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(57) Abrégée/Abstract:
A vehicle rear wheel steered angle controller comprises rear wheel drive mechanisms (5L, 5R) for changing the rear wheel steered
angles, a front wheel steered angle sensor (9) for detecting the front wheel steered angle (6,), vehicle speed sensors (10L, 10R) for
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(57) Abrege(suite)/Abstract(continued):
sensing the vehicle speed (V), feed-forward rear wheel steered angle control target value setting means (21) for setting a feed-
forward control target value (o, FF) according to the front wheel steered angle, the steering yaw-rate transmission characteristic

(Gyo) of when rear wheel steered angle control is not carried out, and a preset ideal steering yaw-rate transmission characteristic
(Giyeq): @nd a controlling unit (11) for controlling the rear wheel drive mechanisms according to the feed-forward rear wheel steered
angle control target value. The vehicle rear wheel steered angle controller is characterized In that the steady state characteristic of
the Ideal steering yaw-rate transmission characteristic is made equal to the steering yaw-rate transmission characteristic of when
the rear wheel steered angle control is not carried out.
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(57) Abstract: A vehicle rear wheel steered angle controller comprises rear
wheel drive mechanisms (31, SR) for changing the rear wheel steered angles,
a front wheel steered angle sensor (9) for detecting the front wheel steered
angle (0 ;), vehicle speed sensors (10L, 10R) for sensing the vehicle speed
(V), feed-forward rear wheel steered angle control target value setting means
(21) for setting a feed-forward control target value ( O ,, FF) according to the
front wheel steered angle, the steering yaw-rate transmission characteristic
(G o) of when rear wheel steered angle control is not carried out, and a preset
ideal steering yaw-rate transmission characteristic (G;4.4), and a controlling
unit (11) for controlling the rear wheel drive mechanisms according to the
feed-forward rear wheel steered angle control target value. The vehicle rear
wheel steered angle controller is characterized in that the steady state char-
acteristic of the ideal steering yaw-rate transmission characteristic is made
equal to the steering yaw-rate transmission characteristic of when the rear
wheel steered angle control is not carried out.
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REAR WHEEL STEERING ANGLE CONTROLLING
DEVICE FOR VEHICLES

Technical Field

10001]

The present invention relates to a vehicle rear wheel steering angle controlling
device for changing the rear wheel steering angle.
Background of the Invention
[0002]

There 1s known a rear wheel toe angle controlling device configured to change
the toe angles of right and left rear wheels individually by extending and retracting
linear displacement actuators such as hydraulic cylinders mounted to parts of the vehicle
body where lateral links or trailing links of a suspension device supporting the right and
left rear wheels are joined (see Japanese patent laid open publication (kokai) No.
09-30438). Such rear wheel toe angle controlling device can steer right and left rear
wheels 1n a same phase relationship and control their steering angle.

[0003]

Conventional rear wheel steering controllers, including the one disclosed in the
above Japanese patent laid open publication, are configured to control the rear wheel
steering angle according to the turning behavior of the vehicle and thus improve vehicle
stability and responsiveness. In such a rear wheel steering angle control, 1t 1s a common
practice to determine a control target value of the rear wheel steering angle according to
the front wheel steering angle, lateral acceleration, and/or yaw rate. According to one of
such known control mechanisms, the rear wheel steering angle is controlled such that

the slip angle becomes 0 (See Japanese Patent No. 3, 179, 271). The term "slip angle”
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refers to the angle between the travel direction to which the vehicle body is headed and
the direction in which the vehicle 1s actually traveling when the vehicle 1s cornering.
10004]

A steady-state value of a vehicle slip angle f of a vehicle where only front
wheels are steered can be obtained from the following equation:
B={1-(m/L)y [Le/ (L k)] - V3 /(1 +A V- (- L/ L) (1)
wherein, m: vehicle mass, L: wheelbase, L¢and L,: distance from gravitational center,
or. front wheel steering angle, A: stability factor, V: vehicle velocity, k;: rear wheel
cornering power.
10005]

In addtition, as i1s obvious from Figure 7 which shows the relation between
(vehicle slip angle £/ front wheel steering angle o¢) and vehicle velocity V ot vehicles
having understeer, neutral steer and oversteer properties, the slip angle f has a positive
value when the vehicle velocity 1s 0 and changes toward a negative value as the vehicle
velocity increases, regardless of the steer property. This means that a vehicle turning
with a low velocity tends to head outwardly from a regular turning radius, while a
vehicle turning with a high velocity tends to head inwardly into a regular turning radius.
As 1s obvious from equation (1) and Figure 7, since the slip angle changes according to
the vehicle velocity, regardless of the steer property, when the rear wheel steering angle
1s variably controlled such that the slip angle becomes 0 regardless of the vehicle
velocity, a vehicle operator who 1s used to drive vehicles where only front wheels are
steered will feel that the vehicle turns more than intended. In addition, when the vehicle
accelerates or when there 1s a sudden change in road condition, the conventional rear
wheel steering angle controlling mechanisms are not able to properly deal with these

changes, and this may cause a discomfort to the vehicle operator.
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[0006]

