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(54) STEERING APPARATUS

(57) A steering apparatus includes: a first shaft (8)
which is coupled to a steering wheel (2); a torsion bar
(10); a second shaft (9) which is coupled to the first shaft
(8) through the torsion bar (10); a torsion bar torque de-
tection unit (11) detecting a torsion bar torque (Ttb) which
is applied to the torsion bar (10); and an electronic control
unit configured to estimate a driver torque (Td) which is
applied to the steering wheel by a driver. The electronic

control unit is configured to: i) compute a steering wheel
rotation angle (θsw) which is a rotation angle of the steer-
ing wheel (2); and ii) compute a value including an added
value, as the driver torque (Td), the added value being a
value resulting from adding the torsion bar torque (Ttb),
a steering wheel inertia torque compensation value, and
a gravity torque compensation value (Tg).
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Description

BACKGROUND OF THE INVENTION

1. Field of the Invention

[0001] The invention relates to a steering apparatus capable of estimating a driver torque that is applied to a steering
wheel by a driver.

2. Description of Related Art

[0002] Japanese Patent Application Publication No. 2006-151360 discloses a steering system including a steering
torque sensor that detects a torsion of a torsion bar, a steering angle sensor that detects a rotation angle (steering angle)
of a column shaft, and a torque generation unit that computes a steering-wheel-side torque (driver torque) based on a
steering torque detection value obtained by the steering torque sensor and a steering angle detection value obtained
by the steering angle sensor.

