of rear left wheel 30, and Vw4 is the
velocity of rear right wheel 40. Master cylinder hydraulic
pressure sensor 54 detects a master cylinder hydraulic
pressure Pm. Accelerator position sensor 55 measures an
accelerator pedal depression amount Acc. These sensors 13,
23, 33, 43, 53, 54 and 55 are provided to detect or measure
various operating conditions of the engine, and then produce
electrical signals that represent the measurement. Since
sensors such as sensors 13,23, 33,43, 53, 54 and 55 are well
known in the art, the structure and functions of the sensors
13, 23, 33, 43, 53, 54 and 55 would be obvious to one of
ordinary skill in the art without further explanation herein.
Accordingly, it will be apparent to those skilled in the art
from this disclosure that sensors 13, 23, 33, 43, 53, 54 and
55 can be any type of sensors that will carry out the present
invention.

[0052] When driving/braking force controller 50 executes
the road surface friction coefficient estimation of the present
invention while the vehicle 101 is traveling in a steady state,
driving/braking force controller 50 generates a driving force
on some of wheels 10, 20, 30 and 40 and simultaneously
generates a braking force having the same magnitude as the
driving force on some or all of the remaining wheels 10, 20,
30 and 40. Then, driving/braking force controller 50 esti-
mates the road surface friction coefficient based on the
driving and braking forces, the wheel velocity, and the wheel
loads. In this manner, the friction coefficient of the road
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surface can be estimated accurately, and therefore, the
performance of the vehicle 101 control can be improved
even while the vehicle 101 is traveling without acceleration
or deceleration.

[0053] While driving/braking force controller 50 is per-
forming a road surface friction coefficient estimation con-
trol, driving/braking force controller 50 concurrently per-
forms an obstacle avoidance control and automatically
generates a braking force when a predetermined set of
conditions is met.

[0054] In this embodiment, a millimetric wave radar con-
troller or radar device 61 and a single-lens camera controller
or lane indicator 62 are also installed on vehicle 101 as
external sensors for vehicle obstacle avoidance control.
Millimetric wave radar controller 61 functions as distance
detecting means. Millimetric wave radar controller 61 pro-
duces and outputs to driving/braking force controller 50 a
distance signal indicative of the distance L.x between vehicle
101 and an obstacle as detected by millimetric wave radar
controller 61. Single-lens camera controller 62 functions as
same lane determination means. Single-lens camera control-
ler 62 produces and outputs to driving/braking force con-
troller 50 a same lane determination signal Fc as determined
by an image in a camera of single-lens camera controller 62,
which is indicative of whether vehicle 101 and the obstacle
are in the same lane. Millimetric wave radar controller 61
and single-lens camera controller 62 communicate with each
other to perform the obstacle avoidance control. More
specifically, when millimetric wave radar controller 61 rec-
ognizes an obstacle, single-lens camera controller 62 deter-
mines whether or not the obstacle is in the same lane. The
distance signal, which is indicative of the distance Lx
between vehicle 101 and the obstacle, is inputted into
driving/braking force controller 50 from millimetric wave
controller 61. Further, when single-lens camera controller 62
determines that the obstacle is in the same lane, an ON signal
is inputted into driving/braking force controller 50 from
single-lens camera controller 62. The ON signal functions as
the same-lane determination signal Fc, which indicates that
the obstacle is in the same lane. Upon receiving the distance
signal and the ON signal, driving/braking force controller 50
functions as deceleration signal producing means. Driving
/braking force controller 50 produces a deceleration signal in
accordance with the distance signal and the ON signal.

[0055] If signals from the external sensors are used for
other vehicle controls such as automatically following
another vehicle, in addition to obstacle avoidance control,
the signals from these external sensors can also be used to
automatically accelerate or decelerate the vehicle 101 while
these other vehicle controls are being executed. In this case,
driving/braking force controller 50 also functions as accel-
eration/deceleration signal producing means. Driving/brak-
ing force controller 50 produces an acceleration/deceleration
signal in accordance with the distance signal and the ON
signal.

[0056] The functions of estimating apparatus 100 are
schematically illustrated in FIG. 2. FIG. 2 is a block
diagram of road surface friction coefficient estimating appa-
ratus 100 shown in FIG. 1. The block diagram shows the
functions of the various means for estimating a road surface
friction coefficient. In FIG. 2, vehicle 101 includes driving/
braking force controller 50 that serves as both the target
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driving/braking force setting means and the road surface
friction coefficient calculating means, driving torque con-
troller 9 that serves as the driving force generating means,
brake fluid pressure controller 5 that serves as braking force
generating means, wheel velocity sensors 13, 23, 33 and 43
that serve as wheel velocity detecting means, and accelera-
tion sensor 53 that serves as wheel load detecting means.

[0057] The estimating apparatus 100 of the present inven-
tion estimates the road surface friction coefficient as follows.
First, driving/braking force controller 50 sets a pre-selected
force to be generated. Then, driving torque controller 9
generates a driving force on at least one of wheels 10, 20, 30
and 40 of vehicle 101 in accordance with the pre-selected
force set by driving/braking force controller 50. When
driving/braking force controller 50 sets a driving force or the
pre-selected force for the purpose of road surface friction
coefficient estimation, and thereby causes acceleration to
vehicle 101, driving/braking force controller 50 suppresses
the acceleration of vehicle 101 by simultaneously generating
counter braking force that is of the magnitude to cancel the
original driving force or the pre-selected force. Then, pres-
sure controller unit § generates a braking force in at least one
of the other wheels 10, 20, 30 and 40 in accordance with the
counter braking force set by driving/braking controller 50.
The counter braking force is configured to cancel the driving
force. Stated differently, driving/braking force controller 50
controls both brake fluid pressure controller § and driving
torque controller 9 such that the driving force and the
counter braking force are generated such that the driving
force and the counter braking force cancel out. Conse-
quently, vehicle 101 is not affected by the acceleration/
deceleration generated for the purpose of road surface
friction coefficient estimation. Thereafter, the road surface
friction coefficient is estimated based on the driving and
braking forces, wheel velocity, and wheel load. In the
meantime, the acceleration or deceleration of vehicle 101
resulting from the driving force and braking force is sup-
pressed.

[0058] In conventional road surface friction coefficient
estimating apparatuses, it is difficult to obtain an accurate
estimate of the road surface friction coefficient unless a
driving force or a braking force is being generated on a
wheel, to accelerate or decelerate vehicle 101. Driving/
braking force controller 50 of the present invention, on the
other hand, enables accurate estimation of the friction coef-
ficient of the road surface on which vehicle 101 is traveling,
even while vehicle 101 is traveling in a steady state.

[0059] Moreover, in the case of a conventional road sur-
face friction coefficient apparatus, when the controller sim-
ply generates a driving force or a braking force solely for the
purpose of estimating the road surface friction coefficient
while the vehicle is traveling in a steady state, the vehicle,
which was not accelerating or decelerating, would experi-
ence a sudden acceleration or deceleration as a result of the
generated forces. Consequently, the change in velocity
would cause an enormous annoyance to the driver. On the
other hand, estimation apparatus 100 of the present inven-
tion does not result in any change in the velocity of vehicle
101. Accordingly, an annoyance to the driver can be pre-
vented.

[0060] Also, estimating apparatus 100 of the present
invention does not require any new or special sensor. If a
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new or special sensor that contacts the road surface, such as
one in the shape of a small wheel, needs to be installed to the
vehicle, additional issues will arise such as an increase in the
price of the vehicle due to the cost of the sensor and a need
to determine where to mount the sensor. Since estimating
apparatus 100 of the present invention does not require a
new or special sensor, no such problems are present.

[0061] Referring back to FIG. 2, driving/braking force
controller or target driving/braking force setting means 50
further calculates a target driving and braking forces to be
generated. Driving torque controller or driving force gener-
ating means 9 generates a driving force on at least one of
wheels 10, 20, 30 and 40 in accordance with the target
driving force set by target driving/braking force setting
means 50. Meanwhile, brake fluid pressure controller or
braking force generating means 5 generates a braking force
on at least one of other wheels 10, 20, 30 and 40 in
accordance with the target braking force set by target
driving/braking force setting means 50, such that the total
magnitude of the braking forces cancels the total magnitude
of the driving forces. Road surface friction coefficient cal-
culating means 50 calculates the road surface friction coef-
ficient based on the wheel load, the wheel velocity and the
driving and braking forces.

[0062] Driving torque controller 9 generates the afore-
mentioned driving force by generating a desired driving
torque on at least one wheel 10, 20, 30 or 40. Brake fluid
pressure controller § generates the aforementioned braking
force by generating a desired braking torque on at least one
of the other wheels 10, 20, 30 or 40. In accordance with this
embodiment, driving torque controller 9 controls the gen-
eration of the driving force by controlling the output of
engine 6 and the gear ratio of transmission 8.

[0063] When driving/braking force controller 50 generates
the driving force or braking force for the purpose of the
estimation during the road surface friction coefficient esti-
mation control, it is further preferable to prevent the accel-
eration/deceleration from affecting lateral and rotational
motions of vehicle 101, in addition to suppressing the
longitudinal acceleration or deceleration of vehicle 101,
which occur as a result of the driving force and braking force
generated. Therefore, it is preferable to configure driving
torque controller 9 and brake fluid pressure controller § so
that when they generate driving and braking forces, the
driving and braking forces are distributed among the wheels
10, 20, 30 and 40 in such a manner that the lateral motion
and rotational motion of vehicle 101 are not affected, during
estimation of the road surface friction coefficient.