The present invention was conceived in view of such problems of the prior art
and its main object is to provide a rear wheel steering angle controlling device which
can prevent the vehicle operator from experiencing a discomfort regarding the vehicle
handling and improve vehicle stability and yaw responsiveness.

Brief Summary of the Invention
[0007]

According to the present invention, to solve the above-mentioned problems,
there 1s provided a rear wheel steering angle controlling device for vehicles comprising:
a rear wheel steering mechanism (5R, 5L) for changing a rear wheel steering angle; a
front wheel steering angle detector (9) for detecting a front wheel steering angle (0¢); a
vehicle velocity detector (10R, 10L) for detecting a vehicle velocity (V); a feedforward
rear wheel steering angle control target value setting unit (21) for setting a feedforward
control target value (o, FF) of said rear wheel steering angle according to said front
wheel steering angle, said vehicle velocity, a steering yaw rate transter function property
(G,0) without a rear wheel steering angle control and a prescribed reterence steering
yaw rate transfer function property (Gigear); and a controlling device (11) for controlling

sald rear wheel steering mechanism according to said feedforward rear wheel steering

angle control target value; wherein a steady-state property of said reference steering
yaw rate transfer function property 1s configured to be 1dentical to said steering yaw rate

transfer function property without said rear wheel steering angle control. The rear wheel
steering mechanism may comprise, for example, actuators capable of controlling the toe
angles of right and left rear wheels individually. In addition, the vehicle velocity
detector may include vehicle wheel velocity sensors mounted to rear wheels. The

vehicle velocity can also be obtained by integrating the acceleration obtained from
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acceleration sensors. The acceleration may also be obtained by differentiating the

vehicle velocity.

[0008]

According to the rear wheel steering angle controlling device for
vehicles configured as above, in a transient state, vehicle responsiveness and
stability can be improved by controlling the rear wheel steering angle, while in a
steady state, the vehicle operator can be prevented from experiencing an
unfamiliar feeling or otherwise experiencing discomfort regarding the vehicle
handling by controlling the slip angle B to be the same as it would be when the

rear wheel steering angle is not controlled.

[0009]

Furthermore, according to another aspect of the present invention,
there Is provided a rear wheel steering angle controlling device for vehicles,
comprising: a rear wheel steering mechanism for changing a rear wheel steering
angle; a front wheel steering angle detector for detecting a front wheel steering
angle; a vehicle velocity detector for detecting a vehicle velocity; a fore-and-aft
acceleration/deceleration detector for detecting a fore-and-aft
acceleration/deceleration of said vehicle, the steering yaw rate transfer function
property without rear wheel steering angle control, and the prescribed reference
steering yaw rate transfer function property; a feedforward rear wheel steering
angle control target value setting unit for setting a feedforward control target value
of said rear wheel! steering angle according to said front wheel steering angle and
said vehicle velocity; and a controlling device for controlling said rear wheel
steering mechanism according to said feedforward rear wheel steering angle
control target value; wherein said rear wheel steering angle feedforward control
target value setting unit changes said feedforward rear wheel steering angle
control target value by modifying a stability factor used for calculating said steering
yaw rate transfer function prdperty without‘ rear wheel steering angle control
according to a change in a vehicle steer property caused by said fore-and-aft

acceleration/deceleration of said venhicle.
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[0010]

More preferably, the rear wheel steering angle controlling device for
vehicles of the present invention further comprises a yaw rate detector (8) for
detecting a yaw rate of said vehicle; a lateral acceleration detector (7y) for
detecting a lateral acceleration of said vehicle; a target yaw rate setting unit (23)
for determining a target yaw rate from said vehicle velocity and said lateral
acceleration: and a feedback rear wheel steering angle control target value setting
unit (24) for determining a feedback rear wheel steering angle control target value
according to a difference between a yaw rate detected by said yaw rate detector

and said target yaw rate; wherein said rear wheel steering mechanism is

controlled according to a rear wheel steering angle control target value (& REF)

obtained by adding said feedforward rear wheel steering angle control target value
to said feedback rear wheel steering angle control target value. Therefore, even
when the lateral acceleration changes as a result of changes in road condition, the

feedback rear wheel steering angle control target value can be determined based

on the
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target yaw rate, which has been set according to changes in the lateral acceleration.
Thus, the controlling device can be configured to have a highly robust stability and to
be stable against changes in road condition. A transfer function (G,) which defines the
relation between the velocity, lateral acceleration, and target yaw rate is preferred to
reflect the feedforward rear wheel steering angle control.

