a9y United States

US 20190315396A1

a2y Patent Application Publication o) Pub. No.: US 2019/0315396 A1

YAMAMOTO 43) Pub. Date: Oct. 17, 2019
(54) FOUR-WHEEL STEERING SYSTEM (52) US. CL
CPC ....ccvue B62D 6/002 (2013.01); B62D 7/12
(71)  Applicant: JTEKT CORPORATION, Osaka (JP) (2013.01); B62D 7/15 (2013.01); B62D
15/022 (2013.01)
(72) Inventor: Yasuharu YAMAMOTO, Toyota-shi
Jp
(IP) 57 ABSTRACT
(73) Assignee: JTEKT CORPORATION, Osaka (JP)
The four-wheel steering system includes a rear-wheel steer-
(21) Appl. No.: 16/375,995 ing system that steers rear wheels of the vehicle in accor-
) dance with a steering angle of a steering wheel. When the
(22) Filed: Apr. 5, 2019 vehicle speed is lower than a vehicle speed threshold, the
. L L. rear-wheel steering system steers the rear wheels in an
(30) Foreign Application Priority Data opposite direction to that in which the front wheels are
steered. When the vehicle speed is lower than the vehicle
Apr. ll, 2018 (JP) ................................. 2018-076131 speed threshold, the rear-wheel steering system sharply
Publication Classification increases the rate of increase in target stef:red angle of the
rear wheels with respect to an increase in steering angle
(51) Int. CL when an absolute value of the steering angle is equal to or
B62D 6/00 (2006.01) larger than an absolute value of an angle threshold. The
B62D 15/02 (2006.01) front-wheel steering system has a motor that is a source of
B62D 7/15 (2006.01) a steering assist force and a first ECU that controls the motor
B62D 7/12 (2006.01) in accordance with the steering state.
10
2‘
N [
#] 23b £
Zﬁ 33a 23 ZE%a 2}7a
R ;$1 W e,
7 ) , 7 ' NI, (:);?
S i
) 3332 —31 \ N )
T i o (97 N 3
1 y AN i
2L an 45| 22126 \ 2eR
me \25\ \'\\
41~ 1 13
FIRST 2
- ECU  le- 43
{ ~44
6. T
21 11
SECOND
ECU
7171 14]
V o g
6 02 & / g
wr — d wr
P e L / R
3 63 ~61
42 [Nl
A <
53 63a 51la 51 59 53
12m 12Zrr



Patent Application Publication  Oct. 17,2019 Sheet 1 of 9 US 2019/0315396 A1

FIG. 1

10
33‘4
wa' wa
&7 TT 23b Y T
25 { 33a 23 21§a 27a
B ;1‘ o W Py
ﬁ 'ﬁéﬁﬂﬂ / N ?
g‘igmk g g ", Y %g?
,, 28 33—~ 31 AN X
| - : = N W}
12rL 39 ‘ 12rr
41~
5o
- SECOND |__
L —— = 618
71" 14
v G e /x
. 62 3%”‘72 /
wr 5 g Ve Qwr
o f N 0 4
¥ M@f 63— /\Fﬂ\ 2 61 4 I
“42 §
Y AN C Rk
;EK: L%ﬁ{ ;t \‘ kN ; R m:>;;€
- -

i i
12rL 12gR



US 2019/0315396 Al

Oct. 17,2019 Sheet 2 of 9

Patent Application Publication

g

1INCHID LINoHIo
| LINOUIO NOLLYINOIVD NOLLYVTNOTIVD
LINOYHIO = NOLLYHINID W ANIVA L JNOH0L
INEA [EFSTT VOIS A1 anviwwoo | oo1]  lsissy
JAIA ANIFHHEND L1394V L
/ : : :
I / i
i H i %
18 /8 08 o8 /
I

¢ OIA

°0

°1



US 2019/0315396 Al

Oct. 17,2019 Sheet 3 of 9

Patent Application Publication

1INoYID | €6
g5 NOLLY INOTVO
g 02T DD
d3y3aLs
LINOWID
| LINOYID |, NOLLYINDIVO |,
dod LINDYHIO L NOLLYYINID JIONY
A g TYNDIS d3y3aLs
AANMA 1304Vl
/ S —— /
Z ] 7
m H { } \
16 G6 26 v6
L



Patent Application Publication  Oct. 17,2019 Sheet 4 of 9 US 2019/0315396 A1

FIG. 44

e,
"
Y
+
'If‘v.
Y
,
/
.
B

N
h Rz
N
N
.
N

e N
é; % 255“12
~12FL g PR

21 err”1O

o g wr
-12gR




US 2019/0315396 Al

Oct. 17,2019 Sheet 5 of 9

Patent Application Publication

FIG.5

Ts

GRAPH A

0
*
wr

8

GRAPH B

gemax
: >0,
{0 max

B
Bin'

~Bn

GRAPH C



Patent Application Publication

Oct. 17,2019 Sheet 6 of 9

FIG.6

85a 85
‘ [

¢

i

Ts"’““"“""’“"’“‘%‘i

AV Ee—

Qsm

v

BASE ASSIST
TORQUE

US 2019/0315396 Al

CALCULATION
CIRCLHT

CORRECTION
AMOUNT
CALCULATION

CIRCUIT

3

—
85b

FIG.7

.,
“
~
~
N
.




Patent Application Publication  Oct. 17,2019 Sheet 7 of 9 US 2019/0315396 A1

GRAPH A Ts

o | M2

: : ; o
GRAPHB | | Bt | FIRST CHAR-

P P i |ACTERISTICS

P { .~/ SECOND CHAR-

I - L ACTERISTICS

8 % RSNER : ; 3 s

-8 maxww 0 gthé 7, max 0

GRAPHC | |

e T

¥ i
: s
< 1 ¢
i3 K
i3 «
t 1
¢ 2
¥ K
¥ i)
t 1
i i
y i ;
t ]
H H :
$ i
( :
t b
; : ;
N i
: 1 H
— 6
Orax, -0 0 Oui 10 :
- H H-—
max, : th th + U max
3 <
1 H
H
4
1




Patent Application Publication

V £ Vi

{ START )

DETECTED?

