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(54) Method of controlling rear wheels of four-wheel steering motor vehicle

(57) The rear road wheels of a four-wheel steering motor vehicle are controlled so that a steer angle ratio of a rear wheel
steer angle to a front wheel steer angle is variably controlled depending on the lateral acceleration [¥o]. The steer angle

ratio [g(yo)] is selected so as to be in a range defined by:

f1 (yo) - g(yo). f2(yo) 2 0
where 11(yo) = Cfo/mf;
{2 (yo) = Cro/mr;

Cfo, Cro are equivalent cornering powers of the tires of the front and rear road wheels while the motor vehicle is

making a steady-state turn; and

mf, mr are equivalent masses at the front and rear axles of the motor vehicle.

Alternatively, the rear-to-front steer ratio is based on detected lateral acceleration and front wheel steer angle such that

a transient yaw rate gain represented by a ratio of an increase in yaw rate to an increase in front wheel steer angle
immediately after the vehicle is steered is positive, while the lateral acceleration is smaller than a predetermined value.
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METHOD OF CONTROLLING REAR WHEELS
OF FOUR-WHEEL STEERING MOTOR VEHICLE

The present invention relates to a method of con-
trolling the steer angle of a road wheel of a motor vehicle,
and more particularly to a method of controlling the steer
angle of rear road wheels of a four-wheel steering motor
vehicle.

Steer response characteristics of a motor vehicle
with its only two front road wheels being steerable
(hereinafter referred to as a "2WS motor vehicle") will be
described below.

A 2WS motor vehicle has a different yaw response to
movement of the steering wheel while the motor vehicle is
running straight ahead from a yaw response during turns.
More specifically, the yaw rate gain of a 2WS motor vehicle
tends to be nonlinear'éo that it is lower as the lateral
acceleration Yo of the motor vehicle is higher when the
motor vehicle is making a turn. As is generally known, the
reason for this is that the cornering power Cf of front road
tires is lowered as the lateral slip angle af of the front
road wheels is increased. As described above, the yaw
response of a 2WS motor vehicle during a turn is governed by
the characteristics with which the lateral force Fl1 of the
front road tires is generated with respect to the lateral
slip angle af.

In order to change the yaw response during turns
without varying various parameters such as the weight m of
the motor vehicle, the yawing moment Iz of inertia, the
wheelbase %, the tread T, and the aspect ratio and material
of the tires, it is general to adjust the roll stiffness and
changes in alignment of the front and rear suspensions of
the motor vehicle. However, such an adjusting process is
based on the principle that the characteristics with which
the lateral forces Fl1, F2 of the front and rear wheel tires
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are varied depending on the turning condition of the motor
vehicle while passively utilizing the response of the motor
vehicle body during the turn. Therefore, it is difficult to
largely vary the yaw response of the motor vehicle. It is
still more difficult to vary the yaw response finely depend-
ing on various values of motion of the motor vehicle such as
the vehicle speed V and the lateral acceleration Yo.

In the 2WS motor vehicle, during a turn in which
the lateral acceleration Yo applied to the motor vehicle is
large, the cornering power Cf of the front wheel tires is
almost zero, i.e., the lateral force Fl generated by the
front wheel tires to turn the vehicle body in a yawing
direction is saturated. Accordingly, even if the suspen-
sions are finely adjusted to vary the yaw responsiveness,
the yaw rate gain is approximately zero and any suspension
adjustment is ineffective during turns in which the motor
vehicle is subjected to large lateral accelerations yo.

Japanese Laid-Open Patent Publication No. 60(1985)-
166561 published August 29, 1985, for example, discloses a
steering control process for a motor vehicle in which two
front road wheels and two rear road wheels are steerable
(hereinafter referred to as a "4WS motor vehicle").
According to the disclosed steering control process, the
steer angle ratio k of the rear wheel steer angle 6r to the
front wheel steer angle §f is varied depending on the lat-
eral acceleration §o on the motor vehicle. More
specifically, during a turn in which the front and and rear
road wheels are turned in the same direction, when the lat-
eral acceleration jo exceeds a certain level, the steer
angle ratio k is switched to a small value. With this
steering control prdcess, however, it is impossible to
obtain smooth yaw responsiveness in a wide acceleration
range from a small lateral acceleration yo to a large lat-.
eral acceleration Yo.

The present invention has been made in an effort to

eliminate the aforesaid drawbacks of the conventional meth-
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ods of controlling the road wheel steer angle of a motor
vehicle.

It is an object of the present invention to provide
a method of controlling the steer angle of rear road wheels
of a 4WS motor vehicle to obtain smooth yaw responsiveness
in a wide acceleration range from a small lateral accelera-
tion to a large lateral acceleration.

According to the present invention, there is pro-
vided a method of controlling rear road wheels of a four-
wheel steering motor vehicle having front road wheels which
can be turned by steering action, rear road wheels which can
be turned in response to the turning of the front road
wheels, and means for detecting a lateral acceleration
applied to the motor vehicle, the arrangement being such
that a steer angle ratio of a rear wheel steer angle to a
front wheel steer angle is variably controlled depending on
the lateral acceleratibn, said method comprising the step
of:

selecting the steer angle ratio so as to be in a
range defined by:

| f1(§o) - g(yo)-£2(yo) 2 0

where fl(yo) = Cfo/mf;

f2(yo) = Cro/mr;

cfo, Cro are equivalent cornering powers of the tires
of the front and rear road wheels while the motor vehicle is
making a steady-state turn; and

mf, mr are equivalent masses at the front and rear
axles of the motor vehicle.