[0064] Referring to FIGS. 8 and 12, a condition for
executing the road surface friction coefficient estimation will
now be discussed. Slip rate S indicates the slipperiness of
wheels 10, 20, 30 and/or 40. The driving stiffness Kd
indicates responsiveness of wheels 10, 20, 30 and/or 40 to a
force applied thereto. As shown in FIG. 8, the slip rate S of
the road and wheel driving/braking force are in a linear
relation in a range in which the slip rate S is between 0 and
So. Accordingly, the relationship between the road surface
friction coefficient gmax and the driving stiffness Kd is as
shown in FIG. 12 only while the slip rate S and the wheel
driving/braking force are in a linear relation. In other words,
once the slip rate S exceeds S, the slip rate S and the wheel
driving/braking force are no longer in a linear relation.

Oct. 11, 2001

Consequently, the road surface friction coefficient cannot be
estimated accurately when the slip rate S is above S,.
Therefore, it is further preferable for driving torque control-
ler 9 and brake fluid pressure controller 5 to be configured
such that generation of driving and braking forces is termi-
nated once the slip rate S of any one of wheels 10, 20, 30 and
40 reaches S, even while driving torque controller 9 and
brake fluid pressure controller 5 are in the midst of gener-
ating driving and braking forces.

[0065] Acceleration sensor 53 serves as wheel load detect-
ing means. Acceleration sensor 53 detects the wheel load
and sends a signal to driving/braking force controller 50
which adds or subtracts a load shift quantity to or from a
static wheel load of each wheel 10, 20, 30 or 40. The load
shift quantity is the weight of vehicle 101 shifted to wheels
10, 20, 30 and 40. The load shift quantity is calculated based
on the lateral/longitudinal acceleration signal, which is
indicative of the longitudinal acceleration and lateral accel-
eration of the vehicle body. In this embodiment, as will be
discussed below, acceleration sensor or wheel load detecting
means 53 together with driving/braking force controller 50
can determine a wheel load that takes into account the load
shift quantity by using the signals provided by acceleration
sensor 53.

[0066] Driving/braking force controller 50 estimates the
road surface friction coefficient in the following manner.
Driving/braking force controller 50 which serves as road
surface friction coefficient calculating means plots points on
a two-dimensional coordinates having a wheel velocity axis
and a driving/braking force per unit wheel load axis. Each
point represents the wheel velocity and the driving/braking
force per unit wheel load of a wheel. Driving/braking force
controller 50 identifies a regression line from the points. The
regression line represents at least two of the points. Then,
driving/braking force controller 50 estimates the vehicle
velocity and the road surface friction coefficient from the
regression line on the two dimensional coordinates. Thus,
driving/braking force controller 50 which serves as road
surface friction coefficient calculating means includes plot-
ting means for plotting points on a two-dimensional coor-
dinates having a wheel velocity axis and a driving/braking
force per unit wheel load axis, and regression line means for
identifying a regression line from the points.

[0067] The vehicle velocity is estimated based on the
value of the wheel velocity where the regression line inter-
sects the wheel velocity axis of the two dimensional coor-
dinates. Further, the road surface friction coefficient is
estimated based on a driving stiffness Kd which is equal to
the slope angle of the regression line with respect to the
wheel velocity axis. Thus, driving/braking force controller
50 estimates the road surface friction coefficient based on the
relationship between the driving stiffness Kd and the maxi-
mum road surface friction coefficient u_ . shown in FIG.
12. Accordingly, the driving/braking force controller 50
which serves as road surface friction coefficient calculating
means includes estimation means for estimating the vehicle
velocity based on the value of the wheel velocity where the
regression line intersects the wheel velocity axis of the two
dimensional coordinates, and the road surface friction coef-
ficient based on a slope angle of said regression line with
respect to the wheel velocity axis.

[0068] Preferably, driving/braking force controller 50 sets
the target driving/braking forces in such a manner that the
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braking force and driving force are generated and estimation
of the road surface friction coefficient is conducted every
predetermined period of time, such as 180 seconds.

[0069] When the driver operates vehicle 101 to generate a
more than predetermined amount of braking force or driving
force, driving/braking force controller 50 can set the target
driving/braking force such that the road surface friction
coefficient is estimated regardless of the predetermined
period of time.

[0070] When estimating apparatus 100 generates a driving
force and a counter braking force in order to execute road
surface friction coefficient estimation control, the driving
force and the counter braking force are generated simulta-
neously, such that the driving force and the counter braking
force have such magnitudes that suppress the effect of the
driving force and braking force. Meanwhile, a response
characteristics of driving torque controller 9 and brake fluid
pressure controller 5 may differ. In other words, driving
torque controller 9 and brake fluid pressure controller 5 can
respond differently to the driving and braking forces applied
thereto. If the difference in the response characteristics of
driving torque controller 9 and brake fluid pressure control-
ler § is great enough to affect the suppression of changes in
acceleration/deceleration, it is preferred to set the target
driving/braking forces such that this suppression of changes
in acceleration or deceleration is unaffected by the difference
in response characteristics. Therefore, driving/braking force
controller 50 should detect the response characteristic of
driving torque controller 9 and brake fluid pressure control-
ler 5, and set the target driving/braking forces for driving
torque controller 9 and brake fluid pressure controller 5
while taking into account the response characteristics exhib-
ited by driving torque controller 9 and brake fluid pressure
controller 5.

[0071] Still alternatively, driving/braking force controller
50 can add a target driving/braking force to a requested
value when the driver requests generation of a driving/
braking force.

[0072] Still alternatively, driving/braking force controller
50 can set the target driving/braking force to zero when the
lateral acceleration or yaw rate of the vehicle 101 equals or
exceeds a predetermined value as determined by driving/
braking force controller 50. In this case, acceleration sensor
53 functions as lateral acceleration/yaw rate detecting
means, and produces an acceleration signal indicative of a
lateral acceleration/yaw rate.

[0073] FIG. 3 is a flowchart of the road surface friction
coefficient estimation executed by driving/braking force
controller 50 in accordance with the first embodiment of the
present invention. This road surface friction coefficient
estimation includes steps S100-S112. More specifically, step
S100 reads in various data. Step S101 determines whether
the road surface friction coefficient estimation should be
started. Step S102 calculates a target driving torque. Step
S103 calculates a target braking torque. Step S104 calculates
a real driving torque. Step S105 calculates a real braking
torque. Step S106 calculates wheel accelerations. Step S107
calculates wheel loads. Step S108 calculates driving/braking
force of each wheel. Step S109 calculates a driving force per
unit wheel load. Step S110 calculates a vehicle body velocity
and driving stiffness. Step S111 calculates a slip rate of each
wheel. Step S112 estimates a maximum road surface friction
coefficient.
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[0074] Basically, once a driving force is generated on
prescribed wheels in order to estimate the road surface
friction coefficient, a counter braking force is generated on
other wheels simultaneously therewith, or in a substantially
simultaneous manner. The magnitude of the counter braking
force is such that the change in acceleration or deceleration
resulting from the generated driving force is canceled by the
braking force. While suppressing the acceleration or decel-
eration of vehicle 101 that results from the generation of
these driving and counter braking forces, and while the
driving force and the counter braking force are actually
being generated, processes of estimating the road surface
friction coefficient based on the wheel load, wheel velocity,
and driving/braking force are executed. These processes are
shown in steps S100 to S112. In addition, in this embodi-
ment, obstacle avoidance control, which takes place in steps
S300 to S304 shown in FIG. 13, is executed concurrently
with the road surface friction coefficient estimation. These
steps S300 to S304 are executed by an operating system (not
shown in figures) stored in driving/braking force controller
50 by periodically interrupting at a predetermined time
interval.

[0075] In step S100, driving/braking force controller 50
reads various data from the aforementioned sensors 13, 23,
33, 43, 53, 54 and 55, and controllers 9, 61 and 62. More
specifically, acceleration sensor 53 reads a longitudinal
acceleration Xg and a lateral (left-right) acceleration Yg.
Wheel velocity sensors 13, 23, 33 and 43 detect the wheel
velocities Vwi (i=1 to 4). Master cylinder hydraulic pressure
sensor 54 detects the master cylinder hydraulic pressure Pm.
Accelerator position sensor 55 measures an accelerator
position Acc. Driving torque controller 9 measures driving
torque Tw. Millimetric wave radar controller 61 detects the
distance Lx to obstacle. Single-lens camera controller 62
produces the same-lane determination signal Fe.

[0076] In the preferred embodiment, distance Lx informa-
tion and same-lane determination signal Fc information are
read because these signals are used as control parameters for
vehicle controls. For instance, these signals are utilized for
determining whether obstacle avoidance control should be
started, and for the operation of obstacle avoidance control
itself. The obstacle avoidance control is executed in this
embodiment as an example of vehicle control that utilizes
the road surface friction coefficient value obtained by the
road surface friction coefficient estimation process described
below.