SE]O“S
DBSTZC;E\ NO

USE STEERING
CHARACTERISTICS
MAP M2

Oct. 17,2019 Sheet 8 of 9 US 2019/0315396 A1
USE STEERING
—~—S5103| CHARACTERISTICS (~-§102
MAP M1

|

y
{ END }



Patent Application Publication  Oct. 17,2019 Sheet 9 of 9 US 2019/0315396 A1

FIG.10

- &

‘
. %“2
PN " :
;‘;"\ ;
iy
.
o,
.
/s




US 2019/0315396 Al

FOUR-WHEEL STEERING SYSTEM

[0001] The disclosure of Japanese Patent Application No.
2018-076131 filed on Apr. 11, 2018 including the specifi-
cation, drawings and abstract, is incorporated herein by
reference in its entirety.

BACKGROUND OF THE INVENTION

1. Field of the Invention

[0002] The invention relates to four-wheel steering sys-
tems.

2. Description of the Related Art
[0003] As described in, e.g., Japanese Patent Application

Publication No. 2014-213775 (JP 2014-213775 A), four-
wheel steering systems that steer not only front wheels but
also rear wheels of a vehicle in accordance with operation of
a steering wheel are conventionally known in the art. When
the vehicle moves at low speeds, the four-wheel steering
system steers the rear wheels in the opposite direction to that
in which the front wheels are steered in accordance with the
steering angle of the steering wheel. This allows the driver
to turn the vehicle with a smaller turning radius when, e.g.,
maneuvering the vehicle in a parking lot.

[0004] For example, steering characteristics of the rear
wheels with respect to the steering angle can be set so that
the steered angle of the rear wheels increases in proportion
to an increase in steering angle. The driver need only turn the
steering wheel more when he or she wants to turn the vehicle
with a smaller turning radius. However, the driver may not
always be able to turn the vehicle as desired depending on
the situations where the vehicle travels or the situations
where the driver drives the vehicle, such as when parking in
a garage or when driving on a narrow road bent like a crank
or a U-turn road.

SUMMARY OF THE INVENTION

[0005] It is one object of the invention to provide a
four-wheel steering system capable of providing better
maneuverability with a small turning radius.

[0006] According to one aspect of the invention, a four-
wheel steering system includes: a front-wheel steering sys-
tem that steers front wheels of a vehicle; and a rear-wheel
steering system that steers rear wheels of the vehicle in
accordance with a steering angle that is a rotation angle of
a steering wheel. When a vehicle speed is lower than a
vehicle speed threshold, the rear-wheel steering system
steers the rear wheels in an opposite direction to that in
which the front wheels are steered. When the vehicle speed
is lower than the vehicle speed threshold, the rear-wheel
steering system sharply increases a rate of increase in
steered angle of the rear wheels with respect to an increase
in steering angle when an absolute value of the steering
angle is equal to or larger than an absolute value of an angle
threshold.

[0007] With this configuration, when the vehicle speed is
lower than the vehicle speed threshold, a turning radius of
the vehicle sharply decreases with an increase in steering
angle when the steering angle is equal to or larger than the
angle threshold. The vehicle thus has better maneuverability
with a small turning radius.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0008] The foregoing and further features and advantages
of the invention will become apparent from the following
description of example embodiments with reference to the
accompanying drawings, wherein like numerals are used to
represent like elements and wherein:

[0009] FIG. 1 is a schematic configuration diagram of a
first embodiment of a four-wheel steering system that is
mounted on a vehicle;

[0010] FIG. 2 is a control block diagram of a first ECU of
the first embodiment;

[0011] FIG. 3 is a control block diagram of a second ECU
of the first embodiment;

[0012] FIG. 4A is a plan view of a vehicle showing the
phase relationship (antiphase) between front and rear wheels
in the first embodiment;

[0013] FIG. 4B is a plan view of a vehicle showing the
phase relationship (in phase) between front and rear wheels
in the first embodiment;

[0014] FIG. 5 shows graphs A to C, where graph A shows
the relationship between the steering angle and the steering
torque in the first embodiment, graph B shows the relation-
ship between the steering angle and the target steered angle
of the rear wheels in the first embodiment, and graph C
shows the relationship between the steering angle and the
turning radius of a vehicle in the first embodiment;

[0015] FIG. 6 is a control block diagram of a target assist
torque calculation circuit of the first embodiment;

[0016] FIG. 7 is a plan view showing turning character-
istics of a vehicle in a comparative example;

[0017] FIG. 8 shows graphs A to C, where graph A shows
the relationship between the steering angle and the steering
torque in a second embodiment, graph B shows the rela-
tionship between the steering angle and the target steered
angle of rear wheels in the second embodiment, and graph
C shows the relationship between the steering angle and the
turning radius of a vehicle in the second embodiment;
[0018] FIG. 9 is a flowchart of a process of switching
steering control of the rear wheels in the second embodi-
ment; and

[0019] FIG. 10 is a plan view showing turning character-
istics of a vehicle in the second embodiment.

DETAILED DESCRIPTION OF EMBODIMENTS

[0020] A first embodiment of a four-wheel steering system
of the invention will be described below. As shown in FIG.
1, avehicle 10 is equipped with a four-wheel steering system
11. The four-wheel steering system 11 has a front-wheel
steering system 13 that steers front wheels 12,5, 12, and a
rear-wheel steering system 14 that steers rear wheels 12,
12,;.

[0021] The front-wheel steering system 13 has a steering
shaft 22 to which a steering wheel 21 is connected, a steered
shaft 23 extending in the lateral direction of the vehicle 10
(the horizontal direction in FIG. 1), and a housing 24
accommodating the steered shaft 23 so that the steered shaft
23 can reciprocate therein. The steering shaft 22 is formed
by a column shaft 25, an intermediate shaft 26, and a pinion
shaft 27 which are connected together in this order from the
steering wheel 21 side. The pinion shaft 27 crosses the
steered shaft 23. Pinion teeth 27a of the pinion shaft 27 mesh
with rack teeth 23a of the steered shaft 23. The right and left
front wheels 125, 12, are connected to respective ends of
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the steered shaft 23 via tie rods 28 and knuckles, not shown.
As the steering wheel 21 is turned, the steered shaft 23
moves linearly, whereby the steered angle 6, of the front
wheels 12, 12, is changed.