The above and further objects, details and advan-
tages of the present invention will become apparent from the
following detailed description of a preferred embodiment
thereof, when read in conjunctlon with the accompanying
drawings.

FIG. 1 is a schematic view of a two-wheel motor
vehicle having a front road wheel and a rear road wheel, the
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view being used to analyze the steer response characteris-
tics of a four-wheel motor vehicle, with the single front
road wheel being representative of two front road wheels and
the single rear road wheel of two rear road wheels;

FIG. 2 is a diagram showing the manner in which
cornering forces per unit weight of the front and rear road
wheels vary while the motor vehicle shown in FIG. 1 is mak-.
ing a steady-state turn;

FIG. 3 is a diagram showing the manner in which
cornering powers per unit weight of the front and rear road
wheels vary while the motor vehicle shown in FIG. 1 is mak-
ing a steady-state turn;

FIG. 4 is a diagram showing the manner in which a
yaw response varies with respect to a lateral acceleration
in a 2WS motor vehicle;

FIG. 5 is a diagram similar to FIG. 3, showing the
manner in which cornering powers per unit weight of the
front and rear road wheels of a 4WS motor vehicle having a
constant steer angle ratio of the front to rear road wheels
vary;

FIG. 6 is a diagram showing the manner in which a
yaw response varies with respect to a lateral acceleration
in the 4WS motor vehicle;

FIG. 7 is a diagram showing the manner in which a
steer angle ratio varies with respect to a lateral accelera-
tion in a method of controlling the steer angle of rear road
wheels according to the present invention;

FIG. 8 is a diagram showing the manner in which a
yaw response varies with respect to a lateral acceleration
in a 4WS motor vehicle to which the control method of the
present invention is applied;

FIG. 9 is a graph showing a combination of the yaw
response characteristic curves of FIGS. 4, 6, and 8;

FIG. 10 is a schematic plan view of a four-wheel
motor vehicle which is making a steady-state turn;



- 5 -

FIGS. 11A and 11B are schematic plan views of a 2WS
motor vehicle in a turn, specifically illustrating the
change in the yaw response shown in FIG. 4;

FIGS. 12A through 12D are schematic plan views of a
4WS motor vehicle with a constant steer angle ratio, specif-
ically illustrating the change in the yaw response shown in
FIG. 6;

FIGS. 132 and 13B are schematic plan views of a 4WW
motor vehicle to which the control method of the invention
is applied, specifically illustrating the change in the yaw
response shown in FIG. 8;

FIG. 14 is a schematic plan view of a 4WS motor
vehicle having a steering system which is used to carry out
the control method according to the present invention;

FIG. 15 is a block diagram of the steering system
shown in FIG. 14; ) '

FIG. 16 is a flowchart of a control sequence to be
executed by a controller of the steering system of FIG. 14
for carrying out a control method according to a first
embodiment of the present invention;

FIG. 17 is a data table used in a step in the con-
trol sequence shown in FIG. 16;

7 FIG. 18 is a detailed flowchart of a control
process for steering rear road wheels in the control
sequence shown in FIG. 16;

FIG. 19 is a data table used in a step in the con-
trol sequence shown in FIG. 16;

FIG. 20 is a flowchart of a control sequence to be
executed by the controller of the steering system of FIG. 14
for carrying out a control method in accordance with a sec-
ond embodiment of the present invention; and

FIG. 21 a data table used in a step in the control
sequence shown in FIG. 20.

FIGS. 1 through 13 show the principles of a method
of controlling the steer angle of rear road wheels of a 4WS

motor vehicle according to the present invention.
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The principles of the present invention will be
described as being applied to a four-wheel motor vehicle 100
having two front road wheels and two rear road wheels. More
specifically, the dynamics of a yaw response of the motor
vehicle 100 when it is slightly steered while the motor
vehicle is making a steady-state turn will be analyzed.

Such an analysis will be based on a two-wheel motor vehicle

model 100 shown in FIG. 1 in which a single front road wheel
represents the two front road wheels and a single rear road

wheel represents the two rear road wheels.

The various reference characters are defined as

follows:

m: vehicle mass;

a: distance from the center of graVity to the front
axle;

b: distance from the center of gravity to the rear
axle;

%: wheelbase (= a + b);
mf: equivalent vehicle mass at the front axle;
mr:requivalent vehicle mass at the rear axle;
Cf: equivalent cornering power of the front tires;
Cr: equivalent cornering power of the rear tires;
6sw: steering wheel steer angle;
5§f: front wheel steer angle;
§r: rear wheel steer angle;
af: lateral slip angle of the front tires;
ar: lateral slip angle of the rear tires;
Fl: lateral force (cornering force) generated by
the front tires during a turn;
F2: lateral force (cornering force) generated by
the rear tires during a turn; ’
) Iz: yawing moment of inertia of the motor vehicle;
t: time;
y: yaw rate; and
¥: lateral acceleration.
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While the motor vehicle 100 is making a steady-
state turn (indicated by the solid lines), the above refer-
ence characters are followed by a suffix "o". Denoted at Uo
in FIG. 1 is a slip angle of the motor vehicle body itself.

Generally, a yaw response (= yawing moment) is
indicated by: '

Izg% = Fl.a - F2+b (1)

and is governed by a yawing moment Iz of inertia of the
motor vehicle.