Determine Start of Road Surface u Estimation

[0077] The next step S101 of this program determines
whether the road surface friction coefficient estimation
should be started. Road surface friction coefficient is here-
inafter referred to as road surface u for the sake of simplicity.

[0078] The road surface u estimation mentioned herein
refers to a control that simultaneously generates in order to
estimate road surface u a driving force and a counter braking
force which have the same magnitude. In other words, this
control differs from a control that estimates the road surface
4 when the driver is accelerating or braking, such as during
an anti-skid control, in which case there is no simultaneous
generation of a driving force and a counter braking force of
the magnitudes to cancel each other in order to estimate road
surface u.
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[0079] With this embodiment, for the purposes of setting
the target driving/braking force, generating braking and
counter driving forces, and estimating the road surface u
periodically, the determination of whether or not to start the
road surface u estimation is conducted at every predeter-
mined period of time Te. For instance, Tc is 180 seconds.
Since the road surface u is estimated every predetermined
period of time, the most recent estimate obtained can be
utilized for vehicle controls such as obstacle avoidance.
Therefore, if it is determined that obstacle avoidance control
has to be operated to avoid an obstacle while the vehicle 101
is in a steady traveling state, the most recent road surface ¢
or one estimated in the immediately preceding cycle can be
utilized for the obstacle avoidance. Since the obstacle avoid-
ance utilizes most recent road surface u it is possible to
generate braking force that is most adequate to avoid the
obstacle.

[0080] Further, it is preferable to conduct the determina-
tion in accordance with the traveling state of the vehicle 101.
For example, the road surface u estimation control is not
started when the vehicle 101 is experiencing a lateral
acceleration Yg that exceeds a predetermined value. For
instance, the predetermined value is 0.4 g. The estimation is
not started in such cases because, when the vehicle 101 is
turning and the lateral acceleration is large, the road surface
u estimation is more likely to affect the driving of the vehicle
101. Thus, it would cause an annoyance to the driver if the
road surface u estimation is executed while the vehicle 101
is experiencing a great lateral acceleration.

[0081] In this determination, a yaw rate may be used
instead of the lateral acceleration. Thus, driving/braking
force controller 50 can be configured such that a yaw rate
that corresponds to the predetermined lateral acceleration is
calculated, and that the road surface u estimation control is
not started when vehicle 101 is experiencing a yaw rate that
equals or exceeds the predetermined yaw rate.

[0082] In order not to start the road surface u estimation,
it is possible to configure the control program beforehand
such that processes associated with the road surface u
estimation control are skipped if driving/braking force con-
troller 50 determines that road surface u estimation is not to
be started, thereby stopping the execution of the road surface
M estimation.

[0083] Alternatively, the road surface u estimation can be
practically stopped by modifying equations used for calcu-
lating parameters. More specifically, where the target driv-
ing torque and the target braking torque are calculated in
steps S102 and S103 as in the case of this embodiment, parts
of the equations utilized for the calculation are set to zero.

[0084] In this case, since the parts for the target driving
and braking forces can be set to zero, road surface u
estimation control that generates a driving force and a
braking force simultaneously is practically not executed. As
a result, even when steps S102 to S112 are executed,
annoyance to the driver can be avoided if the lateral accel-
eration or yaw rate equals or exceeds the predetermined
value. Furthermore, the control program is simplified.

[0085] Meanwhile, once it is determined that the road
surface u estimation should be started, driving/braking force
controller 50 continues the estimation for a predetermined
period of time. Here again, however, it is possible to add a
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process that suspends the road surface 4 estimation when the
slip rate S, which is calculated in step S111 (discussed later),
of any of wheels 10, 20, 30 and 40 equals or exceeds a
predetermined value S,. Since slip rate S has not been
calculated in this cycle, the value of slip rate S calculated in
the previous cycle is utilized in this step.

[0086] With this arrangement, even when driving/braking
force controller 50 has already started the road surface u
estimation as a result of the aforementioned determination
and generated the driving force and braking force, the
generation of the driving force and braking force can be
suspended when the slip rate S of any of wheels 10, 20, 30
and 40 equals or exceeds the predetermined value S,. Thus,
it is possible to precisely stop the road surface u estimation
that utilizes a simultaneous generation of a driving force and
a braking force.

[0087] In other words, a valid range of the slip rate S for
execution of the road surface estimation control is defined as
below the predetermined value S,. Accordingly, an accurate
estimation of road surface u can be ensured. Also, as
discussed later, when the aforementioned target driving/
braking force is configured variably in accordance with the
history of past road surface u estimate values, the accuracy
of the estimation can be further improved by reflecting the
past road surface u estimate values onto the target braking/
driving forces in the variable setting processing.

[0088] Even if the estimation control is suspended midway
for any reason, the suspension does not affect the accelera-
tion or deceleration of the vehicle 101 because the driving
force and braking force are generated such that they will
cause no change in acceleration or deceleration of vehicle
101 in the first place. Consequently, even if the driving and
braking forces are suspended at the same time, no change in
acceleration or deceleration results from the suspension.
Thus, the advantage of the present invention to prevent
annoyance to the driver caused by change in acceleration or
deceleration is retained.

[0089] Also, when the driver executes within the prede-
termined period of time cycle Tc a driving/braking operation
that causes the accelerator position Acc or master cylinder
hydraulic pressure Pm to reach or exceed a predetermined
value, driving/braking force controller 50 determines at the
time of the operation that the road surface u estimation
should be started. For example, the predetermined value of
the accelerator Acc is 20%, while the predetermined value of
the master cylinder hydraulic pressure Pm is 5 MPa. Con-
sequently, when the driver performs an operation by which
the accelerator position Acc or the hydraulic pressure Pm
equals or exceeds the aforementioned predetermined value,
the settings of target driving/braking force in steps S102 and
S103 can be executed such that the road surface u estimation
is conducted without adherence to fixed time cycle Tc. In
this case, target driving/braking force is calculated by adding
the operative driving/braking force generated by operation
by the driver to the pre-selected force generated for the
purpose of road surface u estimation.

[0090] When the driver produces driving/braking force, it
is even less likely to cause an annoyance to the driver from
the road surface u estimation because the driving force and
the braking force for estimating the road surface u are
generated as the driver performs such operations. Therefore,
in order not to cause an annoyance to the driver, the driving
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force and the braking force should be generated in synchro-
nization with the operations by the driver. In this manner, the
annoyance to the driver can be prevented more effectively.

[0091] Also in this case, the predetermined period of time
Tc is reset as the road surface u estimation is started. After
the estimation is finished, the determination is executed
every predetermined period of time. In this manner, the road
surface u can be estimated every predetermined period of
time with the least annoyance to the driver.

[0092] The driving force and counter braking force for
estimating the road surface u are generated in a simultaneous
manner. In the meantime, the acceleration or deceleration
generated from the driving force and counter braking force
is suppressed. In this embodiment, in order to estimate the
road surface y, a driving torque is generated on the two rear
wheels 30 and 40, which are driving wheels, and a counter
braking torque is generated on the two front wheels 10 and
20, which are non-driving wheels.

[0093] In this program of the present embodiment, Equa-
tions 1, 2a and 2b discussed below show that the total sum
of the counter braking forces generated on the two front
wheels 10 and 20 have the magnitude to cancel the total sum
of the driving forces generated on the two rear wheels 30 and
40.

Calculate Target Driving Torque Tts, and Target
Braking Torque Tbs

[0094] In this embodiment, steps S102 and S103 calculate
the target driving torque and the target braking torque for
estimating the road surface u# while suppressing changes in
the acceleration or deceleration of vehicle 101.

[0095] First, step S102 calculates the target driving torque
Ttsi for estimating the road surface u. In this embodiment,
the target driving torque Ttsi is obtained by the following
Equation 1:

Ttsi=Ttasi+Tt0 @

[0096] where i is any whole number from 1 to 4.

[0097] Ttasi is the driving torque from the acceleration
operation by the driver of the accelerator pedal, and there-
fore is determined uniquely based on the amount of the
accelerator pedal operation. In other words, Ttasi is 0 when
the accelerator pedal is OFF (not depressed) and vehicle 101
iS coasting.

[0098] The pre-selected torque TtO is a driving torque
added for the purpose of estimating the road surface 4. When
it is determined that the road surface u estimation should be
stopped, the value of pre-selected torque TtO is set to zero,
such that the driving torque Ttsi will not be generated for the
purpose of estimating the road surface u. In this embodi-
ment, the pre-selected torque TtO is a constant.

[0099] As discussed below, since the effect of the pre-
selected torque TtO added for the purpose of estimating the
road surface y will be canceled by the counter braking torque
that will also be added for the purpose of estimation, the
pre-selected torque TtO can be any desired value. Accord-
ingly, the braking torque is generated such that the accel-
eration or deceleration of vehicle 101 is not affected by the
driving and braking torques. Therefore, there is no need to
adjust the magnitude of the driving and braking torques to
statuses of other controls such as traction control. Even
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while vehicle 101 is in a steady traveling state, there is a
great flexibility as to the magnitude of the driving and
braking torques that can be generated.