|0011]

According to the present invention, in a transient state, vehicle stability and
responsiveness can be improved by controlling the rear wheel steering angle, while 1n a
steady state, the slip angle £ can be controlled to be the same as it would be when the
rear wheel steering angle 1s not controlled, and thus the vehicle operator can be
prevented from experiencing an unfamiliar feeling regarding the vehicle handling. In
addition, when the vehicle is turning with acceleration/deceleration, changes in the
vehicle turning property caused by a fore-and-aft shifting of the vehicle load can be
addressed automatically, thereby preventing the vehicle operator from experiencing an
unfamiliar feeling regarding the vehicle handling and improving vehicle stability and
responsiveness even when the vehicle 1s turning with acceleration/deceleration.
Furthermore, the controlling device can be configured to be able to perform control

actions appropriately according to changes in road condition.

Briet Description of the Drawings
[0012]

Figure 1 1s a schematic configuration diagram of a vehicle to which the present
invention 1s applied.
Figure 2 1s a schematic block diagram of the control of the present invention.

Figure 3 1s a schematic flow diagram of the control of the present invention.
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Figure 4 is a bode chart of the transfer function property of steering yaw rate.

Figure 5 1s a graph showing a yaw rate response to a step steering input;

Figure 6 1s a graph showing changes of stability factor with
acceleration/deceleration; and

Figure 7 is a graph showing the relation between (vehicle slip angle / steering

angle) and vehicle velocity.

Detailed Description of the Preferred Embodiments
[0013]

The present invention is described below 1n detail with reterence to
accompanying drawings.
[0014]

Figure 1 shows an outline of a vehicle with the present invention applied
thereto. This vehicle 20 comprises a front wheel steering device 3 for directly steering
right and left front wheels 2R and 2L according to the steering of a steering wheel 1,
right and left actuators SR and 5 L for individually changing toe angles of right and left
rear wheels 4R and 4L by changing the length of, for example, right and left lateral links

of a rear wheel suspension device which supports the right and left rear wheels 4R and

4L, right and left toe angle sensors 6R and 6L for individually detecting the toe angles
of the right and left rear wheels 4R and 4L from the displacement amount of the right
and left actuators SR and 5L, a fore-and-aft acceleration sensor 7x for detecting a
fore-and-aft acceleration acting on the vehicle body, a lateral acceleration sensor 7y for
detecting a lateral acceleration, a yaw rate sensor 8 for detecting a yaw rate of the

vehicle body, a steering angle sensor 9 for detecting a steering angle of the steering

wheel 1, wheel velocity sensors 10R and 10L mounted to the rear wheels 4R and 4 L,
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which are non-driven wheels, and a control unit 11 for controlling the displacement of
each of the actuators SR and 5L according to the output of the corresponding sensor.
[00135]

For the actuators 5 R and 5L, a rotary/linear motion converter combining an
electric motor having a reduction gear and a screw mechanism, a cylinder device that
linearly actuates a piston rod with hydraulic pressure, or any other known linear

displacement actuator can be used.

[0016]

According to the toe angle variable control system configured as above, the
toe-in and toe-out of the rear wheels 4R and 4L can be freely controlled as required by
simultaneously actuating the right and left actuators SR and 5L in a symmetric manner.
Furthermore, by extending one of the right and left actuators SR and SL and retracting
the other one, both of the rear wheels 4R and 4L can be steered either to the right or to
the left.

[0017]

Figure 2 shows a control block diagram showing the configuration of the
control unit 11. The control unit 11 may comprise a microcomputer. A steering amount
or of the front wheels 2R and 2L is detected by the steering angle sensor 9 and 1s
inputted into a feedforward computing unit 21. In addition, an output a4 of the
fore-and-aft acceleration sensor 7x mounted to the vehicle body, 1s inputted into
modified stability factor calculating unit 22. Then, a modified stability factor A
calculated from the fore-and-aft acceleration ay 1s inputted into the feedforward
computing unit 21. A velocity V obtained by computing the average value of the outputs

from the wheel velocity sensors 10 R and 10L of the rear wheels 4R and 4L 1s inputted

into the feedforward computing unit 21. The feedforward computing unit 21, then,
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computes and outputs a feedforward control target value o,FF tor the rear wheel steering
angle (toe angle) from the inputted front wheel steering angle o¢, modified stability
factor A, vehicle velocity V and so on, as will be described later in detail.