[0022] The front-wheel steering system 13 has a motor 31,
a reduction gear mechanism 32, and a pinion shaft 33 as a
configuration that assists the driver in operating the steering
wheel 21. The motor 31 is a source of a steering assist force
(assist force). A three-phase brushless motor is used as the
motor 31. A rotary shaft of the motor 31 is coupled to the
pinion shaft 33 via the reduction gear mechanism 32. Pinion
teeth 33a of the pinion shaft 33 mesh with rack teeth 235 of
the steered shaft 23. Torque of the motor 31 is applied as a
steering assist force to the steered shaft 23 via the pinion
shaft 33. The steered shaft 23 moves in the lateral direction
of the vehicle 10 in accordance with rotation of the motor 31.

[0023] The front-wheel steering system 13 has a first
electronic control unit (ECU) 41. The first ECU 41 controls
the motor 31 based on the detection results of various
sensors mounted on the vehicle 10. The sensors include a
vehicle speed sensor 42, a torque sensor 43, a steering angle
sensor 44, and a rotation angle sensor 45. The vehicle speed
sensor 42 detects the vehicle speed V. The torque sensor 43
is mounted on the column shaft 25. The torque sensor 43
detects steering torque T, applied to the steering shaft 22 via
the steering wheel 21. The steering angle sensor 44 is
mounted between the steering wheel 21 and the torque
sensor 43 on the column shaft 25. The steering angle sensor
44 detects the steering angle 0, that is a rotation angle of the
steering shaft 22. The rotation angle sensor 45 is mounted on
the motor 31. The rotation angle sensor 45 detects the
rotation angle 6,,-0f the motor 31. The first ECU 41 controls
the motor 31 based on the vehicle speed V, the steering
torque T, the steering angle 6, and the rotation angle 0, -of
the motor 31 which are detected by these sensors.

[0024] The rear-wheel steering system 14 has a steered
shaft 51 extending in the lateral direction of the vehicle 10
(the horizontal direction in FIG. 1) and a housing 52
accommodating the steered shaft 51 so that the steered shaft
51 can reciprocate therein. The right and left rear wheels
12, 12, are connected to respective ends of the steered
shaft 51 via tie rods 53 and knuckles, not shown. The
rear-wheel steering system 14 has a motor 61, a reduction
gear mechanism 62, and a pinion shaft 63 as a configuration
that applies a steering force, namely power for steering the
rear wheels 12, 12, to the steered shaft 51. The motor 61
is a source of the steering force. A three-phase brushless
motor is used as the motor 61. A rotary shaft of the motor 61
is coupled to the pinion shaft 63 via the reduction gear
mechanism 62. Pinion teeth 63a of the pinion shaft 63 mesh
with rack teeth 51a of the steered shaft 51. Torque of the
motor 61 is applied as a steering force to the steered shaft 51
via the pinion shaft 63. The steered shaft 51 thus moves
linearly in the lateral direction of the vehicle 10 with rotation
of the motor 61, whereby the steered angle 6,,, of the rear
wheels 12z, 125, is changed.

[0025] The rear-wheel steering system 14 has a second
ECU 71. The second ECU 71 controls the motor 61 based on
the vehicle speed V, the steering angle 0, and the rotation
angle 0, of the motor 61. The rotation angle 9,,, of the
motor 61 is detected by a rotation angle sensor 72 mounted
on the motor 61.
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[0026] Next, the first ECU 41 will be described in detail.
As shown in FIG. 2, the first ECU 41 includes a drive circuit
81 and a microcomputer 82.

[0027] For example, a pulse width modulation (PWM)-
controlled inverter circuit is used as the drive circuit 81. The
drive circuit 81 converts a direct current supplied from an
on-board DC power supply such as a battery to a three-phase
alternating current, based on a drive signal (PWM signal) S_,
generated by the microcomputer 82. This three-phase alter-
nating current is supplied to the motor 31 through a power
supply path 83. A current sensor 84 is disposed on the power
supply path 83. The current sensor 84 detects an actual
current value [,,-on the power supply path 83.

[0028] The microcomputer 82 has various arithmetic cir-
cuits that are implemented by executing a control program
stored in a storage device, not shown, of the first ECU 41.
The microcomputer 82 includes, as the arithmetic circuits, a
target assist torque calculation circuit 85, a current command
value calculation circuit 86, and a drive signal generation
circuit 87.

[0029] The target assist torque calculation circuit 85 cal-
culates target assist torque T,.* based on the steering torque
T, and the vehicle speed V. The target assist torque T, * is
a target value of a rotational force (torque) to be generated
by the motor 31. The target assist torque calculation circuit
85 sets the absolute value of the target assist torque T,.* to
a larger value as the absolute value of the steering torque T,
increases and the vehicle speed V decreases.

[0030] The current command value calculation circuit 86
calculates a current command value 1* based on the target
assist torque T, * calculated by the target assist torque
calculation circuit 85. For example, the current command
value calculation circuit 86 calculates the current command
value I* by dividing the target assist torque T,,.* by a torque
constant of the motor 31. The current command value I* is
a target value of a current to be supplied to the motor 31 in
order to cause the motor 31 to generate the target assist
torque T, /*.

[0031] The drive signal generation circuit 87 performs
current feedback control in accordance with the rotation
angle 8,,-of the motor 31 so that the actual current value [,
that is supplied to the motor 31 follows the current command
value I*. The drive signal generation circuit 87 calculates the
deviation between the current command value I* and the
actual current value I, -and generates a drive signal S_, for
the drive circuit 81 so as to eliminate the deviation. A current
in accordance with the drive signal S_.is supplied to the
motor 31 through the drive circuit 81, whereby the motor 31
generates a rotational force in accordance with the target
assist torque T, *.

[0032] The second ECU 71 will be described in detail. As
shown in FIG. 3, the second ECU 71 includes a drive circuit
91 and a microcomputer 92.

[0033] A PWM-controlled inverter circuit is used also as
the drive circuit 91. The drive circuit 91 converts a direct
current supplied from an on-board DC power supply such as
a battery to a three-phase alternating current, based on a
drive signal (PWM signal) S_, generated by the microcom-
puter 92.

[0034] The microcomputer 92 has various arithmetic cir-
cuits that are implemented by executing a control program
stored in a storage device, not shown, of the second ECU 71.
The microcomputer 92 includes, as the arithmetic circuits, a
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steered angle calculation circuit 93, a target steered angle
calculation circuit 94, and a drive signal generation circuit
95.