Tt is now assumed that the motor vehicle 100 shown
in FIG. 1 is in a steady-state turn and various parameters
are given as follows:

The steering wheel steer angle: 6swo;

The front road wheel steer angle: 6fo;

The rear road'wheel steer angle: 6ro;

The lateral force generated by the front wheels:
F10; and
' The lateral force generated by the rear wheels:
F20.

A transient turning behavior of the motor vehicle
100 at the time the steering wheel steer angle 6swo is
instantaneously increased by a small angle A6sw will be
analyzed. -
First, the above parameters Fl, F2, §f, &r are
increased by AFl, AF2, A8f, Abr, respectively, in response
to the increase A8sw in the steering wheel steer angle, and
the front and rear road wheels Wf, Wr are turned to the
respective positions which are indicated by the broken
lines.

The yawing moment under such a transient condition

is given as follows:

Izg% = (Fl + AFl):a - (F2 + AF2)-b

During the steady-state turn or cornering, the yaw-

ing moment is zero because it is in equilibrium. Therefore,



Izo-g—\é = Fl10-a - F2:b = 0

Consequently, the yaw response in the transient
condition is defined as follows:

d

Izgf = AFl-a - AF2-b (2)

During the steady-state turn, the following rela-
- tionship is effective:

F10/mf = F20/mr = {o (3)

Now, it is assumed that the motor vehicle 100 has
an understeer response. In this case, values produced by
dividing the lateral forces Fl1, F2 of the front and rear
tires by the equivalent masses mf, mr, respectively, are
plotted against the lateral slip angles af, ar of the front
and rear road wheels as shown in FIG. 2.

The lateral slip angles af, ar of the front and
rear road wheels in the steady-state turn condition
expressed by the equation (3) above are represented by the
coordinates on the horizontal axis of points Pr, Pf in FIG.
2, and the equivalent mass mf at the front axle and the
equivalent mass mr at the rear axle are indicated by mf =
m-b/%, mr = m-a/¢%, respectively. By multiplying these equa-
tions by a/mf and b/mr, respectively, we get a =
mea-b/(mf-¢) and b = m-a-b/(mr-¢), respectively. Putting
these equations into the righthand side of the equation (2),
the following equation is given:

dy zFl _ AF2, m-a-b (2')

Izgt = (of ~mr )%

Lateral slip angles Aaf, Aar of the front and rear
tires increased by the small steering wheel steer angle
increase ASsw are equal to the increases A§f, A6r in the
front and réér wheel steer angles immediately after the
motor vehicle is steered. The equivalent cornering powers
Cfo, Cro (Cfo = (dFl/3af), Cro = (dF2/3ar)) during the
steady-state turn are regarded as being transiently
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constant. Therefore, increases AFl, AF2 in the lateral
forces F1, F2 on the front and rear wheels are expressed by:

AF1 Cfo-Aaf ~ Cfo-ASf,

AF2 Cro-Aar ~ Cro-+Aér (4)

Since the steer angle ratio k of the rear to front
wheels is k = 986r/38f, an increase ASr in the rear wheel
angle when the rear wheel is slightly turned is given by:

adr
ASr = m‘AGf | (5)

By putting the equations (4) and (5) into the equa-
tion (2), we get:

dy _
lz3t =

(o]

8L, .asf (6)

(Cfo-a - Crch'85

h

In the same manner as described above to obtain the
equation (2'), the equations a = m-a-b/(mf-%) and b = m-a-b/
(mr-%) are put into the righthand side of the equation (6),
thus obtaining the following equation:
dy _ m-a-b Cfo Cz:o_BtSr).Asf (6')

Izdt B 9 (mf mr 9d6f

Because the equation (6') is produced by modifying the
equation (2) seﬁeral times, it represents the yawing moment
on the motor vehicle immediately after it is steered. Such
yawing moment immediately after the motor vehicle is steered
will hereinafter referred to as remaining yawing moment.

An increase Ay in the yaw rate y within a short
period of time At immediately after the motor vehicle is

steered is given by:

4 A
5~ % (7)

By putting the equation (7) into the lefthand side of the

equation (6'), Ay is defined as follows:

mea+*b ,Cfl Cro 968r
21z (mf " oro'55E) (ASE-At (8)

Ay =

By dividing both sides of the equation (8) by ASsf,
a transient yaw rate gain Ay/A8f immediately after the motor

vehicle is steered is given by:
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Ar m+<a-b ,Cfo Cro BSr).ASf (9)

25F - -1z ‘mF T mr 3ef

The remaining yawing moment expressed by the equa-
tion (6) is essentially the same as the transient yaw rate
gain expressed by the equation (9). Accordingly, the yaw
response to the steering action while the motor vehicle is
cornering can be evaluated based on the values of these two
equations (6), (9).

In actually establishing the yaw response charac-
teristics of a motor vehicle, a yaw rate gain when the motor
vehicle is running straight ahead can be established as
desired by selecting a gear ratio n of the front wheel angle
§f to the steering wheel steer angle 6sw. The yaw respon-
siveness of the motor vehicle while it is making a turn is
controlled by the ratio of an increase in the yaw rate gain
to an increase in the_lateral acceleration ¥, rather than by
the absolute value of the yaw rate gain. Thus, while the
motor vehicle is making a turn, it is important to recognize
at what ratio the yaw rate gain increases as the lateral
acceleration Yo increases.