[0018]

5 [n addition, an output @, from the lateral acceleration sensor 7y mounted to the
vehicle body and the above vehicle velocity V are inputted into a target yaw rate
computing unit 23, and based on these inputted data, a target yaw rate y.r 1s computed
and outputted.

[0019]

10 Then, the deviation between an output y from the yaw rate sensor 8§ mounted to
the vehicle body and the output y,.r from the target yaw rate computing unit 23 is
calculated. A rear wheel steering angle (toe angle) computing unit 24 computes a
corrected rear wheel steering angle that minimizes this deviation, and outputs 1t as a
feedback control target value o,FB for the rear wheel steering angle.

15  [0020]

Then, the feedforward control target value o,FF 1s added to the feedback
control target value o,FB to obtain a rear wheel steering angle (toe angle) control target

value o, REF, which 1s then provided to the actuators SR and SL. The control unit 11

actuates the actuators 5 R and 5L such that the rear wheel steering angle o, becomes

20  equal to the rear wheel steering angle control target value o,REF.

10021]

Next, the control procedure of the present invention, performed by the control
unit 11 configured as above, 1s described with reference to Figure 3.

10022]

25 First, 1n step 1, the vehicle velocity V 1s obtained by computing the average
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value of the outputs from the wheel velocity sensors 10R and 10 L of the rear wheels 4R
and 4 L.
[0023]

Next, in step 2, the fore-and-aft acceleration oy is obtained from the output of
the fore-and-aft acceleration sensor 7x. This value, in addition to being directly obtained
from the acceleration sensor, may also be obtained by other means such as estimating it
from the differential value of the vehicle velocity.

10024]

Next, in step 3, the modified stability factor value A 1s calculated (see the
equation (8) shown below). In step 4, a ratio c0 of the steady-state gain of the steering
yaw rate transfer function property of the base vehicle (with acceleration/deceleration)
to that of the ideal vehicle (without acceleration/deceleration) is obtained from the
modified stability factor value A, steady-state stability factor Ay, and vehicle velocity V
obtained in Step 1. This value is a variable that varies depending on the vehicle velocity
and fore-and-aft acceleration and can be obtained from a prescribed map or the like.
[0025]

Next, in step 5, a sequence of coefficients (aly, bOy) for digitally-representing
the first half of an equation (or a transfer function property for the rear wheel steering
angle o, to an input of the front wheel steering angle or as given in Equation (3) below)
which determines the rear wheel steering angle o, in relation to the front wheel steering
angle J¢ so as to achieve a required steering yaw rate transfer function property (the
reference steering yaw rate transfer function property) Gigea are computed. The transter
function on the left hand side in the block for step 5 1s a phase-lead/lag property which
depends on the vehicle velocity, and a0y and b0y are coefficients of a difference equation

obtained by digitally-representing this transfer function. The digital representation of
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the transfer function 1s expressed as Hz0.
[0026]

Next, in step 6, a sequence of coefficients (al, bly) for digitally-representing
the second half of the equation (3) is calculated. Gy is the steering yaw rate transfer
function property when the rear wheel steering angle is 0 (i.e., 1s not controlled). Since
G0 and Gigqeas are transfer functions which depend on the vehicle velocity, and as each ot
them is in the form of (first order function / second order function), Gigeal / Gy 1S glven
in the form of (third order function / third order function). aly, bl are coefficients of a
difference equation obtained when this function is converted into a discrete function and

digitally-represented. The digital representation of this transfer function 1s expressed as
Hzl.

[0027]

The steady-state gain of Gigea / Gyo 1s @ function of acceleration as described
below, and corresponds to the value c0 obtained 1n step 4.
[0028]

Next, in step 7, the front wheel steering angle o¢ 1s inputted into the discrete
transfer function Hz0 obtained in step 5, and the first half o;1 of the equation (3)

described below is calculated. In step 8, the second half 0,2 of the equation (3) 1s

calculated from Hz0O and Hzl1.

[0029]

Next, 1n step 9, the rear wheel steering angle o,, which 1s the final result of the
equation (3), 1s calculated based on the values obtained in step 7 and step 8, and stored
as the feedforward rear wheel steering angle control target value o,FF.