[0035] The steered angle calculation circuit 93 calculates
an actual steered angle 0, of the rear wheels 12,,, 12,,
based on the rotation angle 6, of the motor 61 which is
detected by the rotation angle sensor 72. The motor 61 is
coupled to the pinion shaft 63 via the reduction gear mecha-
nism 62. The pinion teeth 63a of the pinion shaft 63 mesh
with the rack teeth 51a of the steered shaft 51. Accordingly,
there is a correlation between the rotation angle 0,,, of the
motor 61 and the rotation angle of the pinion shaft 63 and
thus between the rotation angle 0,,,. of the motor 61 and the
displacement of the steered shaft 51. The steered angle
calculation circuit 93 can calculate the steered angle 0,,, of
the rear wheels 12,5, 12, from the rotation angle 0,,, of the
motor 61 by using this correlation.

[0036] The target steered angle calculation circuit 94
calculates a target steered angle 0,,* of the rear wheels
12,5, 12, based on the steering angle 6, and the vehicle
speed V. The target steered angle calculation circuit 94
calculates the target steered angle 6,,,* of the rear wheels
12, 12, by using steering characteristics maps that define
the relationship between the steering angle 0, and the target
steered angle 6,,*. The target steered angle calculation
circuit 94 uses the steering characteristics maps with differ-
ent characteristics between the case where the vehicle speed
V is in a low speed range lower than a vehicle speed
threshold (e.g., 30 km/h) and the case where the vehicle
speed V is in a medium to high speed range equal to or
higher than the vehicle speed threshold. The steering char-
acteristics maps are stored in the storage device of the
second ECU 71.

[0037] When the vehicle speed V is in the low speed range
lower than the vehicle speed threshold, the target steered
angle calculation circuit 94 calculates the target steered
angle 0,,.* of the rear wheels 12z, 12, so that the rear
wheels 12z, 12;, are steered in the opposite direction
(antiphase) to that in which the front wheels 12,4, 12, are
steered. As shown in FIG. 4A, since the steered angle 0,,, of
the rear wheels 12,,, 12, is in antiphase with the steered
angle O, -of the front wheels 124, 12, the overall turning
radius R1 of the vehicle 10 is smaller than the turning radius
R2 in the case where the vehicle 10 is a two-wheel steering
vehicle (in the case where the direction in which the rear
wheels 12, 12, are steered is kept in such a direction that
the vehicle 10 moves straight). The vehicle 10 therefore has
improved maneuverability with a small turning radius.
[0038] When the vehicle speed V is in the medium to high
speed range equal to or higher than the vehicle speed
threshold, the target steered angle calculation circuit 94
calculates the target steering angle 6,,* of the rear wheels
1245, 12, so that the rear wheels 12, 12, are steered in
the same direction (in phase) as that in which the front
wheels 12, 12, are steered. Since the steered angle 0, of
the rear wheels 12, 125, is in phase with the steered angle
8,,r0f the front wheels 12, 12, as shown in FIG. 4B, this
provides driving stability when making lane changes or
turning corners. In the case where the steered angle 9,,, of
the rear wheels 12,,, 12;; is set to the same angle as the
steered angle 6, .of the front wheels 12,5, 12, this allows
the vehicle 10 to move obliquely, parallel to the direction in
which the rear wheels 12, 12, and the front wheels 12,
12, are steered.
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[0039] The drive signal generation circuit 95 performs
feedback control of the steered angle 0, in accordance with
the rotation angle 8,,. of the motor 31 so that the actual
steered angle 0,,, of the rear wheels 12,,, 12, follows the
target steered angle 0,,,*. The drive signal generation circuit
95 calculates the deviation between the target steered angle
0,,,* and the actual steered angle 0, and generates a drive
signal S_, for the drive circuit 91 so as to eliminate the
deviation. A current in accordance with the drive signal S_,
is supplied to the motor 61 through the drive circuit 91,
whereby the motor 61 operates so as to eliminate the
deviation between the target steered angle 0,,,* and the
actual steered angle O, .

[0040] The steering characteristics map that is used by the
target steered angle calculation circuit 94 when the vehicle
speed V is in the low speed range will be described.
[0041] In this example, the steering angle 0, is processed
as a positive value in the case where the steering wheel 21
has been turned to the left with respect to its neutral position
and is processed as a negative value in the case where the
steering wheel 21 has been turned to the right with respect
to its neutral position. The steering torque T detected by the
torque sensor 43 is processed as a positive value in the case
where the steering wheel 21 has been turned to the left with
respect to its neutral position and is processed as a negative
value in the case where the steering wheel 21 has been
turned to the right with respect to its neutral position.
[0042] As shown in graph B of FIG. 5, a steering charac-
teristics map M1 is a map with the abscissa representing the
steering angle 6, and the ordinate representing the target
steered angle 0, ,* of the rear wheels 12, 12, and defines
the relationship between the steering angle 6, and the target
steered angle 0, ,*. The steering characteristics map M1 has
the following characteristics.

[0043] When the steering angle 6, is O (zero) that corre-
sponds to the state where the vehicle 10 is moving straight
(the steering wheel 21 is located at its neutral position), the
target steered angle 6,,* is O (zero). When the absolute value
of the steering angle 6, is smaller than the absolute value of
angle thresholds 0,,, —0,,, the absolute value of the target
steered angle 0, * gradually increases linearly with an
increase in absolute value of the steering angle 6. When the
absolute value of the steering angle 0, is equal to or larger
than the absolute value of the angle thresholds 6,,, -0,,, the
absolute value of the target steered angle 0,,* sharply
increases linearly with respect to an increase in absolute
value of the steering angle 0,. That is, the rate of increase in
absolute value of the target steered angle 0,,* with respect
to an increase in absolute value of the steering angel 6, (the
slope of the characteristics line) is higher (steeper) when the
absolute value of the steering angle 0 is equal to or larger
than the absolute value of the angle thresholds 6,,, -0, than
when the absolute value of the steering angle 0, is smaller
than the absolute value of the angle thresholds 6,,, -0,,. In
other words, the gradient of increase in absolute value of the
target steered angle 0,,* with respect to an increase in
absolute value of the steering angle 0, is steeper when the
absolute value of the steering angle 0 is equal to or larger
than the absolute value of the angle thresholds 6,,, -0, than
when the absolute value of the steering angle 0, is smaller
than the absolute value of the angle thresholds 6,,, -0,
[0044] The positive and negative angle thresholds 6,,, -6,,,
are set to values near limit steering angles 0 0,4 at

maxs ~ Ymax

which the steering wheel 21 reaches a limit position in its
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physical operation range. However, the absolute value of the
angle thresholds 0,,, —0,, is smaller than the absolute value
of the limit steering angles 0,,,., —0,,,.. For example, the
limit steering angles 0,,,,., —0,,,. of the steering wheel 21 are
determined by either the upper limit of the steering angle 0,
which is determined by the length of a spiral cable disposed
in the steering wheel 21 or the steering angle 0, at which the
steered shaft 23 reaches a limit position in its physical
movable range (the position where an end of the steered
shaft 23 contacts the housing 24).