In view of the foregoing, the variable:

Cfo _ Cro asr
mf mr 968t

which is commonly found in the equations (6') and (9) is
represented by

. _ Cfo _ Cro 38ér
J(¥0) = oF ~ nT 38t (10)

and how J(y¥o) varies as the lateral acceleration Yo
increases will be analyzed below. J(¥o0) will hereinafter be
referred to as a yaw response term. The term "m-a-b/%" on
the righthand side of the equation (6') and the term
"m-a+b/(2+-Iz) on the righthand side of the equation (9) are
constants. .
The terms "Cfo/mf", "Cro/mf" in the equation (10)
are indicative of cornering coefficients which are produced

b



- 11 -

by differentiating F1/mf, F2/mr on the vertical axis of FIG.
2 with the lateral slip angles af, ar of the front and rear
tires. Since each of Cfo/mf, Cro/mr varies as the steady

lateral acceleration Yo varies as shown in FIG. 3, they can
be represented as functions of the steady lateral accelera-

tion Yo:

€Lo . £1 (yo) (11)
Cro R
€Io _ £2 (yo) (12)

as indicated by characteristic curves L1, L2 in FIG. 3. The
functions fil(yo), f2(yo) become zero when the steady lateral
acceleration yo exceeds given values af, ar.

By putting the equations (11) and (12) into the
equation (10), the yaw response term J(yo) is expressed as

follows: '
. . . abr
J(yo) = f1(Jo) - f2(Jo) 35F (13)

Characteristics of the yaw response term J(¥o) in
(i) a 2WS motor vehicle, (ii) a 4WW motor vehicle in which
the steer angle ratio of the rear to front road wheels is
36r/36f = k = constant, and (iii) a 4WS motor vehicle to
which the method of controlling the steer angle of rear road
wheels according to the present invention is applied, will
be described below.
(i) 2WS motor vehicle:

Since the rear wheel angle 6r of the 2WS motor
vehicle is zero at all times,

36r/36f = 0 (14)

With the equation (14) put into the equation (13),
we get

J(go) = f1(yo) = S£2 (15)
Inasmuch as the equivalent mass mf at the front axle is
constant, the rate at which the yaw response term J(yo) var-
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ies is the same as the rate at which the cornering power Cfo
of the front tire varies. Therefore, the yaw response term
J(yo) in the 2WS motor vehicle varies as indicated by a
characteristic curve L3 in FIG. 4, and the characteristic
curve L3 is the same as the characteristic curve L1 in FIG.
3. ‘

The characteristics with which the yaw response
term in the 2WS motor vehicle varies are summarized as
follows: The yaw response term J(Yo) is mainly governed by
the lateral force characteristics of the front tire. Since
the steady lateral acceleration yo is zero when it exceeds
the value af, the yawing motion of the motor vehicle cannot
be controlled even if the driver operates the steering
wheel.

(ii) 4WS motor vehicle in which the steer angle ratio of the
rear to front road wheels is 38r/Asf = k = constant:

It is known that when the rear road wheels are
turned in the same direction as the front road wheels at a
constant steer angle ratio k, the delay in the response of
the lateral acceleration to the steering action is reduced,
allowing the driver to steer the motor vehicle easily when
the motor vehicle is running at medium and high speeds.

If the rear wheel steer angle is controlled in this
manner, then we obtain:

osr

35 = kK (k is constant, 1 >> k > 0) (16)

By putting the equation (16) into the equations (10) and
(13), the following equation is obtained:

= f1(yo) - k-f2(Yy0) (17)

The term k-f2(yo) in the equation (17) varies as
indicated by a characteristic curve L2' in FIG. 5. The yaw
response term J(§o) varies as indicated by a characteristic
curve L4 in FIG. 6 as it represents the difference between

the characteristic curves L1, L2' in FIG. 5.
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As can be understood from the curve L4, in the 4WS
motor vehicle in which the steer angle ratio of the rear to
front road wheels is 3sr/k§f = k = constant, when the steady
lateral acceleration {o exceeds a certain value ak, the yaw
response term J(yo) becomes negative, and the direction of
yaw response is reversed.

As described above, if the rear road wheels are
only controlled so that they are turned in the same direc-
tion as the front road wheels at the constant steer angle
ratio k, then there is developed a zone in which the yaw
response does not vary smoothly when the lateral accelera-
tion Yo is large.

(iii) 4WS motor vehicle to which the method of controlling
the steer angle of rear road wheels is applied:

According to the rear wheel control method of the
present invention, the ratio 36r/3sf of the rear wheel steer
angle 6r to the front wheel steer angle §f is variably con-
trolled depending on the magnitude of the lateral accelera-
tion $o. More specifically, it is assumed that

95L = g(¥0) (18)

By putting the equation (18) into the equation (13), we
obtain:

J(yo) = f1(Yo) - g(¥o)-f2(¥o) (19)

The steer angle ratio g(yo) is selected as indi-
cated by a characteristic curve L5 in FIG. 7. Therefore,
the term g(yo)-f2(yo) varies as indicated by a characteris-
tic curve L5' in FIG. 8. As a result, as indicated by a
characteristic curve L6 in FIG. 8, the yaw response term
J(yo) smoothly varies such that it always as a positive
value from the lateral acceleration Yo which is zero to the
prescribed value ar. According to the present invention,
therefore, the steer angle ratio g(yo) is selected to meet
the following:

J(yo) = fl(Yo) - g(¥o)-£f2(¥0) 2 0
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From another standpoint, the rate at which the yaw
response term J(Yo) decreases as the lateral acceleration yo
increases on the characteristic curve 16 is smaller than
that in the 4WS motor vehicle (= characteristic curve L4)
having a constant steer angle ratio k. Therefore, a yaw
response in a desired direction can smoothly be achieved up
to a high lateral acceleration.