[0100] In this embodiment, the value of pre-selected
torque Tt0 can be determined as a predetermined fixed
value. However, as previously mentioned, it is also possible
to change the value of pre-selected torque Tt0 in accordance
with the history of estimates of the road surface x. More
specifically, for example, the pre-selected torque TtO can be
gradually increased when the past road surface u estimates
are a continuing series of large values. Conversely, the
pre-selected torque TtO can be gradually decreased when the
past road surface u estimates are a continuing series of small
values. The pre-selected torque TtO0 can be generated by
controlling the engine output and/or a gear of the transmis-
sion 8 by driving torque controller 9.

[0101] In step S103, a target braking torque Thsi is cal-
culated. In the calculation of the target braking torque Thsi
in step S103, the target braking torque Thsi is given by the
following Equations 2:

Front wheels: Thsi=Tbbsi+TtOx Wwf/Wwr (2a)
Rear wheels: Thsi=Tbbsi (2b)
[0102] where Wwf is the front wheel load, Wwr is the rear

wheel load and Tbbsi is an operative braking torque from a
braking operation by the driver. Here, an effective radius R
of the tires is the same for all the front and rear wheels 10,
20, 30 and 40.

[0103] Tbbsi is uniquely determined based on the amount
of the brake operation. Therefore, the value of Tbbsi is O for
both the front and rear wheels when the brakes are not
operated. In calculation of target braking torque Thsi, the
pre-selected torque TtO is added in such a manner that the
acceleration or deceleration caused by the pre-selected
torque TtO that is applied to drive the rear wheels 30 and 40
is canceled by the pre-selected torque applied to brake the
front wheels 10 and 20. In other words, the pre-selected
torque TtO is used in Equation 2a such that a change in
acceleration or deceleration is prevented. Consequently, in
principle, the value of pre-selected torque TtO for estimation
of the road surface u can be set at any value.

[0104] When it is determined that the road surface u
estimation should be stopped, the pre-selected torque TtO is
set to zero in the calculation of the target driving torque Ttsi.
Accordingly, the pre-selected torque TtO is also set to zero
in the calculation of the target braking torque Thsi. When the
value of pre-selected torque TtO is varied based on the past
road surface u in Equation 1, the value of pre-selected torque
TtO to be used for calculation of the target braking torque
Thsi in Equation 2a is varied accordingly. More specifically,
when the pre-selected torque TtO in Equation 1 is varied in
response to the past road surface u values, the value of
pre-selected torque TtO for the calculation of the braking
torque part in Equation 2a discussed below is likewise
increased or decreased.

[0105] Practically, however, the driving and counter brak-
ing forces to be generated cannot be increased limitlessly, no
matter how gradually. Accordingly, there must be a limit for
a maximum value of the pre-selected torque TtO; The same
situation arises with regards to the minimum value of the
pre-selected torque TtO. If the driving force to be generated
is too small, and therefore the counter braking force to be
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generated simultaneously is too small, the road surface u
estimation that utilizes the generation of a driving force and
braking force cannot be conducted satisfactorily. In other
words, the driving/braking forces to be generated cannot be
reduced indefinitely. Therefore, there is a fixed lower limit
for the value of pre-selected torque TtO.

[0106] Nevertheless, it is not that the value of pre-selected
torque TtO cannot be adjusted freely. Specifically, it is not
that the value of pre-selected torque TtO cannot be set freely
because the estimation of road surface u cannot be per-
formed unless during the operation of traction control. To
the contrary, as long as the value of pre-selected torque TtO
is between the lower and upper limits, the pre-selected
torque TtO can be set at any desired value, such that a driving
force and a braking force can be generated and an accelera-
tion of vehicle 101 is suppressed. In this manner, there is
more flexibility in the execution of the road surface u
estimation.

[0107] Thus, by varying the target driving/braking forces
based on the past road surface u values as described above,
generation of the driving/braking forces and the road surface
4 estimation can be conducted in a manner that corresponds
to the road condition. More specifically, the values of
pre-selected torques TtO in Equations 1 and 2a are increased
when, in view of the past data, the road surface u is
determined to be relatively large. In other words, the value
of pre-selected torque TtO is larger when the road surface is
relatively non-slippery. Meanwhile, the road surface u esti-
mation can be conducted with a decreased value of pre-
selected torque Tt0 when the road surface y is determined to
be relatively small. In other words, the value of pre-selected
torque TtO is small when the road surface is relatively
slippery. As a result, the road surface 4 estimation can be
performed in various situations, not only where the value of
pre-selected torque TtO is fixed at a constant value regardless
of the values of the actual road surface ¢ and a road surface
u estimate. Accordingly, the road surface # can be more
precise and tailored to specific conditions of the road.

[0108] As mentioned previously, TtO suppresses the accel-
eration or deceleration generated for estimation of the road
surface u. In the range of slip rate in which the driving/
braking force of a tire is in a linear relationship with slip rate,
the pre-selected torque TtO is the driving torque applied to
the driving wheels (rear wheels 30 and 40) for the purpose
of the road surface u estimation in step S102. Accordingly,
the braking torque applied to the driven or front wheels 10
and 20 for the purpose of canceling the change in accelera-
tion or deceleration caused by the driving torque is TtOx
Wwi/Wwr.

[0109] In this manner, the target driving force and the
target braking force can be set in such a manner that road
surface u estimation does not cause undesired acceleration
or deceleration of vehicle 101. Even when vehicle 101 is
traveling in a steady state, an annoyance to the driver due to
the road surface u estimation can be prevented or sup-
pressed.

[0110] Also, when there is a request for generation of a
braking or driving force from the driver, the target driving
force and the target braking force can be calculated by
adding the requested value in accordance with Equations 1,
2a and 2b to the pre-selected torque Tt0. In other words, the
estimation control can handle not only situations where the
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vehicle 101 is traveling in a steady state, but also situations
where the driver operates the accelerator or brake and
thereby generates a driving force and braking force. That is,
the amount of acceleration or deceleration generated by the
operation will not be affected by the road surface ¢ estima-
tion. Therefore, acceleration or deceleration that the driver
intended can still be realized. In other words, the road
surface friction coefficient estimation can be performed
while the driver performs the acceleration and/or decelera-
tion operation, as well as while vehicle 101 is in a steady
traveling state.

[0111] When an obstacle avoidance control, which is
shown in FIG. 13, is performed after the road surface u
estimation, which takes place every predetermined period of
time Tc, the target driving torque value Ttsi and the target
braking torque value Thsi, as well as the pre-selected torque
TtO and the counter braking torque TtOXWw{/Wwr are used
in the computations of a target control pressure Pwsi and a
target drive torque Tes in steps S302 and S303 of the
obstacle avoidance control. On the other hand, when the
obstacle avoidance control takes place while the road sur-
face u estimation is in progress, a driving signal is outputted
in step S304, such that the driving signal is to be outputted
together with driving and braking forces generated for the
road surface u estimation.

[0112] The following relationships hold regarding TtOx
Wwi/Wwr in the aforementioned Equations 1, 2a and 2b.
When the wheel loads on the front and rear wheels 10, 20,
30, and 40 are the same, i.c., Wwf=Wwr, then TtOxWwf/
Wwr=Tt0. TtOxWw{/Wwr>Tt0 when Wwi>Wwr. TtOx
Wwi/Wwr<Tt0 when Wwf<Wwr. Therefore, the magni-
tudes of target values Thsi and Ttsi are determined according
to which of the wheel loads Wwf and Wwr is greater.
Similarly, the driving and braking torques for estimating the
road surface u, as well as the driving and braking forces that
are actually generated in wheels 10, 20, 30 and 40 for the
purpose of road surface u estimation are distributed among
wheels 10, 20, 30 and 40 according to this relationship
between the wheel loads Wwf and Wwr.

[0113] Since calculation of Wwf and Wwr is conducted in
step S107, the wheel loads Wwf and Wwr have not been
calculated at step S103 as far as this cycle of the road surface
uestimation is concerned. Therefore, the values of the wheel
loads Wwf and Wwr calculated in the previous cycle of the
road surface u estimation are utilized for the purpose of
calculation in step S103. Similarly, if the target braking
torque Thsi is calculated, the wheel loads Wwt and Wwr that
are calculated immediately prior to the current cycle of road
surface u estimation control or calculated in the previous
cycle while the road surface u estimation control is in
progress are utilized for the purpose of calculation in step
S103 in the current cycle. Further, where the driving and
braking forces are generated for the purpose of estimating
the road surface u, the driving and braking forces are
distributed among the wheels 10, 20, 30 and 40 in such a
manner that the lateral motion and rotational motion of the
vehicle 101 are not affected.

[0114] Furthermore, this road surface u estimation can
take into account the response performance of brake fluid
pressure controller 5 and driving torque controller 9 for
engine control and transmission control. The brake fluid
pressure controller § includes the actuator of the hydraulic
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pressure supply system on the front wheel side. In this case,
the target braking and driving forces are set in a manner that
takes into account the response characteristics exhibited by
brake fluid pressure controller § and driving torque control-
ler 9 when braking force and driving force are actually
generated.

[0115] The road surface u estimation according to the
present invention which takes place every predetermined
period of time Tc and lasts for a predetermined period of
time is executed while the driving and braking forces for the
purpose of the road surface u estimation are being generated.
The rest of the road surface 4 estimation takes place accord-
ing to the following processes.