[0045] By setting the target steered angle 6,,,* of the rear
wheels 12, 12,; in accordance with the steering charac-
teristics map M1, the turning radius of the vehicle 10
changes with a change in steering angle 0 in the following
manner. As shown in graph C of FIG. 5, when the absolute
value of the steering angle 0, is smaller than the absolute
value of the angle thresholds 6,,, —0,,,, the absolute value of
the turning radius R gradually decreases with respect to an
increase in absolute value of the steering angle 6,. When the
absolute value of the steering angle 0 is equal to or larger
than the absolute value of the angle thresholds 0,,, —0,,, the
absolute value of the turning radius R sharply decreases with
an increase in steering angle 0. That is, the rate of decrease
in absolute value of the turning radius R with respect to an
increase in absolute value of the steering angle 6 (the slope
of the characteristics line) is higher (steeper) when the
absolute value of the steering angle 0 is equal to or larger
than the absolute value of the angle thresholds 0,,, -0, than
when the absolute value of the steering angle 8, is smaller
than the absolute value of the angle thresholds 0,,, -0,,,. In
other words, the gradient of decrease in absolute value of the
turning radius R with respect to an increase in absolute value
of the steering angle 0, is steeper when the absolute value of
the steering angle 6, is equal to or larger than the absolute
value of the angle thresholds 0,,, —0,, than when the absolute
value of the steering angle 6, is smaller than the absolute
value of the angle thresholds 6,,, -6,,.

[0046] The larger the absolute value of the steering angle
0, is, the stronger the driver’s intention to turn the vehicle 10
with a smaller turning radius is. Especially when the abso-
lute value of the steering angle 0, is larger than the absolute
value of the angle thresholds 6,,, -0, that are near the limit
steering angles 0,,,., -0,,.., it is assumed that the driver is
trying to make a sharp turn. In the present embodiment,
when the absolute value of the steering angle 0, is equal to
or larger than the absolute value of the angle thresholds 6,,,
-0,,, the rate of increase in absolute value of the target
steered angle 0, * of the rear wheels 12, 12, with respect
to an increase in absolute value of the steering angel 0. is
increased sharply, so that the absolute value of the turning
radius R of the vehicle 10 sharply decreases with respect to
an increase in absolute value of the steering angle 0.
[0047] Thatis, since the vehicle 10’s maneuverability with
a small turning radius is rapidly improved, the vehicle 10
can easily respond to the driver’s intention to make a sharp
turn. Since the absolute value of the target steered angle 0,,.*
of the rear wheels 12,,, 12,, is increased sharply with
respect to an increase in absolute value of the steering angle
0., this facilitates driver’s maneuver to turn the vehicle 10.
The vehicle 10 can thus respond to the driver’s request to
turn the vehicle 10 with as small a turning radius as possible.
[0048] However, when the absolute value of the steering
angle 6, is equal to or larger than the absolute value of the
angle thresholds 6,,, -9,,,, the absolute value of the turning
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radius R of the vehicle 10 sharply decreases with respect to
an increase in absolute value of the steering angle 6,. The
driver may therefore get an uncomfortable driving feel.
Accordingly, in the present embodiment, the driver is noti-
fied of a rapid change in steering characteristics of the rear
wheels 12, 125, by a change in steering torque T,. An
example of characteristics of the steering torque T; is as
follows.

[0049] As shown in graph A of FIG. 5, when the absolute
value of the steering angle 0, is smaller than the absolute
value of the angle thresholds 6,,, —0,,,, the absolute value of
the steering torque T gradually increases with an increase in
absolute value of the steering angle 6,. When the absolute
value of the steering angle 0, is equal to or larger than the
absolute value of the angle thresholds 6,,, -0,,, the absolute
value of the steering torque T, sharply increases with respect
to an increase in absolute value of the steering angle 6. That
is, the rate (gradient) of increase in absolute value of the
steering torque T, with respect to an increase in absolute
value of the steering angel 0, is higher (steeper) when the
absolute value of the steering angle 0, is equal to or larger
than the absolute value of the angle thresholds 6,,, -0, than
when the absolute value of the steering angle _ is smaller
than the absolute value of the angle thresholds 0, -0,,.

[0050] The characteristics of the steering torque T, shown
by graph A of FIG. 5 are implemented by controlling the
target assist torque T, * by the target assist torque calcula-
tion circuit 85. A specific example is as follows.

[0051] As shown in FIG. 6, the target assist torque calcu-
lation circuit 85 has a base assist torque calculation circuit
85a, a correction amount calculation circuit 855, and a
subtractor 85¢.

[0052] The base assist torque calculation circuit 85a cal-
culates base assist torque T, by using a three-dimensional
map that defines the relationship between the steering torque
T, and the base assist torque T, in accordance with the
vehicle speed V. The base assist torque calculation circuit
854 sets the absolute value of the base assist torque T, to a
larger value as the absolute value of the steering torque T,
increases and the vehicle speed V decreases. The base assist
torque T, is a basic component of the target assist torque
T, *.

[0053] The correction amount calculation circuit 8554 cal-
culates the amount of correction T for the base assist torque
T,, by using a correction map that defines the relationship
between the steering angle 6, and the amount of correction
T,. The correction map has characteristics in accordance
with the characteristics of the steering torque T, shown in
graph A of FIG. 5. When the absolute value of the steering
angle 6, is equal to or larger than the absolute value of the
angle thresholds 0,,, —0,,, the absolute value of the amount
of correction T, sharply increases with respect to an increase
in absolute value of the steering angle 0.