In order to establish the steer angle ratio g(¥yo),
i.e., the characteristic curve L5, the desired characteris-
tic curve L6 shown in FIG. 8 is first established. )

The equation (19) can also be defined as:

fi(yo) - g(¥o)-f2(yo) = J(¥0) - (20)
Solving the equation (20) for g(¥o), we get:
g(yo) = IS (ol (21)

The steer angle ratio g(yo) can be determined according to
the equation (21) since the terms fl(¥o), J(yo), £2(yo) on
the righthand side of the equation (21) are determined
respectively by the characteristic curves L1, L6, L2 in FIG.
8. ,

The yaw response terms J(yo) represented respec-
tively by the characteristic curves L3, L4, L6 are divided
by J(0) when yo = 0 in these curves, thus producing
dimensionless functions J(¥0)/J(0). These functions J(yo)/
J(0) are represented respectively by characteristic curves
L3', L4', L6' in FIG. 9. '

In order to determine the steer angle ratio g(yo)
based on the equation (21), it is necessary to know fl(yo)
and f2(yo) accurately to a certain extent. Inasmuch as
fi(yo) and f2(yo) are given as fl(¥yo) = Cfo/mf and f2(yo) =
Cro/mr from the equations (11), (12), they are determined
depending on the tire characteristics. However, when the
motor vehicle is actually running, the cornering powers Cfo,
Cro often differ from theoretical values of the tires them-
selves because of road conditions and suspensions of the

motor vehicle.
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In reducing the present invention to practice, the
theoretical characteristic values of the tires themselves
are first employed, and the steer angle ratio g(¥o) is theo-
retically determined according to the equation (21). Then,
using the theoretically determined steer angle ratio
g(Yyo)th, the 4WS motor vehicle is run in an experiment while
controlling the rear wheel steer angle. As a result of such
an experiment, the actual yaw response J(Yyo) can be
confirmed. The steer angle ratio g(¥o) should preferably
finally be adjusted in view of the experimental result.

The control method according to the present inven-
tion offers more advantageous if there is effected "model
adaptive control" in which the yaw response to steering
action is always measured to obtain an actual yaw response
J(yo)m while the motor vehicle is running, and the steer
angle ratio g(yo) is adjusted from time to time depending on
the error between the measured actual yaw response J(yo)m
and a theoretical yaw response J(¥o)th.

Actual meanings of the yaw responses J(Yo) repre-
sented by the characteristic curves L3, L4, L6 will be
described below with reference to FIGS. 10 through 13A and
13B. In each example, it is assumed that the motor vehicle
makes a steady-state turn as shown in FIG. 10, and the
steering wheel steer angle 6swo is instantaneously increased
by a small amount A8sw. For the sake of brevity, the dis-
tance a from the center of gravity to the front axle and the
distance b from the center of gravity to the rear axle are
equal to each other.

(A) 2WS motor vehicle:

The following motor vehicle behavior can also be
understood from the equation (15) and the characteristic
curve L3 shown in FIG. 4.

As shown in FIG. 11A, in a zone (Yo = ai, ai < af)
in which the steady-state lateral acceleration ¥o is smaller
than the prescribed value af, an increase AFl in the lateral
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force applied to the front road wheel is of a positive
value, and an increase AF2 in the lateral force applied to
the rear road wheel is always zero.

As shown in FIG. 11B, in a zone (yo 2 af) in which
the steady-state lateral acceleration yo is equal to or
larger than the prescribed value af, an increase AFl in the
lateral force applied to the front road wheel is zero.
Therefore, the yaw rate of the motor vehicle does not vary
even if the driver makes steering action.

(B) 2WS motor vehicle with the steer angle ratio 38r/3sr = k
= constant:

The following motor vehicle behavior can also be
understood from the equation (17) and the characteristic
curve L4 shown in FIG. 6.

The front and rear road wheels are turned in the
same direction. 5

As shown in FIG. 12A, in a zone (yo < ak) in which
the steady-state lateral acceleration o is smaller than the
prescribed value ak, an increase AFl1 in the lateral force
applied to the front road wheel and an increase AF2 in the
lateral force applied to the rear road wheel are of positive
values.

In a zone (Yo 2 ak, ak < af < ar) in which the
steady-state lateral acceleration Yo exceeds the prescribed
value ak, the yaw response J(yo) is zero or negative.

More specifically, as shown in FIG. 12B, if jo =
ak, both an increase AFl in the lateral force applied to the
front road wheel and an increase AF2 in the lateral force
applied to the rear road wheel are of positive values and
equal to each other. Thus, AFl1 = AF2, and the yaw rate of
the motor vehicle does not vary even if the driver takes
steering action.

When the steady-state lateral acceleration yo is
equalized to the prescribed value af, as shown in FIG. 12C,
an increase AF1 in the lateral force applied to the front
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road wheel becomes zero, and an increase AF2 in the lateral
force applied to the rear road wheel has a positive value.
If the driver effects steering action at this time, the yaw
rate varies in a direction opposite to the direction in
which the motor vehicle is intended to turn. .

If the steady-state lateral acceleration Yo exceeds
the prescribed value ar (Yo 2 ar), as shown in FIG. 12D,
both an increase AF1 in the lateral force applied to the
front road wheel and an increase AF2 in the lateral force
applied to the rear road wheel become zero. Under this
condition, the yaw rate of the motor vehicle does not vary
even if the driver takes steering action.

Before and after the conditions shown in FIGS. 12B,
12C, and 12D, there are produced zones in which the yaw
response J(yo) does not vary smoothly.