Calculate Real Driving Torque Ttr

[0116] Instep S104, real driving torque Ttri (where iis any
whole number from 1 to 4) is calculated. In this embodi-
ment, a signal indicative of driving torque Twi of each wheel
axle is transmitted from driving torque controller 9, from
which the real driving torque Ttri is obtained. Hence,
following Equation 3 is satisfied:

Ttri=Twi 3.
[0117] Here, driving torque controller 9 obtains driving
torque Twi in the following manner. Driving torque control-
ler 9 first obtains the engine speed Ne and throttle position
TVO. Based on a map of the engine performance charac-
teristics shown in FIG. 5, driving torque controller 9 obtains
an engine output torque Te from the engine speed Ne and
throttle position TVO. The driving torque Twi is then
obtained using the engine output torque Te and the gear ratio
), which is calculated based on the gear position signal from
transmission 8. In this embodiment, vehicle 101 has a
conventional differential gear device. Therefore, the real
driving torque Ttri is given by the following Equations 4:

Rear wheels: Ttri=Twi=TexV2 (4a)
Front wheels: Ttri=Twi=0 (4b).

[0118] Here, the driving torque Ttri is transmitted via a
differential gear device to the rear driving wheels 30 and 40.
Since vehicle 101 uses the conventional differential gear
device in this embodiment, the driving torque Ttri is dis-
tributed equally to left and right rear wheels 30 and 40.
Therefore, the real driving torque Ttri on each of left and
right rear wheels 30 and 40 is given by Equation 4a.
Meanwhile, since the two front wheels 10 and 20 are the
non-driving wheels to which torque is not transmitted, the
real driving torque Ttri on each of left and right front wheels
10 and 20 is zero, as shown in Equation 4b.

Calculate Real Braking Torque Thr

[0119] Step S105 calculates the real braking torque Thri
(where i is any whole number from 1 to 4). In this embodi-
ment, brake fluid pressure controller 5 uses a proportional
solenoid valve. Therefore, a command current Isi supplied to
the proportional solenoid valve uniquely corresponds to the
control hydraulic pressure Pwi, as indicated in the charac-
teristic map shown in FIG. 6. Therefore, the real braking
torque Thri can be obtained by the following Equation 5:

Thri=kixPwi=ki(Isi+cr) O]

[0120] where ki is a constant determined by factors relat-
ing to the brake and a is an offset current.
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Calculate Wheel Acceleration Vwdi

[0121] Step S106 calculates the wheel acceleration Vwdi
(where i is any whole number from 1 to 4) of wheels 10, 20,
30 and 40 based on the wheel velocity Vwi. In this embodi-
ment, the wheel acceleration Vwdi can be obtained by the
following Equation 6:

Vivdi=[ (Viwiy +Viwig)— (Viwi o+ Vivis J2AT (6)

[0122] where the subscripts O to 4 indicate the number of
control cycles preceding the current control cycle. For
instance, Vwi, is the wheel velocity of wheel i during the
cycle immediately preceding the current cycle, whereas
Vwi_ is the wheel velocity of wheel 1 two cycles ago. Vwi,
is the wheel velocity of wheel i in the current cycle. AT is
the duration of the control cycle.

[0123] During execution of the road surface u estimation,
which is basically started every predetermined period of
time Tc, the above calculation is executed while the driving
force and braking force for estimating the road surface u are
being generated. Accordingly, the results of the calculation
are used in the calculation of driving/braking force Fi of
each wheel in step S108.

Calculate Wheel Load Wwi

[0124] Step S106 calculates the wheel load Wwi of each
wheel. Wheel load Wwi is the weight of load exerted on
each wheel, which includes the static wheel load and shifted
load of vehicle 101. In this embodiment, wheel loads Wwir
(front right), Wwfl (front left), Wwrr (rear right), and Wwrl
(rear left), are calculated according to Equations 7, based on
longitudinal and lateral accelerations detected by longitudi-
nal and lateral G-sensor 53. The longitudinal and lateral G
values are passed through a primary delay filter before being
used in Equations 7:

Wwfr=WwfrO+kxxXg+kyfxYg (7a)
Ww=WwflO+kxxX g-kyfxY (7b)
Wwrr=WwrrO-kxxXg+kyrxYg (7c)
Wwrl=Wwrl0-kxxXg+kyr<xY 74
[0125] where constants kx, kyf, and kyr are determined

based on the wheelbase, the height of the center of gravity,
the treads, and the rolling stiffness distribution of vehicle
101. Meanwhile, the wheel loads Wwir0, Wwil0, Wwrr0,
and Wwrl0 are the initial loads (static loads).

[0126] As seen in Equations 7a-7d, the wheel load Wwi on
each wheel can be obtained by adding or subtracting the
shifted load to or from the static wheel load. The shifted load
is calculated based on the detected longitudinal acceleration
value Xg and the detected lateral acceleration value Yg of
the vehicle body. In this manner, the wheel loads Wwi can
be obtained easily, accurately, and cost-efficiently.

[0127] Alternatively, wheel loads Wwi can be obtained by
using sensors that detect the wheel loads based on suspen-
sion stroke amount.

[0128] When the calculation of wheel loads Wwi is con-
ducted during execution of the road surface u estimation
control that takes place every predetermined period of time
Tc, the above-mentioned calculations are executed while the
driving force and braking force for estimating the road
surface u are being generated. The results of the calculations
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are used in the calculation of driving/braking force per unit
wheel load Fwi in step S109.

Calculate Driving/Braking Force ¢ of Each Wheel

[0129] Step S108 calculates driving/braking force Fi of
each wheel (where i is any whole number from 1 to 4). In
this embodiment, the driving/braking force Fi is calculated
according to Equation 8 shown below. Equation 8 is basi-
cally a motion equation for rotation of a wheel, which uses
the real driving torque Ttri, real braking torque Thri, and
wheel acceleration Vwdi calculated in steps S104 to S 106:
Fi=[ Ti-lixVwdi R (8)
[0130] where Ti is determined by Ti=Ttri-Thri, Ii is the
rotational inertia of the tire, and R is the effective radius of
the tire. In other words, Ti is the difference between the real
braking torque Thri and the real driving torque Ttri. As
mentioned earlier, the effective tire radius is the same for all
rear and front wheels 10, 20, 30 and 40. In this calculation,
a primary delay filter can also be used for noise removal.

[0131] During execution of the road surface u estimation
that is executed every predetermined period of time Tc, the
above calculations are executed while the driving force and
braking force for estimating the road surface u are being
generated. In such case, the results of the calculations are
used in the calculation of the driving/braking force per unit
wheel load Fwi in step S109.

Calculate Driving Force Per Unit Wheel Load Fwi

[0132] Step 109 calculates the driving force per unit wheel
load Fwi (where i is any whole number from 1 to 4) of each
wheel based on the wheel loads Wwi calculated in step S107
and the driving/braking force Fi calculated in step S108. In
this embodiment, the driving force per unit wheel load Fwi
is calculated according to the following equation 9:

Fwi=Fif(Wwixfwixfsi) ©

[0133] where fwi is a coefficient that compensates for the
nonlinear portion of the driving/braking force Fi, relative to
the wheel load Wwi shown in FIG. 7, and fsi is a coefficient
that compensates for the nonlinear portion of the driving/
braking force relative to the wheel slip rate S shown in FIG.
8.

[0134] As seen in FIGS. 7 and 8, the driving/braking
force Fi and the wheel load Wwi, and the driving/braking
force Fi and slip rate S are not in a strictly linear relationship.
Therefore, the coefficients fwi and fsi are utilized to com-
pensate for the nonlinear portion of the relationship.
Although the actual wheel driving/braking force Fi is mono-
tonically non-decreasing relative to the wheel load Wwi, the
driving/braking force Fi is not proportional to the wheel load
Wwi, as shown in the solid line in FIG. 7. Therefore, in
calculation of the wheel driving/braking force Fi, it is
necessary to compensate the difference between the actual
wheel driving/braking force Fi shown in solid line in FIG.
7 and the theoretical wheel driving/braking force under the
assumption that the driving/braking force and the wheel load
are in perfectly linear relationship, as shown in the broken
line in FIG. 7.

[0135] Further, with regard to the relationship between the
wheel slip rate Si and the wheel driving/braking force Fi, the
wheel driving/braking force Fi is monotonically non-de-
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creasing relative to the slip rate Si, as shown in FIG. 8.
However, the wheel driving/braking force Fi and the wheel
slip rate Si are not necessarily proportional to each other.
Therefore, in the calculation of the wheel driving/braking
force Fi, it is necessary to compensate as a non-linear
portion the difference between the actual wheel driving/
braking force Fi and the theoretical wheel driving/braking
force under the assumption that the wheel driving/braking
force and the slip rate are in a perfect linear relationship.

[0136] In order to make such compensations, the compen-
sation coefficients fwi and fsi are obtained from the graphs
shown in FIGS. 9 and 10. Further, the driving/braking force
per unit wheel load Fwi is calculated in step S109, using the
wheel load Wwi obtained in step S107 based on Equations
7a-7d. In this embodiment, the wheel slip rate Si is calcu-
lated in step S111, which takes place after the step S109.
Therefore, the slip rate Si in step S109 is a slip rate Si
calculated in step S111 of the previous cycle of the road
surface u estimation.