[0054] The subtractor 85¢ calculates the target assist
torque T, .* by subtracting the amount of correction T, from
the base assist torque T,,. The target assist torque T,.* and
thus the steering assist force that is generated by the motor
31 therefore decrease in accordance with the amount of
correction T_. Accordingly, when the absolute value of the
steering angle 0, is equal to or larger than the absolute value
of the angle thresholds 6,,, —0,,, the absolute value of the
steering assist force sharply decreases with respect to an
increase in absolute value of the steering angle 0, and the
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absolute value of the steering torque T, therefore sharply
increases with respect to an increase in absolute value of the
steering angle 0..

[0055] When the driver feels such a sharp increase in
absolute value of the steering torque T, he or she can
recognize that the steering characteristics of the rear wheels
12,5, 12, will change rapidly if he or she turns the steering
wheel 21 any further in such a direction that the absolute
value of the steering angle 0, increases, namely can recog-
nize that the turning radius R of the vehicle 10 will sharply
decrease with respect to an increase in absolute value of the
steering angle 0.. Accordingly, when, e.g., making a sharp
turn, the driver turns the steering wheel 21 after he or she
recognizes that the steering characteristics of the rear wheels
12,5, 12, will change rapidly. This restrains the driver from
getting an uncomfortable driving feel or feeling an uncom-
fortable vehicle behavior.

[0056] The first embodiment has the following effects.
[0057] (1) While the vehicle 10 is moving in the low speed
range, the absolute value of the target steered angle 0,,,* of
the rear wheels 12, 12, sharply increases with respect to
an increase in absolute value of the steering angle 6, when
the absolute value of the steering angle 0, is equal to or
larger than the absolute value of the angle thresholds 6,,,
-0,;,. The vehicle 10 therefore has improved maneuverabil-
ity with a small turning radius.

[0058] (2) When the absolute value of the steering angle 0,
is equal to or larger than the absolute value of the angle
thresholds 6,,, —0,,,, the absolute value of the steering torque
T, sharply increases with respect to an increase in absolute
value of the steering angle 0,. The driver therefore can feel
through the steering wheel 21 a sharp increase in steered
angle 0, of the rear wheels 12,5, 12, with respect to an
increase in steering angle 6,. Since the driver can thus be
prepared for a sharp decrease in turning radius R of the
vehicle 10 with respect to an increase in steering angle O he
or she is less likely to get an uncomfortable driving feel.
[0059] (3) The angle thresholds 0,,, -0, are set to values
near the limit steering angles 6,,,,, =0, at which the
steering wheel 21 reaches the limit position in its physical
operation range. When the steering wheel 21 is turned to a
position near the limit position in its physical operation
range, it is assumed that the driver wants to turn the vehicle
10 with as small a turning radius R as possible. In such a
situation, it is preferable to reduce the turning radius R of the
vehicle 10 as much as possible.

[0060] Next, a second embodiment of the four-wheel
steering system will be described. The four-wheel steering
system of the present embodiment basically has a configu-
ration similar to that of the first embodiment shown in FIGS.
1to 3.

[0061] As shown in FIG. 7, in the case where the vehicle
10 is a four-wheel steering vehicle, the rear wheels 12,
12, are steered in the opposite direction to that in which the
front wheels 12, 12, are steered, when the vehicle 10
turns. In this case, the overall turning radius R1 of the
vehicle 10 is smaller than the turning radius R2 in the case
where the vehicle 10 is a two-wheel steering vehicle. How-
ever, the rear part of the vehicle 10 moves more outward of
the turn in the early stage of the turn as compared to the case
where the vehicle 10 is a two-wheel steering vehicle.
[0062] That is, in the case where the vehicle 10 is a
two-wheel steering vehicle in which the direction in which
the rear wheels 12,,, 12,, are steered is kept in such a
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direction that the vehicle 10 moves straight, the vehicle 10
turns about the turning center C2 of the two-wheel steering
vehicle with a corner Pc of the rear end of the vehicle 10
(e.g., a corner of a rear bumper) moving along a path
substantially in the direction in which the rear wheels 12,
12, are steered, as shown by dashed arrow A2 in FIG. 7.
The corner Pc of the rear end of the vehicle 10 therefore does
not move outward of the turn with respect to an outer side
surface of the vehicle 10 which is an outer side surface in the
case where the vehicle 10 moves straight.

[0063] However, in the case where the vehicle 10 is a
four-wheel steering vehicle, the vehicle 10 turns about the
turning center C1 of the four-wheel steering vehicle with the
corner Pc of the rear end of the vehicle 10 moving along a
path substantially in the direction in which the rear wheels
12,5, 12, are steered, namely in the direction in antiphase
with that in which the front wheels 12,5, 12, are steered,
as shown by continuous arrow Al in FIG. 7. In the early
stage of the turn, the corner Pc of the rear end of the vehicle
10 therefore moves outward of the turn with respect to an
outer side surface of the vehicle 10 which is an outer side
surface in the case where the vehicle 10 moves straight.
[0064] Accordingly, when the vehicle 10 parked along an
obstacle Wo such as a wall starts to move, the rear part of the
vehicle 10 moves outward of a turn in the early stage of the
turn. There is therefore a risk that the corner Pc of the rear
end of the vehicle 10 may contact the obstacle Wo. The
larger the steered angle 0,,, of the rear wheels 12, , 12, is,
the more this is likely to occur. This is because the larger the
steered angle 0, of the rear wheels 12, 12, is, the
smaller the turning radius of the vehicle 10 is and the more
the rear part of the vehicle 10 moves outward of the turn.
[0065] The four-wheel steering system of the present
embodiment has the following configuration.

[0066] As shown in FIG. 10, the vehicle 10 is equipped
with obstacle sensors 10R, 10L at two corners Pc, namely
right and left corners Pc, of the rear end thereof. The obstacle
sensors 10R, 10L detect in a non-contact manner the corners
Pc of the vehicle 10 approaching the obstacle Wo such as a
wall.