10030]

From step 10 to step 14, the feedback rear wheel steering angle control target
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value 6,FB is calculated. First, in step 10, the output ay from the lateral acceleration
sensor 7y is obtained. In step 11, a sequence of coefficients (a2, b2y) for
digitally-representing the transfer function property G, (see equation (13) below) ot the
lateral acceleration ay and yaw rate vy 1s calculated. This difterence equation depends on
the vehicle velocity which was obtained in step 1. Next, in step 12, the transfer function
property G, obtained in step 11 is multiplied by the lateral acceleration a, obtained 1n
step 10. Then, the resulting value is divided by the vehicle velocity V to generate the
target yaw rate Y., Which is the reference value of the feedback control (see equation
(14) below). When the vehicle velocity V is 0 or quite low, the division 1n the equation
(14) becomes impossible. It is therefore necessary to make sure that division by zero
does not occur 1n this computation.

[0031]

Next, in step 13, the actual yaw rate value is obtained from the output of yaw
rate sensor 8. Then, in step 14, the feedback control target value o,FB ot the rear wheel
steering angle is calculated such that the actual yaw rate obtained in step 13 closely
tracks the target yaw rate v..r calculated 1n step 12. In this embodiment, a PID controller
was used for adjustment. Also, a yaw moment that 1s expected to be generated by the

rear wheel steering angle may be calculated.
[0032]

In step 15, the feedforward control target value o,FF of the rear wheel steering
angle, which was obtained 1n step 9, is added to the feedback control target value o,FB
of the rear wheel steering angle, which was obtained in step 14, to determine the control
target value o, of the rear wheel steering angle.

(0033]

Next, each part of the control of the present invention 1s described 1n detail.
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10034]
When the rear wheel steering angle o, for a given mput of the front wheel
actual steering angle Jr is represented by a certain transfer function (0, / or), the steering

yaw rate transfer function property (G,= vy / Jr), which is a transfer function property of

 the yaw rate y in relation to the front wheel actual steering angle Jr can be expressed as

given in the following equation by using G,o, which 1s the steering yaw rate transter
function property when the rear wheel steering angle is 0 (1.e., when the rear wheel
steering angle 1s not controlled):
G,={1-[V-ssm-L/(ke- L)+ 1]/[(V-s - m-Le/ (ke - L) + 1] - (0r / 09)} - Gyo  (2)
wherein, y: yaw rate, s: Laplace operator, and k¢: front wheel cornering power.

[0035]

By calculating back the equation (2), it will be obvious that in order to make
the actual steering yaw rate transfer function property G, be identical to the required
reference steering yaw rate transfer function property Gigeal, the relation (transter
function) between the rear wheel steering angle o, and the front wheel steering angle or
may be as follows.
or=[V-s-m-L,/(ke L)+ 1]/[V-s-m-L¢/ (k- L)+ 1] (1 - Gigeal / Gyo) - 0r  (3)
[0036]

Therefore, by measuring the steering yaw rate function property G,, without
rear wheel steering angle control, the desired reference steering yaw rate transfer
function property Gigeal can be readily obtained by controlling the transfer function
property of the feedforward rear wheel steering angle control target value o} 1n
relation to the front wheel actual steering angle o (0, / 0¢). The rear wheel steering angle
o obtained from equation (3) is used as the feedforward rear wheel steering angle

control target value o,FF.
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[0037]

When the rear wheel steering angle o, for a given input of the front wheel
actual ateering angle Jr is represented by a certain transfer function (o; / Jr) as in
equation (2), the transfer function property Gz of the vehicle slip angle £ in relation to
the front wheel steering angle or can be expressed as follows:

Gp=Ggo {1 +[V-s-1/(ke- L)+ L+ V> m-L/(ke- L)]/[V-s-1/ (k- L)+ L, +
Viem-Le/ (kD) (6 /) (4)

wherein, I: yaw moment of inertia, Ggy: transfer function property of the vehicle slip
angle S in relation to the front wheel steering angle of when the rear wheel steering
angle 1s not controlled.

[0038]

Thus, the steering yaw rate y and the slip angle  cannot be arbitrarily
determined. However, if it is supposed that the steady-state value of the steering yaw
rate becomes the same as the steering yaw rate without rear wheel steering angle control
(i.e., when steady-state Gigeas = Gyo), because the rear wheel steering angle o, in a
steady-state (or feedforward rear wheel steering angle control target value o;FF)
becomes 0 according to equation (3), equation (4) gives the steady-state slip angle
transfer function property or yields Gg = Ggo. This means that by adjusting the
steady-state property of the reference steering yaw rate transfer function property Gigear
such that it becomes the same as the steering yaw rate transter function property without
rear wheel steering angle control, the steady-state property of the slip angle 5 becomes

the same as it would be when the rear wheel steering angle is not controlled, and thus
the unfamiliar feeling that the vehicle operator may experience regarding the vehicle

handling can be reduced or prevented.