(C) 4WS motor vehicle to which the rear wheel steer angle
control method of the bresent invention is applied:

As described above with respect to the characteris-
tic curve L6 shown in FIG. 8, the relationship:
f1(yo) - g(yo)-f2(yo) 2 0 is effective in a range yo < ar.
Therefore, when the front and rear road wheels are turned in
the same direction as shown in FIG. 13A, both an increase
AF1l in the lateral force applied to the front road wheel and
an increase AF2 in the lateral force applied to the rear
road wheel are of positive values and AFl1 > AF2.
Consequently, a desired yaw response is achieved up to a
high lateral acceleration yo.

As shown in FIG. 13B, in a zone (yo 2 ar) in which
the steady-state lateral acceleration yo is equal to or
larger than the prescribed value ar, both an increase AFl1l in
the lateral force applied to the front road wheel and an
increase AF2 in the lateral force applied to the rear road
wheel are zero, and hence AFl = 0, AF2 = 0. The yaw rate of
the motor vehicle does not vary even if the driver takes

steering action.
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According to the rear wheel steer angle control
method of the present invention, as described above, it is
possible to achieve a yaw response J({o) in a desired direc-
tion smoothly up to a higher lateral acceleration ar than
possible with the conventional 4WS motor vehicles. Since
the steer angle ratio g(yo) is easily determined from the
equation (21), the yaw response characteristics can be
established with greater freedom.

A motor vehicle which is equipped with a 4WS system
for carrying out the rear wheel steer angle control method
of the present invention will now be described with refer-
ence to FIGS. 14 through 21.

As shown in FIG. 14, a 4WS motor vehicle 200 has a
steering wheel 1, a front steering gear mechanism 3, a pair
of front road wheels 9, an electric motor 11 as an actuator,
a rear steering gear mechanism 13, a pair of rear road
wheels 19, various senéors 24, 25, 26, 27, 28, and a rear
wheel steer angle controller 29. The front steering gear
mechanism 3 comprises a pinion 4 mounted on a steering shaft
2, and a rack 5 on a front rack.shaft 6. Front wheel
knuckle arms 8 are coupled respectively to the opposite ends
of the rack shaft 6 through respective tie rods 7. The rear
steering gear mechanism 13 comprises a pinion 14 mounted on
a pinion shaft 12 rotatable by the motor 11, and a rack 15
on a rear rack shaft 16. Rear wheel knuckle arms 18 are
coupled respectively to the opposite ends of the rack shaft
16 through respective tie rods 17. A bevel gear mechanism
21 comprising a pair of bevel gears 22, 23 is connected
between the motor 11 and the pinion shaft 12. The sensors
include a front wheel steer angle sensor 24, a rear wheel
steer angle sensor 25, vehicle speed sensors 26, a lateral
acceleration sensor 27, and a yaw rate sensor 28 which may
be selectively provided or dispensed with.

Detected signals from the sensors 24 through 28 are
sent to the controller 29, which energizes the motor 11 to
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turn the rear road wheels 19 in response to the turning of
the front road wheels 9.

FIG. 15 shows in block form the 4WS steering system
shown in FIG. 14, and illustrates how signals are transmit-
ted and processed for the control of the steer angle of the
rear road wheels.

As described above, the yaw response expressed by
the equation (19), i.e., J(yo) = fl(Yyo) - g(yo)-£f2(yo), is
controlled so that it has a positive value at all times
insofar as the cornering power of the rear wheel tires has a
finite value (Yo < ar). That is, the rear wheel steer angle
is controlled so that J(yo) = fl(yo) - g(yo)-f2(yo) 2 0.

Such a control process is effected by the control-
ler 29 as shown in FIGS. 16 through 19 or FIGS. 20 and 21.

FIGS. 16 through 19 show a control sequence for
effecting a rear wheel steer angle control method according
to a first embodiment of the present invention.

When an ignition switch is turned on, an initializ-
ing step is effected and a signal processing operation is
started. In a step pl, the lateral acceleration Yo and the
front wheel angle §6f are read respectively from the sensors
27, 24. Actually, the steering wheel steer angle 6sw is
read from the sensor 24, and the front wheel steer angle &f
is calculated based on the steering wheel steer angle 6sw.
In a next step P2, a steer angle ratio k (= g(yo)) of the
rear to front wheels is read from a data table 1 (FIG. 17),
using the lateral acceleration §o as an address. The data
of the data table 1 shown in FIG. 17 are essentially the
same as the characteristic curve L5 of FIG. 7, but have
actually been finely adjusted in view of -the results of an
actual experiment in which the motor vehicle was run. Then,
the steer angle ratio k thus read and the front wheel steer
angle 6f read in the step Pl are multiplied to determine a
target rear wheel steer angle §ro in a step P3.

The rear road wheels are actually turned in a step

P4 which is a rear wheel turning routine. The rear wheel
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turning routine is shown in detail in FIG. 18.

As shown in FIG. 18, an actual rear wheel angle 6r
is read from the sensor 25 in a step P1l1. In a step P12,
the actual rear wheel steer angle 6r is subtracted from the
target rear wheel steer angle é6ro, thus producing a differ-
ence or error ASr. Using the error ASr as an address, a
duty cycle D is read from a data table 2 shown in FIG. 19 in
a step P13. The data table 2 has a dead zone DZ for pre-
venting the motor 11 from hunting. Then, the motor 11 is
energized by a voltage which is proportional to the duty
cycle D in a step P14 until the actual rear wheel steer
angle §r reaches the target rear wheel steer angle éro.