[0067] The storage device of the second ECU 71 stores
therein a steering characteristics map M2 shown in graph B
of FIG. 8 in addition to the steering characteristics map M1.
The second ECU 71 switches the steering characteristics
map to be used to calculate the target steered angle 0,,,* of
the rear wheels 12,,, 12, between the steering character-
istics map M1 and the steering characteristics map M2 based
on the detection results of the obstacle sensors 10R, 10L.. For
example, the steering characteristics map M2 has first char-
acteristics shown by a continuous line in graph B of FIG. 8
or second characteristics shown by a long dashed double-
short dashed line in graph B of FIG. 8, in accordance with
the product specifications etc.

[0068] The first characteristics of the steering character-
istics map M2 are as follows.

[0069] As shown by the continuous line in graph B of FIG.
8, when the absolute value of the steering angle 0, is smaller
than the absolute value of the positive and negative angle
thresholds 8,,, -0,,, the absolute value of the target steered
angle 0,,* gradually increases linearly with an increase in
absolute value of the steering angle 6,. When the absolute
value of the steering angle 0, is equal to or larger than the
absolute value of the positive and negative angle thresholds
0,,, —0,,, the absolute value of the target steered angle 0,,,*
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is kept constant regardless of the absolute value of the
steering angle 0,. The characteristics of the steering char-
acteristics map M2 are different from those of the steering
characteristics map M1 in this respect.

[0070] By setting the target steered angle 6,,,* of the rear
wheels 12, 12,; in accordance with the steering charac-
teristics map M2, the turning radius R of the vehicle 10
changes with a change in steering angle 0, in the following
manner.

[0071] As shown by continuous lines in graph C of FIG.
8, when the absolute value of the steering angle 0, is smaller
than the absolute value of the angle thresholds 6,,-6,,, the
absolute value of the turning radius R gradually decreases
with an increase in absolute value of the steering angle 0.
When the absolute value of the steering angle 6, is equal to
or larger than the absolute value of the angle thresholds 0,,,
-0,,, the absolute value of the turning radius R is kept
constant regardless of the steering angle 6. Unlike in the
steering characteristics map M1, when the absolute value of
the steering angle 6, is equal to or larger than the absolute
value of the angle thresholds 0,,, -0,,, the absolute value of
the turning radius R does not rapidly decrease with respect
to an increase in absolute value of the steering angle 0.
[0072] As described above, in the case where the target
steered angle 0, * of the rear wheels 12, 125, is calculated
by using the steering characteristics map M2, the steering
characteristics of the rear wheels 12, 12, do not rapidly
change. It is therefore not necessary to rapidly change the
steering torque T, in order to notify the driver of a rapid
change in steering characteristics. Accordingly, the steering
torque T, is controlled in the following manner in the case
where the target steered angle 0,,.* of the rear wheels 12,5,
12, is calculated by using the steering characteristics map
M2.

[0073] As shown in graph A of FIG. 8, the absolute value
of the steering torque T, gradually increases linearly with an
increase in absolute value of the steering angle 0, in the
entire operation range of the steering wheel 21
(0=10,1=1%0,,,.1).

[0074] The second characteristics of the steering charac-
teristics map M2 are as follows.

[0075] As shown by the long dashed double-short dashed
line in graph B of FIG. 8, the absolute value of the target
steered angle 0,,,* is kept at 0 (zero) regardless of the value
of the steering angle 0. In the case where the steering
characteristics map M2 with the second characteristics is
used, the rear wheels 12, 12, are kept at a steering neutral
position, namely the position corresponding to the state
where the vehicle 10 is moving straight, regardless of the
steering angle 0., as in the case of a normal two-wheel
steering vehicle. In the case where the steering characteris-
tics map M2 with the second characteristics is used, the
turning radius R of the vehicle 10 is kept constant in
accordance with the steered angle 6, of the front wheels
12, 12, as shown by long dashed double-short dashed
lines in graph C of FIG. 8. The steering torque T, is
controlled in a manner similar to that of the steering char-
acteristics map M2 with the first characteristics shown in
graph A of FIG. 8.

[0076] A process of switching steering control of the rear
wheels 125, 12, by the second ECU 71 will be described.
It is herein assumed that the vehicle speed V is in the low
speed range lower than the vehicle speed threshold (e.g., 30
km/h).
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[0077] As shown by the flowchart of FIG. 9, the second
ECU 71 determines if any obstacle Wo has been detected by
at least one of the obstacle sensors 10R, 10L (step S101). If
it is determined that no obstacle Wo has been detected by at
least one of the obstacle sensors 10R, 10 (NO in step
S101), the second ECU 71 performs steering control of the
rear wheels 12,5, 12, by using the steering characteristics
map M1 (step S102). If it is determined that an obstacle Wo
has been detected by at least one of the obstacle sensors 10R,
10L (YES in step S101), the second ECU 71 performs
steering control of the rear wheels 12,5, 12, by using the
steering characteristics map M2 (step S102).

[0078] The second embodiment has the following func-
tions and effects.

[0079] It is herein assumed that the vehicle 10 parked
along an obstacle Wo such as a wall starts to move with the
rear wheels 12, 12, steered in antiphase with the front
wheels 12,5, 12, as shown by continuous lines in FIG. 10.
In this case, as shown by dashed lines in FIG. 10, the corner
Pc (in this example, the left corner Pc) of the rear part of the
vehicle 10 approaches the obstacle Wo as the vehicle 10
turns. When at least one of the obstacle sensors 10R, 10L
detects the corner Pc approaching the obstacle Wo, the
steering control of the rear wheels 125, 125, is switched
from the steering control using the steering characteristics
map M1 to the steering control using the steering charac-
teristics map M2.

[0080] In the case where the steering characteristics map
M2 has the second characteristics (the steered angle 6,,, of
the rear wheels 12, 12, is always set to 0), the rear wheels
12,5, 12, are turned to the steering neutral position. As a
result, the turning center of the vehicle 10 moves from the
turning center C1 for four-wheel steering to the turning
center C2 for two-wheel steering. Thereafter, as shown by
long dashed short dashed lines in FIG. 10, the corner Pc of
the rear part of the vehicle 10 does not move outward of the
turn anymore and the vehicle 10 can turn so as to move away
from the obstacle Wo as a normal two-wheel steering vehicle
does. The corner Pc of the rear part of the vehicle 10 is thus
restrained from contacting the obstacle Wo.