[0039]
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In a transient state, even when Gigeal # Gyo, by performing feedforward control
to achieve the rear wheel steering angle J; obtained from equation (3) (1.e., by using the
rear wheel steering angle J; obtained in equation (3) as the feedforward rear wheel
steering angle control target value J,FF), the actual yaw rate response can be adjusted to
become identical to Gigeal, thereby improving vehicle stability and responsiveness.
10040]

Figure 4 shows a bode chart of steering yaw rate responses in presence and
absence of rear wheel steering angle control, according to the present invention. As
described above, the steady-state yaw rate gain is the same regardless of the presence of
the control, however a pronounced resonance occurs in absence of the control at a
certain frequency Fx, but no resonance is detected in presence ot the control.

[0041]

Also, in absence of the control, the phase significantly changes near this yaw
resonance so that there is a high likelihood that the vehicle may become unstable for a
given input by a vehicle operator. On the other hand, in presence of the control, since
there is no yaw resonance, the phase delay is small so that the vehicle 1s kept stable, and

it 1s easier for the vehicle operator to handle the vehicle.

[0042]
Figure 5 shows yaw responses to a step steering input in presence and absence

of rear wheel steering angle control according to the present invention.

[0043]

As also evidenced by the bode diagram in Figure 4 showing frequency
properties, in presence of the control, the yaw rate 1n relation to steering input shows a
high response without oscillation. In other words, in presence of the control, even 1f the

yaw rate steady-state value is the same as that in absence of the control, the response 1s
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faster.

(0044]

Next is described the control action of the present invention when the vehicle 1s

accelerating/decelerating while turning.

[0045]
When the rear wheel steering angle is not controlled, the yaw rate transter

function property G,, in relation to the front wheel steering angle can be expressed as

follows:

Go={n-s+(V/L)-[1/(1+A-VH]}/(dy-s*+d;-s+1) (5)
wherein, d;, d;, and n,; are values determined by the properties ot the vehicle.
[0046]

The zero-order term of equation (3) (V/L)-[1 /(1 +A- V4)]) is a yaw rate
steady-state gain, and A 1s a stability factor which can be expressed as follows:
A=-(m/L% " (Lke-Lk)/kik,  (6)
wherein, k¢ and k; are cornering powers of the front and rear wheels.

[0047]

In a linear region, when the vehicle 1s turning at a constant velocity, the front
and rear wheel cornering powers kr and k; are constants k0 and k;0, and the stability
factor A is a constant Ag. When the rear wheel steering angle is not controlled, the yaw
rate transfer function property G,, 1n relation to the front wheel steering angle can be
expressed with the constant Ag as the following equation (5').
Gyo=1{ni-s+(V/L)-[1/(1+Ag-V)} /(dy-s°+d;-s+1) (5
(0048]

The stability factor A at a constant velocity and steering yaw rate transter

function property G,, (based on the stability factor Ag) without rear wheel steering angle
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control can be obtained experimentally, for example, by driving the vehicle in slalom at
a constant velocity and measuring data. Therefore, the rear wheel steering angle o;
(feedforward control target value 6,FF) for achieving the reference steering yaw rate
transfer function property Giqeal may be obtained by using the transter function property
G,, obtained from equation (5') in equation (3).

[0049]

However, if the rear wheel steering angle 1s controlled by using the steering
yaw rate transfer function property G,, without the control, which can be obtained from
the stability factor Ag at a constant velocity, when the vehicle is braked or accelerated
during steering, it may be impossible to achieve a desired vehicle behavior. This 1s due
to changes in vehicle turning properties, which are caused by the alteration of the
stability factor A during acceleration or deceleration. Thus, when there 1s a fore-and-aft
vehicle load shift of h - m - ay / L, the cornering powers of front and rear wheels (k¢ and
k;) change according to the following equation:
ki=ki0 - (L;-h-ax) /L, k;=kO-(L¢+th-ox)/Le (7)
wherein, ay: fore-and-aft acceleration, h: height of the gravitational center, k{0: front
wheel cornering power when the vehicle is turning at a constant velocity, k;0: rear wheel

cornering power when the vehicle 1s turning at a constant velocity

[0050]

From equation (7), the stability factor A in presence of

acceleration/deceleration can be expressed with the fore-and-aft acceleration ay,
stability factor Ay without acceleration/deceleration, and cornering powers k) and k0
generated when the vehicle 1s turning at a constant velocity as the following equation.
A=Ag- {[Le/(Ls+h-ay)] Le- kO -[L;/(L;-h-ay)] - L; - kiO} / (L¢ - kO - L; - k,0)

(8)
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[0051]

Figure 6 shows the graph of equation (8). As shown 1n the figure, when a
vehicle without rear wheel steering angle control accelerates while turning, it
understeers. On the other hand, when it decelerates while turning, 1t oversteers.