After the routine of FIG. 18, control returns to
the step P1 again.

According to the rear wheel steer aﬁgle control
method shown in FIGS. 14 through 19, as described above with
reference to FIGS. 7 through 9 and 13A, 13B, it is possible
to obtain a yaw response J(yo) in a desired direction
smoothly up to a higher lateral acceleration ar than possi-
ble with the conventional 4WS motor vehicles.

Instead of directly determininé the lateral accel-
eration Yo with the lateral acceleration sensor 27 shown in
FIG. 14, the lateral acceleration yo may be calculated from
the vehicle speed and the front wheel steer angle.

FIGS. 20 and 21 show a control sequence for carry-
ing out a rear wheel steer angle control method according to
a second embodiment of the present invention. In the second
embodiment, a steer angle ratio k is referred to as an
"auxiliary steer angle ratio", whereas a steer angle ratio K
as a "main steer angle ratio". According to this
embodiment, the steer angle of the rear wheels is basically
controlled based on the main steer angle ratio K as shown in
FIG. 21, but when the vehicle speed V and the lateral accel-
eration Yo is large, the steer angle of the rear road wheels
is controlled in the same manner as described with reference
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to FIGS. 16 through 19. When the steer angle of the rear
road wheels is controlled based on only the main steer angle
ratio K shown in FIG. 21, the rear road wheels are turned in
the opposite direction to the front road wheels as long as
the vehicle speed V is lower than a predetermined boundary
value V1, and the rear road wheels are turned in the same
direction as the front road wheels as long as the vehicle
speed V is higher than the boundary value V1.

In FIG. 20, after an initializing process has been
carried out, a vehicle speed V, a front wheel steer angle
§f, and a lateral acceleration Yo are read respectively from
the vehicle speed sensor 26, the front wheel steer angle
sensor 24, and the lateral acceleration sensor 27 in a step
P21. Then, in a step P22, a main steer angle ratio K is
read from a data table 3 shown in FIG. 21 by addressing the
data table 3 with the vehicle speed V read in the step Pl.

A next step P23 determines whether the detected
vehicle speed V is higher than a boundary value V1 or not.

If the vehicle speed V is higher than the boundary
value V1, then control goes to a step P25 in which an auxil-
iary steer angle ratio k is read from the data table 1 shown
in FIG. 17 in the same manner as the step P2. Then, a step
P26 determines whether the main steer angle ratio K which
has been read in the step P22 is larger than the auxiliary
steer angle ratio k which has been read in the step 25. If
the main steer angle ratio K is larger than the auxiliary
steer angle ratio k, then the auxiliary steer angle ratio k
and the front wheel steer angle 6f are multiplied to produce
a target rear wheel steer angle §ro in a step P27, after
which control goes to a step P28.

If the vehicle speed V is not higher than the
boundary value V1 in the step P23, or if the main steer
angle ratio K is not larger than the auxiliary steer angle
ratio k in the step P26, then the main steer angle ratio K
and the front wheel steer angle 6f are multiplied to
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determine a target rear wheel steer angle 6ro in the step
P24, which is followed by the step P28.

In the step P28, the rear road wheels are turned to
the target rear wheel steer angle §ro determined in the step
P27 or P24 according to the rear wheel steering routine
shown in FIG. 18. Thereafter, control goes back to the step
P21 again.

According to the rear wheel steer angle control
method shown in FIGS. 20 and 21 which also takes the vehicle
speed V into account, the rear road wheels are turned essen-
tially based on the main steer angle ratio K shown in FIG.
21. Consequently, the motor vehicle is allowed to make
small turns when it is running at low speeds, can easily be
maneuvered when it is running at high speeds, and also is
given a good yaw response even if the lateral acceleration
Yo applied to the motor vehicle is large when it is running
at high speeds.

While not described in the first embodiment shown
in FIGS. 16 through 19 and the second embodiment shown in
FIGS. 20 and 21, the yaw rate sensor 28 indicated by the
broken lines in FIG. 15 may be connected to the controller
29, and the model adaptive control, referred to above, may
be carried out.

‘ The present invention has been described as being
applied to the motor vehicle with the fully electronically
controlled 4WS system. However, it is also possible to
carry out the control method of the present invention in a
motor vehicle which has a hybrid 4WS system comprising a
mechanical device including a gear ratio varying mechanism
and an electronic control device.

Although there have been described what are at pre-
sent considered to be the preferred embodiments of the pre-
sent invention, it will be understood that the invention may
be embodied in other specific forms without departing from
the essential characteristics thereof. The present embodi-
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ments are therefore to be considered in all aspects as
illustrative, and not restrictive. The scope of the inven-

tion is indicated by the appended claims rather than by the
foregoing description.
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Claims:

1. A method of controlling rear road wheels of a
four-wheel steering motor vehicle having front road wheels
which can be turned by steering action, rear road wheels
which can be turned in response to the turning of the front
road wheels, and means for detecting a lateral acceleration
applied to the motor vehicle, the arrangement being such
that a steer angle ratio of a rear wheel steer angle to a
front wheel steer angle is variably controlled depending on
the lateral acceleration, said method comprising the step
of:

selecting the steer angle ratio so as to be in a
range defined by:

f1(yo) - g(yo)-£2(yo) 2 0
where fl(¥yo) Cfo/mf;

£2(¢0) = Cro/mr;
cfo, Cro are equivalent cornering powers of the tires
of the front and rear road wheels while the motor vehicle is

]

I

making a steady-state turn; and
mf, mr are equivalent masses at the front and rear

axles of the motor vehicle.