[0081] In the case where the steering characteristics map
M2 has the first characteristics, namely in the case where the
absolute value of the target steered angle 0,,* of the rear
wheels 1235, 12;; gradually increases with respect to an
increase in absolute value of the steering angle 0, the
absolute value of the steered angle 0,,, of the rear wheels
12,5, 12, does not sharply increase with respect to an
increase in absolute value of the steering angle 0, even when
the absolute value of the steering angle 0, is equal to or
larger than the absolute value of the angle thresholds 0,,,
-8,;,. The corner Pc of the rear part of the vehicle 10 is thus
restrained from contacting the obstacle Wo.

[0082] The first and second embodiments may be modi-
fied as follows.
[0083] In the first and second embodiments, the first ECU

41 and the second ECU 71 detect the steering angle 0, via
the steering angle sensor 44. However, the steering angle 0,
may be calculated based on the rotation angle 6, of the
motor 31 which is detected by the rotation angle sensor 45.
The motor 31 is coupled to the steering shaft 22 via the
reduction gear mechanism 32, the pinion shaft 33, and the
steered shaft 23. Accordingly, there is a correlation between
the rotation angle 6, -of the motor 31 and the steering angle
0,. The steering angle 0 can therefore be calculated from the
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rotation angle 8, - of the motor 31. With this configuration,
the invention can also be suitably applied to a vehicle 10 that
is not equipped with the steering angle sensor 44, depending
on the specifications of the vehicle 10 etc.
[0084] In the first and second embodiments, the front-
wheel steering system 13 is configured to apply torque of the
motor 31 to the steered shaft 23. However, for example, the
front-wheel steering system 13 may be configured to apply
torque of the motor 31 to the steering shaft 22 (the column
shaft 25).
[0085] In the first embodiment, the front-wheel steering
system 13 is configured to assist in steering by applying
torque of the motor 31 to the steered shaft 23. However, the
configuration that assists in steering may be omitted depend-
ing on the specifications of the vehicle 10 etc. In this case,
the front wheels 12, 12, are steered only by the driver’s
steering operation.
[0086] In the second embodiment, in the case where at
least one of the obstacle sensors 10R, 10L detects the corner
Pc of the rear part of the vehicle 10 approaching an obstacle
Wo, the rear wheels 12,,, 12, may be steered in the same
direction as that in which the front wheels 12,5, 12, are
steered when the absolute value of the steering angle 0, is
equal to or larger than the absolute value of the angle
thresholds 0,,, —0,,. This allows the vehicle 10 to move
parallel to the direction in which the front wheels 125, 12,
and the rear wheels 12, 12, are steered so as to move
away from the obstacle Wo, although it depends on the
steered angle 0,,,. of the rear wheels 12, 12;;. The corner
Pc of the rear part of the vehicle 10 is thus restrained from
contacting the obstacle Wo.
[0087] In the first and second embodiments, the relation-
ship between the steering angle 8, and the rotation radius
(turning radius R) of the vehicle may be defined so that,
when the absolute value of the steering angle 6, is in the
range from zero to the absolute value of the angle thresholds
0,,, —0,,, the rotation radius of the vehicle is in a commonly
used range that is required for normal steering operation, and
when the absolute value of the steering angle O, is in the
range larger than the absolute value of the angle thresholds
0,,-0,,, the rotation radius of the vehicle is in a non-
commonly used range that is not required for normal steer-
ing operation. In this case, when the absolute value of the
steering angle 0, is in the range from zero to the absolute
value of the angle thresholds 6,,, —-6,, which is the switch
point of the steering characteristics, control is performed
mainly so as to provide the driver and occupants with a
natural feel (driving feel, riding feel, etc.). When the abso-
lute value of the steering angle 8. is in the range larger than
the absolute value of the angle thresholds 6,,, —6,,,, control
is performed mainly so as to provide good maneuverability
with a small turning radius. However, since this range
corresponds to the non-commonly used range, the impact of
such control on the driver or occupants is not significant.
What is claimed is:
1. A four-wheel steering system, comprising:
a front-wheel steering system that steers front wheels of
a vehicle; and
a rear-wheel steering system that steers rear wheels of the
vehicle in accordance with a steering angle that is a
rotation angle of a steering wheel, wherein,
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when a vehicle speed is lower than a vehicle speed
threshold, the rear-wheel steering system steers the rear
wheels in an opposite direction to that in which the
front wheels are steered, and

when the vehicle speed is lower than the vehicle speed
threshold, the rear-wheel steering system sharply
increases a rate of increase in steered angle of the rear
wheels with respect to an increase in steering angle
when an absolute value of the steering angle is equal to
or larger than an absolute value of an angle threshold.

2. The four-wheel steering system according to claim 1,
wherein,

the front-wheel steering system has a motor that is a
source of a steering assist force and a control device
that controls the motor in accordance with a steering
state, and

when the vehicle speed is lower than the vehicle speed
threshold, the control device controls the motor so as to
sharply increase a rate of increase in steering torque
with respect to an increase in steering angle when the
absolute value of the steering angle is equal to or larger
than the absolute value of the angle threshold.

3. The four-wheel steering system according to claim 1,
wherein,

when an obstacle sensor mounted on a rear part of the
vehicle detects a corner of the rear part of the vehicle
approaching an obstacle, the rear-wheel steering sys-
tem does not perform such control that sharply
increases the rate of increase in steered angle of the rear
wheels with respect to an increase in steering angle
even when the absolute value of the steering angle is
equal to or larger than the absolute value of the angle
threshold.

4. The four-wheel steering system according to claim 1,
wherein,
the angle threshold is set to a value near a limit steering
angle at which the steering wheel reaches a limit
position in its physical operation range.
5. A four-wheel steering system, comprising:

a front-wheel steering system that steers front wheels of
a vehicle; and

a rear-wheel steering system that steers rear wheels of the
vehicle in accordance with a steering angle that is a
rotation angle of a steering wheel, wherein,

when a vehicle speed is lower than a vehicle speed
threshold, the rear-wheel steering system steers the rear
wheels in an opposite direction to that in which the
front wheels are steered, and

when an obstacle sensor mounted on a rear part of the
vehicle detects a corner of the rear part of the vehicle
approaching an obstacle, the rear-wheel steering sys-
tem either returns the rear wheels to a steering neutral
position corresponding to a state where the vehicle is
moving straight or steers the rear wheels in the same
direction as that in which the front wheels are steered,
when an absolute value of the steering angle is equal to
or larger than an absolute value of an angle threshold.
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