[0052]

According to the present invention, to appropriately set the feedforward rear
wheel steering angle control target value o,FF according to changes in steer property,
which occur with acceleration/deceleration, the stability factor A given by equation (8)
is used as the modified stability factor (i.e., both of equation (5) and equation (8) are
used) instead of the stability factor Ay (which was used in equation (5') to determine Gy,
used in equation (3)). Therefore, the rear wheel steering angle is controlled by the
feedforward rear wheel steering angle control target value o.FF that matches the actual
stability factor, which changes according to the vehicle fore-and-aft
acceleration/deceleration, thereby preventing the vehicle operator from experiencing an
unfamiliar feeling regarding the vehicle handling and improving vehicle stability and
responsiveness.

(0053]

As described above, one of the factors that could disturb vehicle motion
stability is the acceleration/deceleration during a turn. This 1s because, as 1s obvious
from equation (8), when the vehicle accelerates/decelerates during a turn, the
fore-and-aft load distribution changes, and thus the vehicle turning property changes.
However, according to the present invention, as the feedforward control target value ot
the rear wheel steering angle is adjusted automatically according to changes in turning
property, the vehicle behavior maintains stability even when the vehicle 1s

accelerating/decelerating during a turn. Therefore, according to the present invention,
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even when the vehicle is accelerating/decelerating, the vehicle operator can be
prevented from experiencing an unfamiliar feeling regarding the vehicle handling, and
vehicle responsiveness and stability can be improved.

[0054]

Next is described a method for controlling with high precision even when
various properties of the vehicle change. By using this method, the adaptability of the
vehicle, especially to the cornering power, which may change dramatically depending
on the road friction coefficient, 1s improved.

10055}

The motion equations of the lateral acceleration a, and yaw rate y can be
expressed as follows:
may = - (ke pe) - (ke - pr) -~ (9)

[-dy/dt=-Ldke Be) + Lk - Br)  (10)

wherein, [, f;: slip angles of front and rear wheels, I: vehicle yaw moment of inertia, m:
vehicle mass.

[0056]

These equations (9) and (10) show that if the cornering powers k¢ and k; change
significantly as a result of a change in road condition, while the yaw rate y will not
change significantly as being the difference between the moments that act upon the
front and rear parts of the vehicle, the lateral acceleration a, will change significantly
since it 1s determined by the sum of the lateral forces that act upon the front and rear

parts of the vehicle.

(0057]

These equations, on the other hand, show that if the road friction coefficient x

has decreased due to road condition such as snow cover, the yaw rate y can be changed
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by changing the rear wheel toe angle (i.e., rear wheel slip angle f;), while the lateral
acceleration ay cannot be changed significantly.
[0058]

When the slip is small, the time rate change of the vehicle slip angle 5 (df / dt)
can be expressed by the lateral acceleration ay, vehicle velocity V, and yaw rate y, as the
following equation.
dg/dt=a,/V-y (11)

[0059]

When the vehicle slip angle converges or settles to a steady-state value, the
steady-state value of the time rate change of the vehicle slip angle becomes 0, and thus
the steady-state value of the target yaw rate (y,) set to match the road friction coetlicient
u will be as follows.

Ye=o0y/V (12

Therefore, since the lateral acceleration cannot be increased at the same time as
increasing the yaw rate by changing the rear wheel toe angle as described above, the
steering reference yaw rate must be controlled so as not to surpass the yaw rate obtained
from equation (12).

10060}

When a vehicle with a road friction coefficient 4 (normally, high) 1s controlled
by using the feedforward rear wheel steering angle control target value o,FF obtained
from equation (3), the relation between the lateral acceleration a, and yaw rate y (G,)

can be expressed as the following equation.
G,=yV/ay (13)
Therefore, the steady-state yaw rate will be a value obtained from the following

equation regardless of road condition, and thus the target yaw rate y.er can be calculated
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as a reference value (from equation (11), the steady-state gain of G, becomes 1).
Yret = Goty / V. (14)
[0061]

The rear wheel steering angle is feedback-controlled (1.e., the feedback rear
wheel steering angle target value o,FB is adjusted) such that the actual yaw rate y
becomes identical to this target yaw rate y.r calculated from the vehicle velocity V and
the actual lateral acceleration a,. In the present invention, by performing such feedback
control on the rear wheel steering angle in addition to the feedforward-control, which 1s
performed to achieve the reference steering yaw rate property Gigeal based on equation
(3), even when the road friction coefficient i and other parameters change, the lateral
acceleration oy, changes only in a corresponding manner, and y.r changes as a result
thereof so that a yaw rate inappropriate for the road condition will not be generated. In
addition, not only the effects of the road friction coefficient x but also those of changes
in various properties of the vehicle including vehicle mass change (caused, for example,
by the number of vehicle occupants) will be reduced.