Calculate Vehicle Body Velocity Vi and Driving
Stiffness Kd:

[0137] Step S110 calculates the vehicle body velocity Vi
and the driving stiffness Kd according to the processes
shown in FIG. 11.

[0138] In step S200, as shown in FIG. 11, the wheel
velocity Vwi and the driving/braking force per unit wheel
load Fwi of each wheel obtained in the previous step S109
are plotted as points (Vw1, Fwl), (Vw2, Fw2), (Vw3, Fw3)
and (Vw4, Fw4) on a two-dimensional coordinates having a
wheel velocity axis and a driving/braking force per unit
wheel load axis. Then, in step S201, a single regression line
representing these points is identified on the two-dimen-
sional coordinates, such that the regression line represents at
least two of the points. Although the regression line is a
straight line in FIG. 11, the regression line can have a curve
representing the points plotted on the two-dimensional coor-
dinates. In step S202, the vehicle body velocity Vi is
obtained. The vehicle body velocity Vi is the wheel velocity
at the point where the regression line intersects the wheel
velocity axis (horizontal axis). In step S203, the driving
stiffness Kd is obtained. The driving stiffness Kd is the slope
angle of the regression line with respect to the wheel
velocity axis. The driving stiffness Kd is later used to
estimate the road surface u. in step S112. The vehicle body
velocity Vi and the driving stiffness Kd are thus calculated
based on these elements on the plot.

[0139] In this embodiment, the commonly-known least
squares method is used to find the vehicle body velocity Vi
and the driving stiffness Kd. When the least squares method
is used, the vehicle body velocity Vi and the driving stiffness
Kd are expressed according to the following Equations 10
and 11:

Kd=[nZ(Vwix Fwi)-ZVwixZFwi|[nZ(Vwi)*-(ZVwi)?] (10)
Vi=[ SVwixZ(Vwix Fwi)-Z(Vwi)*x ZFwi | [ nZ(Vwix
Fwi)-ZVwixZFwi] (11).

[0140] Also, when a wheel is experiencing a large amount
of slip, the slip will cause errors with respect to the calcu-
lation of the regression line. Therefore, when the slip rate Si
of a wheel equals or exceeds a predetermined value S, the
Vwi and Fwi data for that wheel are disregarded, such that
the Vwi and Fwi data of the wheel are not used in the
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regression line calculation. Since slip rate Si has not been
calculated in this cycle, the value of Si calculated in the
previous cycle is utilized in this step.

Calculate Slip Rate of Si of Each Wheel

[0141] Step S111 calculates the slip rate Si of each wheel
10, 20, 30 and 40. In this embodiment, the slip rate Si is
calculated using the following Equation 12, based on the
wheel velocity Vwi of each wheel and the vehicle body
velocity Vi, which is calculated in step S110:

Si=(Vi-Viwi)/Vi (12).

[0142] Therefore, wheel velocity sensors 13, 23, 33 and 43
and driving/braking force controller 50 function as slip rate
detecting means, which produces a slip rate signal indicative
of a slip rate for each of wheels 10, 20, 30 and 40.

Estimate Maximum Road Surface g,

[0143] Step S112 estimates the road surface ¢ based on the
driving stiffness Kd obtained in step S 10. In this example,
the maximum road surface u, i.e., Y., iS obtained by the
graph of the relationship between the driving stiffness Kd
and the maximum road surface friction coefficient (u,,,.)
shown in FIG. 12.

[0144] The road surface u estimation is executed in this
manner. In this embodiment, the calculation method dis-
closed in Japanese Laid-Open Patent Publication
H10-35443 is utilized. Alternatively, other method of esti-
mating road surface friction coefficient based on driving/
braking forces, wheel velocity, wheel load, such as one
disclosed in Japanese Laid-Open Patent Publication
11-48939 can be utilized as a calculation method. However,
the road surface u estimation of the present invention is
different from those disclosed in the above-mentioned dis-
closures in that the calculation in this invention takes place
while the driving force and braking force are being gener-
ated at the same time.

[0145] The estimated road surface u is stored in a memory
circuit of driving/braking force controller 50, which also
stores the calculation results. The stored value is thereafter
updated with a new estimated road surface u.

[0146] In this manner, the road surface friction coefficient
estimation apparatus 100 of the present invention can esti-
mate the friction coefficient of the road surface on which a
vehicle is traveling even when the vehicle is traveling in a
steady state. On the other hand, conventional traction control
systems and anti skid control systems can estimate the
friction coefficient accurately only while the traction control
or the anti skid control is in operation, in other words, only
while acceleration of deceleration is exerted on the vehicle.
Further, the road surface friction coefficient estimation appa-
ratus 100 of the present invention does not cause any
awkwardness from the acceleration or deceleration gener-
ated for the purpose of road surface friction coefficient
estimation. Still further, with the road surface friction coef-
ficient estimation apparatus 100 of the present invention,
there is no need to utilize a new sensor such as one in the
shape of a small wheel. Accordingly, there is no issue of
price increase or a need to determine where to install the new
sensor.

[0147] This road surface friction coefficient estimation
apparatus 100 is useful for use in conjunction with various
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kinds of vehicle control, whose control performance is
improved by accurate estimation of the road surface friction
coefficient. Such vehicle control produces an acceleration/
deceleration signal indicative of either acceleration or decel-
eration such that the driving torque controller 9 and/or brake
fluid pressure controller 5 generates a driving and/or braking
force in accordance with the acceleration/deceleration sig-
nal. As an example of the vehicle control, an obstacle
avoidance control that avoids obstacles by executing auto-
matic braking is discussed below. Driving/braking force
controller 50 functions as vehicle control means 50.

[0148] The estimated road surface u is obtained by the
road surface u, estimation that takes place every predeter-
mined period of time Tc and lasts for a predetermined
duration of time. The road surface u thus obtained is utilized
in following vehicle control processes. In this embodiment,
an obstacle avoidance control is performed in steps S300 to
304 of FIG. 13 as a vehicle control. In FIG. 13, step S300
determines whether obstacle avoidance control should be
started. Step S301 calculates a target deceleration. Step S302
calculates a target braking hydraulic pressure. Step S303
calculates a target engine driving torque. Step S304 outputs
a drive signal.

[0149] In this embodiment, the road surface u utilized for
the obstacle avoidance control is the road surface u that has
been obtained during the most recent estimation of the road
surface u. More specifically, if the obstacle avoidance con-
trol is performed after the estimated y,,, . is calculated, the
estimated g, calculated in the most recent cycle is utilized.
If the obstacle avoidance control is performed while the road
surface y estimation control is in progress, the estimated
u_ calculated during the immediately preceding cycle is
utilized.

Determine Start of Obstacle Avoidance Control

[0150] Step S300 determines whether or not to start
obstacle avoidance control based on the distance signal
indicative of the distance Lx between vehicle 101 and an
obstacle, and the same-lane determination signal Fc, which
are obtained from millimetric wave controller 61 and single-
lens camera controller 62, respectively. The distance signal
and the same-lane determination signal Fc are both read
each time step S100 is executed. The obstacle avoidance
control is started also based on the vehicle body velocity Vi
obtained in step S110.

[0151] In this embodiment, the start conditions for
obstacle avoidance control are determined to be satisfied
when the same-lane determination signal Fc is ON; i.e.,
when there is an obstacle in the same lane with vehicle 101.
At the same time, the relationship between the vehicle body
velocity Vi and distance L.x needs to satisty the following
Equation 13:

Lx<ViP[Ka+L ogpoer (13).

[0152] Here, Ka is a control variable obtained from the
following Equation 14 using the maximum road surface u
(Umax), Which has been obtained in step S112:

Ka=2xty, (14).

[0153] In Equation 13, L g, is a tuning parameter for
performing a tuning with respect to the driver’s comfort
level. In this manner, the present invention can also provide
the optimum tuning.
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Calculate Target Deceleration Xgs

[0154] Step S301 calculates a target braking deceleration
Xgs for obstacle avoidance control. In this embodiment, the
target braking deceleration Xgs is calculated based on the
following Equation 15:

Xgs=0.8X 15).

[0155] When obstacle avoidance control is not in opera-
tion, the target braking deceleration Xgs is obtained based
on the following Equation 16:

Xgs=2Fi/M 1)
[0156] where M is a mass of vehicle 101.

[0157] Thus, by means of Equations 13, 14, and 15, the
estimated road surface friction coefficient u . obtained in
the aforementioned road surface u estimation is appropri-
ately utilized in the determination of whether or not to start
the obstacle avoidance control. A braking deceleration con-
trol conducted during the obstacle avoidance control is also
based on the estimated road surface friction coefficient gt _.

[0158] For the purpose of avoiding obstacles, it is prefer-
able to activate the obstacle avoidance control as early as
possible. As seen in Equation 13, tuning parameter L g, iS
making the value of distance Lx greater. Since the distance
signal determines when the obstacle avoidance should be
started, tuning parameter L_g.., is making the obstacle
avoidance start earlier than otherwise. Accordingly, the
comfort level of the driver is maintained. By controlling the
target braking deceleration Xgs, the obstacle avoidance
control can be started at an appropriate timing.