2. A method of controlling a rear wheel steer angle
of a four-wheel steering motor vehicle having front road
wheels, rear road wheels, a steering wheel, a front wheel
steering mechanism for turning the front road wheels in
response to steering action of the steering wheel, and a
rear wheel steering mechanism for turning the rear road
wheels in response to the turning of the front road wheels,
said method comprising the steps of:

detecting a lateral acceleration and a front wheel
steer angle; _

determining a final ratio of said rear wheel stee
angle to said front wheel steer angle based on the detected

lateral acceleration;
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determining a target rear wheel steer angle from
said final ratio and said front wheel steer angle;

turning said rear road wheels to said target rear
wheel steer angle; and

determining said final ratio such that a transient
yaw rate gain represented by a ratio of an increase in a yaw
rate to an increase in said front wheel steer angle immedi-
ately after the motor vehicle is steered is positive while
the lateral acceleration is smaller than a predetermined

value.

3. A method according to claim 2, wherein said

transient yaw rate gain is defined by:

Ar _ m-a-b Cfo Cro 38r
AST = 3.1z ‘mf T mr 55z B8

where _

m: vehicle maés;

a: distance from the center of gravity to the front
axle;

b: distance from the center of gravity to the rear
axle;

%: wheelbase (= a + b);

mf: equivalent vehicle mass at the front axle;

mr: equivalent vehicle mass at the rear axle;

Cfo: equivalent cornering power of the front tires
when the motor vehicle is making a steady-state turn;

Cro: equivalent cornering power of the rear tires
when the motor vehicle is making a steady-state turn;

§f: front wheel steer angle;

6r: rear wheel steer angle;

Iz: yawing moment of inertia of the motor vehicle;

t: time;

y: yaw rate; and

¢¥: lateral acceleration,
and wherein said final ratio is determined so that
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m-a-b Cfl Cro.asr).At > 0

g1z (mf mr 9d8f

4. A method according to claim 3, wherein said
final ratio is determined such that the term:

Cfo _ Cro asr
mf mr 936f

which varies depending on the lateral acceleration is posi-

tive below said predetermined value.

5. A method according to claim 4, wherein said step
of determining said final ratio based on said lateral accel-
eration comprises the steps of:

detecting a vehicle speed;

determining a main steer angle ratio as a function
of the vehicle speed based on said detected vehicle speed
such that the rear road wheels are turned in the opposite
direction to the front road wheels when the vehicle speed is
lower than a predetermined boundary value and the rear road
wheels are turned in the same direction as the front road
wheels when the vehicle speed is higher than said predeter-
mined boundary value;

determining whether said detected vehicle speed is
higher than said predetermined boundary value or not;

determining an auxiliary steer angle ratio such
that when said detected vehicle speed is higher than said
predetermined boundary value, said transient yaw rate gain
is positive depending on said lateral acceleration while the
lateral acceleration is smaller than said predetermined
value;

determining whether said determined auxiliary steer
angle ratio is smaller than said determined-main steer angle
ratio or not, and employing the determined auxiliary steer
angle ratio as said final ratio if the auxiliary steer angle
ratio is smaller than the main steer angle ratio; and

employing said determined main steer angle ratio as
said final ratio if said detected vehicle speed is not
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higher than said predetermined boundary value or said deter-
mined auxiliary steer angle ratio is not smaller than said

determined main steer angle ratio.

6. A method according to claim 4, wherein said
four-wheel steering motor vehicle has an understeer
response.

7. A four wheel steering vehicle having front
wheels which can be steered, rear wheels which can be turned
in response to steering movement of the front wheels, means
for detecting a lateral acceleration applied to the motor vehicle,
and means for variably controlling the steer angle ratio of
a rear wheel steer angle to a front wheel steer angle in
dependence upon the lateral acceleration by selecting the

steer angle ratio so as to be in a range defined by:

£1(y0) - g(¥o).f2(§yo)2 0
where fl(yo) = Cfo/mf;
f2(yo) = Cro/mr;

Cfo, Cro are equivalent cornering powers of the tires
of the front and rear road wheels while the motor vehicle is
making a steady-state turn; and

mf, mr are equivalent masses at the front and rear

axles of the motor wvehicle.

8. A four wheel steering vehicle having‘front wheels,

rear wheels, a steering wheel, a front wheel steering
mechanism for turning the front wheels in response to steering
action of the steering wheel?n%.rear wheel steering mechanism
for turning the rear wheels in response to the turning of the
front road wheels, characterised by

means for detecting a lateral acceleration applied to the
vehicle and a front wheel steer angle;

means for determining a final ratio of said rear wheel steer
angle to said front wheel steer angle based on the detected

lateral acceleration;
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means for determining a target rear wheel steer angle
from said final ratio and said front wheel steer angle;

means for turning said rear road wheels to said target
rear wheel steer angle; and

means for determining said final ratio such that a
transient yaw rate gain represented by a ratio of an
increase in a yaw rate to an increase in said front wheel
steer angle immediately after the motor vehicle is steered
is positive while the lateral acceleration is smaller than

a predetermined value.
9. A method of controlling rear road wheels

of a four wheel steering vehicle substantially as
hereinbefore described with reference to Figures 1-13 of the
accompanying drawings.

10. A four wheel steering vehicle substantially
as hereinbefore described with reference to Figures 14-21

of the accompanying drawings.
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