[0062]

As described hereinabove, according to the rear wheel steering angle
controlling device for vehicles of the present invention, as the steady-state property of
the reference steering yaw rate transfer function property, which 1s used to determine the
rear wheel steering angle feedforward control target value from the front wheel steering
angle, is regulated so as to become identical to the steering yaw rate transfer function
property without rear wheel steering angle control, 1n a transition state, vehicle
responsiveness and stability can be improved by controlling the rear wheel steering

angle. Meanwhile, in a steady state, the slip angle /5 1s controlled to be the same as it

would be when the rear wheel steering angle is not controlled, thereby preventing the
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vehicle operator from experiencing an unfamiliar feeling regarding the vehicle handling.
In addition, the feedforward target rear wheel steering angle 1s set according to changes
in vehicle steer property caused by fore-and-aft acceleration, thereby preventing the
vehicle operator from ’experiencing an unfamiliar feeling regarding the vehicle handling
and improving vehicle stability and responsiveness even when the vehicle 1s
accelerating or decelerating. Fﬁrthermore, be;ﬁause the target yaw rate 1s set according to
changes in road condition, and the feedback rear wheel steering angle control target
value 1s determined aéCordingly, the controlling de?ice can be configured to be stable
against cl'hanges in road condition and show a highly robust stability. Theretore, the rear

wheel steering angle controlling device for vehicles of the present invention is

extremely useful in industry.

(0063]

Although the invention has been described with reference to preferred
embodiments, those skilled in the art will easily understand that various modifications

and changes can be made without departing from the scope of the present invention.
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CLAIMS:
1. A rear wheel steering angle controlling device for vehicles,
comprising:
a rear wheel steering mechanism for changing a rear wheel steering
angle;

a front wheel steering angle detector for detecting a front wheel

steering angle;
a vehicle velocity detector for detecting a vehicle velocity;

a feedforward rear wheel steering angle control target value setting
unit for setting a feedforward control target value of said rear wheel steering angle

according to said front wheel steering angle, said vehicle velocity, a steering yaw
rate transfer function property without a rear wheel steering angle control and a

prescribed reference steering yaw rate transfer function property; and

a controlling device for controlling said rear wheel steering
mechanism according to said feedforward rear wheel steering angle control target

value;

wherein a steady-state property of said reference steering yaw rate
transfer function property is configured to be identical to said steering yaw rate

transfer function property without said rear wheel steering angle control.

2. A rear wheel steering angle controlling device for vehicles,

comprising:

a rear wheel steering mechanism for changing a rear wheel steering

angle;

a front wheel steering angle detector for detecting a front wheel

steering angle;

a vehicle velocity detector for detecting a vehicle velocity:
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a fore-and-aft acceleration/deceleration detector for detecting a fore-
and-aft acceleration/deceleration of said vehicle, the steering yaw rate transfer
function property without rear wheel steering angle control, and the prescribed

reference steering yaw rate transfer function property;

a feedforward rear wheel steering angle control target value setting
unit for setting a feedforward control target value of said rear wheel steering angle

according to said front wheel steering angle and said vehicle veiocity; and

a controlling device for controlling said rear wheel steering
mechanism according to said feedforward rear wheel steering angle control target

value;

wherein said rear wheel steering angle feedforward control target
value setting unit cha'nges said feedforward reaf wheel steering angle control
target value by modifying a stability factor used for calculating said steering yaw
rate transfer function property without rear whéel steering angle control according
to a change in a vehicle steer property caused by said fore-and-aft

acceleration/deceleration of said vehicle.

3. A rear wheel steering angle controlling device for vehicles according

to either one of claims 1 and 2, further comprising:
a yaw rate detector for detecting a yaw rate of said vehicle;

a lateral acceleration detector for detecting a lateral acceleration of

said vehicle:

a target yaw rate setting unit for determining a target yaw rate from

said vehicle velocity and said lateral acceleration; and

a feedback rear wheel steering angle control target value setting unit
for determining a feedback rear wheel steering angle control target value
according to a difference between said yaw rate detected by said yaw rate

detector and said target yaw rate;
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wherein said rear wheel steering mechanism is controlled according
to a rear wheel steering angle control target value obtained by adding said
feedforward rear wheel steering angle control target value to said feedback rear

wheel steering angle control target value.

4. A rear wheel steering angle controlling device for vehicles according
to claim 2, wherein a steady-state property of said reference steering yaw rate
transfer function property is configured to be identical to said steering yaw rate

transfer function property without said rear wheel steering angle control.
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