[0159] Assuming the vehicle body velocity Vi is constant,
the following statements hold based on Equations 13-15. If
the value of u is relatively large, the distance Lx between
vehicle 101 and the obstacle at which the obstacle avoidance
is activated, is relatively small. Accordingly, the obstacle
avoidance is started at a later time than otherwise. In this
way, obstacle avoidance control can be executed appropri-
ately while generating a deceleration force obtained from the
Equation 15 that is large in accordance with the large u,..
value.

[0160] Meanwhile, if the value of u,, . is relatively small,
in other words, if the road surface is relatively slippery, the
obstacle avoidance control is started when the distance Lx
between vehicle 101 and the obstacle is relatively great as
seen in Equations 13 and 14. In this way, obstacle avoidance
control can be executed appropriately while generating a
deceleration force obtained from Equation 15 that is small in
accordance with the small u . value.

Calculating Target Braking Hydraulic Pressure Pswi
and Target Driving Torque Tes

[0161] In this embodiment, steps S302 and S303 calculate
the target braking hydraulic pressure Pswi and the target
driving torque Tes, respectively.

[0162] Step S302 calculates the target braking hydraulic
pressure Pwsi. In this embodiment, calculation of the target
braking hydraulic pressure Pwsi changes depending on
whether or not the collision avoidance control is already
exerting a braking force.

[0163] (a) When obstacle avoidance control is not exerting
a braking force, which is hereinafter referred to as a normal
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state, the target braking hydraulic pressure Pswi is calculated
based on the following Equation 17, using the target braking
torque Tbsi obtained in step S103:

Pwsi=Tbsilki (7).

[0164] (b) When obstacle avoidance control is exerting a
braking force, the target braking hydraulic pressure is cal-
culated based on Equation 18, using the target braking
deceleration Xgs which has been obtained by Equation 15:

Pwsi=MxXgsxR/(4xki) (18).

[0165] Step 303 calculates the target engine driving torque
Tes. In this embodiment, as in the target braking hydraulic
pressure Pwsi, calculation of the target engine driving torque
Tes changes depending on whether or not the obstacle
avoidance control is exerting a braking force.

[0166] (a) When obstacle avoidance control is not exerting
a braking force, in other words during the normal state, the
target engine driving torque Tes is calculated based on
Equation 19, using the target driving torque Ttsi which has
been obtained in step S102:

Tes=Ttsrr+TtsrI=Ttsrx2 19
[0167] where Ttsr=Ttsrr=Ttsrl.

[0168] (b) When the obstacle avoidance control is exerting
a braking force, a driving force is not generated. In other
words, following Equation 20 is satisfied:

Tes=0 20

[0169] where a negative engine torque can be generated by
engine braking.

Output Drive Signal

[0170] Each time step S304 is executed, driving/braking
force controller 50 sends to brake fluid pressure controller 5
and driving torque controller 9 a drive signal which is based
on the target braking force hydraulic pressure Pwsi and
target engine driving torque Tes.

[0171] As described above, where the obstacle avoidance
control is already exerting a braking force, the aforemen-
tioned ... is appropriately utilized in the determination of
whether or not to start obstacle avoidance control, as seen in
Equations 13, 14, 15, 18 and 20. The u.,,. is also utilized
appropriately in the braking deceleration control of obstacle
avoidance control as seen in Equations 15 and 18. Thus, the
automatic braking for the obstacle avoidance control can be
executed at an optimum timing with the target braking
deceleration Xgs. Such vehicle control system that uses
automatic braking to avoid obstacle has the following
advantages.

[0172] First of all, as discussed above, road surface fric-
tion coefficient estimation using the generation of a braking
force and a driving force can basically be conducted with
strict adherence to a fixed time cycle Tc, even when the
vehicle 101 is traveling in a steady state.

[0173] Therefore, the road surface u of the road on which
vehicle 101 is currently traveling can be estimated periodi-
cally. Accordingly, recent road surface u estimate valueu,
can be obtained periodically. As a result, most recent i, ..
can be used in the aforementioned obstacle avoidance con-
trol, such that most recent state of vehicle 101 is reflected in
the relevant vehicle control. For example, even in a situation
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where vehicle 101 is traveling in a steady state, if it is
indicated that obstacle avoidance control is necessary to
avoid an obstacle, automatic braking can be performed with
a desired braking force by using the estimated value of the
road surface u, which has just been obtained during the
current cycle Tc or the cycle immediately preceding the
current cycle. In this manner, it is possible to avoid obstacles
by generating a desired braking force. This arrangement is
quite advantageous in comparison with a road surface esti-
mation performed by a traction control system or an anti-
skid system, because the traction control system cannot
conduct the estimation unless traction control is actually in
operation, and the anti-skid system cannot conduct the
estimation unless the brakes are actually being applied and
a braking force is being generated on the wheels.

[0174] In this respect, an estimation apparatus 100 in
accordance with the present invention is very effective for
use in a vehicle control that avoids obstacles by means of
automatic braking.

Second Embodiment

[0175] The second embodiment of the present invention is
an expansion and improvement over the first embodiment.
More specifically, the second embodiment is similar to the
first embodiment except that the target driving/braking force
setting means or driving/braking force controller 50 in FIG.
2 and step S103 in FIG. 3 are modified. In view of the
similarity between the first and second embodiments, the
components or steps having the same function are given the
identical reference numerals. Moreover, explanation of com-
ponents and operations that function in a similar manner as
in the first embodiment will be omitted. Only the compo-
nents or steps that are different in function will be explained
herein.

[0176] Referring to FIG. 14, in the second embodiment,
the target braking force Thsi is further corrected based on a
reference value. In step 400, driving and braking forces are
generated. When it is determined in step S401 that longitu-
dinal acceleration changed as a result of generating the
driving and braking forces, the target braking force Thsi is
corrected in step S402 in accordance with the magnitude of
the change in longitudinal acceleration or the difference
between the current and target longitudinal accelerations.
This correction is intended to further suppress changes in
longitudinal acceleration during road surface ¢ estimation.

[0177] Also, in the first embodiment, the target braking
torque Thsi is calculated in steps S102 and S103 shown in
FIG. 3, according to the aforementioned Equation 2a, such
that the change in vehicle acceleration resulting from pre-
selected torque TtO can be suppressed:

Front wheel: Thsi=Tbbsi+TtOxWwf/Wwr (2a).

[0178] In the second embodiment, the target braking
torque Thsi is not calculated solely on a feed-forward basis.
Rather, in step S402, the target braking torque Thsi is also
corrected based on the following Equation 21, using the
value AXg, which is the difference between longitudinal
acceleration sensor value Xg and target longitudinal accel-
eration Xgs:

Front wheel: Thsi=Tbbsi+TtOx Wwf/Wwr-kgxAXg 21

[0179] where AXg is the difference Xgs—Xg, and kg is the
feedback gain.
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[0180] Thus, by correcting the target braking torque Tbsi
in accordance with the Equation 21, the change in longitu-
dinal acceleration that occurs during road surface ¢ estima-
tion can be further suppressed.

[0181] In addition to the operational effects obtained from
first embodiment, the second embodiment further makes it
possible to correct the value of the counter braking force.
Thus, more precise control operations can be accomplished.

[0182] As discussed earlier, during execution of the road
surface u estimation in which a driving force and a counter
braking force are generated, the counter braking force cor-
responding to the driving force is generated in order to
prevent the change in vehicle acceleration that would oth-
erwise result from the generated driving force. In the first
embodiment, this counter braking force is generated in a
feed-forward manner using Equation 2a. The second
embodiment is even more effective because it suppresses the
change in the longitudinal acceleration that occurs during
execution of the road surface u estimation. When the lon-
gitudinal acceleration changes as a result of the generation
of the driving/braking forces, the target braking force can be
corrected based on the deviation AXg with respect to the
target longitudinal acceleration. As a result, the change in
longitudinal acceleration during the execution of road sur-
face u estimation can be suppressed more effectively.

[0183] In addition to the feedback method of Equation 21,
there are other ways to accomplish the correction of longi-
tudinal acceleration. For example, where the longitudinal
acceleration changes, a further correction based on the
amount of the change can be executed so as to suppress the
change in longitudinal acceleration.

[0184] In this manner, the road surface friction coefficient
estimating apparatus of the present invention is well suited
for use in a vehicle control system that avoids an obstacle by
means of automatic braking. Further, the road surface fric-
tion coefficient estimating apparatus can estimate the friction
coefficient of the road surface on which a vehicle 101 is
traveling, even when the vehicle 101 is traveling in a steady
state. Therefore, the present invention provides an apparatus
that is extremely useful for various forms of vehicle control
whose control performance is improved by an accurate
estimation of the road surface friction coefficient.

[0185] The present invention is not limited to the embodi-
ments described heretofore. For example, although the
aforementioned embodiments are applied to a rear-wheel
drive vehicle having an automatic transmission with con-
ventional differential gear device, the application of the
present invention is not limited to such vehicles.

[0186] Also, the embodiments described above utilize
control apparatuses in which left and right braking forces
can be controlled independently by braking hydraulic pres-
sure for both the front and rear wheels. However, the
application of the present invention is not limited to such
control apparatuses.

2«

[0187] The terms of degree such as “substantially”, “about
” and “approximately  as used herein mean a reasonable
amount of deviation of the modified term such that the end
result is not significantly changed. These terms should be
construed as including a deviation of +5% of the modified
term if this would not negate the meaning of the word it
modifies.

2
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[0188] This application claims priority to Japanese patent
Application No. H11-357457. The entire disclosure of Japa-
nese Patent Application No. H11-357457 is hereby incor-
porated herein by reference

[0189] While only selected embodiments have been cho-
sen to illustrate the present invention, it will be apparent to
those skilled in the art from this disclosure that various
changes and modifications can be made herein without
departing from the scope of the invention as defined in the
appended claims. Furthermore, the foregoing description of
the embodiments according to the present invention are
provided for illustration only, and not for the purpose of
limiting the invention as defined by the appended claims and
their equivalents.

What is claimed is:

1. A road surface friction coefficient estimating apparatus
for a vehicle equipped with a plurality of wheels, compris-
ing:

a driving force controller that is operatively coupled to the
wheels to generate a driving force in at least one of the
wheels in accordance with a pre-selected force;

a braking force controller that is operatively coupled to
the wheels to generate a braking force in at least one of
other wheels in accordance with the pre-selected force,
the braking force having a magnitude to cancel the
driving force;

a wheel velocity sensor that produces a wheel velocity
signal indicative of a wheel velocity;

a wheel load sensor that produces a wheel load signal
indicative of a wheel load; and

a control unit operatively coupled to said driving force
controller, said braking force controller, said wheel
velocity sensor and said wheel load sensor, said control
unit being configured to

set the pre-selected force to be generated,

obtain the wheel load signal of each wheel from said
wheel load sensor,

obtain the wheel velocity signal of each wheel from
said wheel velocity sensor, and

calculate a road surface friction coefficient based on the
wheel load, the wheel velocity, and the braking and
driving forces.
2. Aroad surface friction coefficient estimating apparatus
as set forth in claim 1, wherein

said driving force controller generates the driving force by
controlling an engine output and a gear ratio of a
transmission to apply a desired driving torque on the
wheels.
3. Aroad surface friction coefficient estimating apparatus
as set forth in claim 1, wherein

said braking force controller generates the braking force
by controlling a brake unit to apply a desired braking
torque on the wheels.
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4. A road surface friction coefficient estimating apparatus
as set forth in claim 1, wherein

said control unit is further configured to produce a lateral/
longitudinal acceleration signal indicative of a lateral/
longitudinal acceleration,

said control unit obtains the wheel load by adding or
subtracting a load shift quantity to or from a static
wheel load, and

the load shift quantity is calculated based on the lateral/
longitudinal acceleration signal.
5. A road surface friction coefficient estimating apparatus
as set forth in claim 1, wherein

said control unit is further configured to

plot points on a two-dimensional coordinates having a
wheel velocity axis and a driving/braking force per
unit wheel load axis, each point representing the
wheel velocity and the driving/braking force per unit
wheel load of a wheel,

identify a regression line from the points, said regres-
sion line representing at least two of the points, and

estimate the vehicle velocity based on the value of the

wheel velocity where said regression line intersects

said wheel velocity axis of said two dimensional

coordinates, and the road surface friction coefficient

based on a slope angle of said regression line with
respect to said wheel velocity axis.

6. A road surface friction coefficient estimating apparatus

as set forth in claim 5, wherein

said control unit is configured to estimate the road surface
friction coefficient based on a relationship between a
maximum road surface friction coefficient and said
slope angle of said regression line with respect to said
wheel velocity axis.
7. A road surface friction coefficient estimating apparatus
as set forth in claim 1, wherein

said control unit is configured to set the pre-selected force
every predetermined period of time.
8. A road surface friction coefficient estimating apparatus
as set forth in claim 7, wherein

said control unit is configured to set the pre-selected force
when a driver operates the vehicle to generate more
than a predetermined amount of one of the braking and
driving forces, regardless of the predetermined period
of time.
9. A road surface friction coefficient estimating apparatus
as set forth in claim 1, wherein,

said driving force controller and said braking force con-
troller distribute the braking and driving forces among
the wheels such that lateral and rotational motions of
the vehicle are not affected.
10. A road surface friction coefficient estimating appara-
tus as set forth in claim 1, wherein

said control unit further calculates a target driving force
and a target braking force by adding the pre-selected
force to an operative driving force and an operative
braking force generated by operations by the driver,



US 2001/0029419 Al

said driving force controller generates a driving force in
at least one of the wheels in accordance with the target
driving force set by said control unit, and

said braking force controller generates a braking force in
at least one of the wheels in accordance with the target
braking force set by said control unit.
11. Aroad surface friction coefficient estimating apparatus
as set forth in claim 10, wherein

said control unit is configured to detect a response char-
acteristics that said driving force controller and said
braking force controller exhibit when said driving force
controller and said braking force controller generate the
driving force and the braking force, and

said control unit is configured to set the target braking and
driving forces taking into account the response char-
acteristics.

12. A road surface friction coefficient estimating appara-
tus as set forth in claim 10, wherein

said control unit is further configured to
detect a longitudinal acceleration of the vehicle, and

use the braking force as a target braking force reference
value having the same magnitude as the driving force
and correct said target braking force reference value
when the longitudinal acceleration changes as a
result of generating the braking and driving forces,
said correction being in accordance with one of the
amount of change in the longitudinal acceleration
and a deviation from a target longitudinal accelera-
tion.

13. A road surface friction coefficient estimating appara-
tus as set forth in claim 10, wherein

said control unit determines a lateral acceleration/yaw
rate, and

said control unit sets the target driving force and the target
braking force to zero when the lateral acceleration/yaw
rate of the vehicle equals or exceeds a predetermined
value.

14. A road surface friction coefficient estimating appara-
tus as set forth in claim 1, wherein

said control unit is further configured to produce a slip
rate signal indicative of a slip rate for each of the
wheels, and

said driving force controller and said braking force con-
troller suspend generation of the driving force and the
braking force when any one of the slip rates of the
wheels equals or exceeds a predetermined value during
generation of the driving and braking forces.

15. A road surface friction coefficient estimating appara-
tus as set forth in claim 1, wherein

said control unit is further configured to produce an
acceleration/deceleration signal indicative of one of
acceleration and deceleration of the vehicle such that at
least one of said driving force controller and said
braking force controller generates one of a driving
force and a braking force in accordance with the
acceleration/deceleration signal.
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16. A road surface friction coefficient estimating appara-
tus as set forth in claim 15, further comprising

a radar device that produces a distance signal indicative of
a distance between the vehicle and an obstacle; and

a lane indicator that produces a same-lane determination
signal indicative of whether the vehicle and the
obstacle are in the same lane, wherein

said control unit is operatively coupled to said radar
device and said lane indicator, said control unit pro-
ducing the acceleration/deceleration signal in accor-
dance with the road surface friction coefficient, the
distance signal, and the same-lane determination sig-
nal.
17. A road surface friction coefficient estimating appara-
tus for a vehicle equipped with a plurality of wheels,
comprising:

target driving/braking force setting means for setting a
pre-selected force to be generated;

driving force generating means for generating a driving
force in at least one of the wheels in accordance with
the pre-selected torque set by said target driving/brak-
ing force setting means;

braking force generating means for generating a braking
force in at least one of other wheels in accordance with
the pre-selected torque set by said target driving/brak-
ing force setting means, said braking force having a
magnitude to cancel said driving force;

wheel velocity detecting means for producing a wheel
velocity signal indicative of a wheel velocity;

wheel load detecting means for producing a wheel load
signal indicative of a wheel load; and

road surface friction coefficient calculating means for
calculating a road surface friction coefficient based on
the wheel load, the wheel velocity, and the braking and
driving forces.
18. A road surface friction coefficient estimating appara-
tus as set forth in claim 17, wherein

said target driving/braking force setting means further
calculates a target driving force and a target braking
force by adding the pre-selected force to an operative
driving force and an operative braking force generated
by operations by a driver,

said driving force generating means generates the driving
force in at least one of the wheels in accordance with
the target driving force set by said target driving/
braking force setting means, and

said braking force generating means generates the braking
force in at least one of the wheels in accordance with
the target braking force set by said target driving/
braking force setting means.
19. A road surface friction coefficient estimating appara-
tus as set forth in claim 17, further comprising

vehicle control means for producing an acceleration/
deceleration signal indicative of one of acceleration and
deceleration of the vehicle such that at least one of said
driving force generating means and said braking force
generating means generates one of a driving force and
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a braking force in accordance with the acceleration/
deceleration signal, said vehicle control means includ-
ing

distance detecting means for producing a distance
signal indicative of a distance between the vehicle
and an obstacle,

same-lane determination means for producing a same-
lane determination signal indicative of whether the
vehicle and the obstacle are in the same lane, and

acceleration/deceleration signal producing means for
producing an acceleration/deceleration signal in
accordance with the distance signal and the same-
lane determination signal.
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20. A method of estimating a road surface friction coef-
ficient, for a vehicle equipped with a plurality of wheels,
comprising:

obtaining a wheel load of each wheel;

setting a pre-selected force;

generating a driving force in at least one of the wheels

based on the pre-selected force;

generating a braking force in at least one of the other

wheels based on the pre-selected force, the braking
force being having a magnitude to cancel the driving
force;

detecting a wheel velocity of each wheel; and

calculating a road surface friction coefficient based on the

wheel load, the wheel velocity, and the braking and
driving forces acting on each wheel.
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