SUMMARY OF THE INVENTION

[0003] The invention provides a steering apparatus capable of estimating a driver torque at a high accuracy.
[0004] An aspect of the invention relates to a steering apparatus including: a first shaft which is coupled to a steering
wheel, the steering wheel being a steering wheel by which a vehicle is steered; a torsion bar; a second shaft which is
coupled to the first shaft through the torsion bar; a torsion bar torque detection unit detecting a torsion bar torque which
is applied to the torsion bar; and an electronic control unit configured to estimate a driver torque which is applied to the
steering wheel by a driver, wherein the electronic control unit is configured to: i) compute a steering wheel rotation angle
which is a rotation angle of the steering wheel; and ii) compute a value including an added value, as the driver torque,
the added value being a value resulting from adding the torsion bar torque, a steering wheel inertia torque compensation
value, and a gravity torque compensation value, the steering wheel inertia torque compensation value being a product
of a second-order differential value of the steering wheel rotation angle and an inertia moment of the steering wheel,
the gravity torque compensation value being a compensation value for a gravity torque to be applied to the first shaft by
gravity that acts on a gravity center of the steering wheel.
[0005] With the steering apparatus according to the above aspect, the driver torque is computed in consideration of
the gravity torque to be applied to the first shaft by the gravity that acts on the gravity center of the steering wheel, in
addition to the torsion bar torque and the steering wheel inertia torque, and therefore, the driver torque can be estimated
at a high accuracy.
[0006] In the above aspect, the steering apparatus may further include a rotational angle detection unit which directly
or indirectly detects a rotation angle of the second shaft. The electronic control unit may be configured to compute the
steering wheel rotation angle using the rotation angle of the second shaft and the torsion bar torque.
[0007] In the above aspect, the electronic control unit may be configured to compute the driver torque by adding a
viscous friction torque compensation value to the added value, the viscous friction torque compensation value being a
compensation value for a viscous friction torque that acts on the first shaft and the steering wheel; and the viscous friction
torque compensation value may be a product of a first-order differential value of the steering wheel rotation angle and
a predetermined viscous friction torque coefficient.
[0008] With the steering apparatus according to the above aspect, the driver torque is computed also in consideration
of the viscous friction torque that acts on the first shaft and the steering wheel, and therefore, the driver torque can be
estimated at a higher accuracy.
[0009] In the above aspect, the electronic control unit may be configured to compute the driver torque by adding a
coulomb friction torque compensation value to the added value, the coulomb friction torque compensation value being
a compensation value for a coulomb friction torque that acts on the first shaft and the steering wheel; and the coulomb
friction torque compensation value may be a product of a hyperbolic tangent and a predetermined coulomb friction torque
coefficient, the hyperbolic tangent being a hyperbolic tangent of a product of a predetermined coulomb friction torque
gradient and a first-order differential value of the steering wheel rotation angle.
[0010] With the steering apparatus according to the above aspect, the driver torque is computed also in consideration
of the coulomb friction torque that acts on the first shaft and the steering wheel, and therefore, the driver torque can be
estimated at a higher accuracy.
[0011] In the above aspect, the gravity torque compensation value may be a product of a distance between a gravity
center position of the steering wheel and a rotation center position, a mass of the steering wheel, a sine value of the
steering wheel rotation angle, and a cosine value of a steering wheel tilt angle. The steering wheel tilt angle may be an
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angle between a vertical line and a rotation plane of the steering wheel in a state where the steering wheel is mounted
on the vehicle, the vertical line being a vertical line that passes through the rotation center position of the steering wheel.
The steering wheel rotation angle may be an angle corresponding to a rotation amount from a neutral position and a
rotation direction, the neutral position being a steering wheel position at which an orientation of the vehicle is a straight
direction.
[0012] In the above aspect, the electronic control unit may be configured to: i) compute an acceleration in a vehicle-
lateral direction that acts on the gravity center of the steering wheel; and ii) compute the driver torque by adding a lateral
acceleration torque compensation value to the added value, the lateral acceleration torque compensation value being
a compensation value for a lateral acceleration torque which is applied to the first shaft by the acceleration in the vehicle-
lateral direction that acts on the gravity center of the steering wheel.
[0013] With the steering apparatus according to the above aspect, the driver torque is computed also in consideration
of the lateral acceleration torque to be applied to the first shaft by the acceleration in the vehicle-lateral direction that
acts on the gravity center of the steering wheel, and therefore, the driver torque can be estimated at a higher accuracy.
[0014] In the above aspect, the lateral acceleration torque compensation value may be a product of a distance between
a gravity center position of the steering wheel and a rotation center position, a mass of the steering wheel, the acceleration
in the vehicle-lateral direction that acts on the gravity center of the steering wheel, and a cosine value of the steering
wheel rotation angle.
[0015] In the above aspect, the electronic control unit may be configured to determine whether a hands-on state is
formed, based on the driver torque; and the hands-on state is a state where the driver is holding the steering wheel.
[0016] In the above aspect, the steering apparatus may further include an electric motor configured to assist steering,
wherein the electronic control unit is configured to: i) generate a manual steering command value using the driver torque;
ii) compute a summed angle command value by adding the manual steering command value to an automatic steering
command value; and iii) control the electric motor based on the summed angle command value.
[0017] With the steering apparatus according to the above aspect, the summed angle command value is computed
by adding the manual steering command value to the automatic steering command value, and the electric motor is
controlled based on the summed angle command value. Thereby it is possible to realize a cooperative control that allows
a manual steering while performing mainly an automatic steering control as the steering control, without the switching
between the manual steering control and the automatic steering control. Accordingly, it is possible to seamlessly perform
the transition between the manual steering control and the automatic steering control, and therefore, it is possible to
reduce an uncomfortable feeling of the driver.
[0018] With the steering apparatus according to the above aspect, it is possible to restrain the manual steering command
value from being set based on disturbance other than the driver torque, when there is a high possibility that the driver
is not operating the steering wheel.
[0019] In the above aspect, the electronic control unit may be configured to: i) set an assist torque command value
based on the driver torque; and ii) generate the manual steering command value using the driver torque and the assist
torque command value.
[0020] In the above aspect, the steering apparatus may further include an electric motor configured to assist steering.
The electronic control unit may be configured to: i) generate a manual steering command value using the torsion bar
torque, only when an absolute value of the driver torque is equal to or larger than a predetermined value; ii) compute a
summed angle command value by adding the manual steering command value to an automatic steering command value;
and iii) control the electric motor based on the summed angle command value.
[0021] With the steering apparatus according to the above aspect, it is possible to realize a cooperative control that
allows the manual steering while performing mainly the automatic steering control as the steering control, without the
switching between the manual steering control and the automatic steering control. Accordingly, it is possible to seamlessly
perform the transition between the manual steering control and the automatic steering control, and therefore, it is possible
to reduce the uncomfortable feeling of the driver. Further, with this configuration, it is possible to restrain the manual
steering command value from being set based on the disturbance other than the driver torque, when the driver is not
operating the steering wheel.
[0022] In the above aspect, the electronic control unit may be configured to: i) set an assist torque command value
based on the torsion bar torque; and ii) generate the manual steering command value using the torsion bar torque and
the assist torque command value, only when the absolute value of the driver torque is equal to or larger than the
predetermined value.
[0023] In the above aspect, the steering apparatus may further include an electric motor configured to assist steering.
The electronic control unit may be configured to: i) generate a manual steering command value using the torsion bar
torque, only when it is determined that the hands-on state is formed; ii) compute a summed angle command value by
adding the manual steering command value to an automatic steering command value; and iii) control the electric motor
based on the summed angle command value.
[0024] With the steering apparatus according to the above aspect, it is possible to realize a cooperative control that
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allows the manual steering while performing mainly the automatic steering control as the steering control, without the
switching between the manual steering control and the automatic steering control. Accordingly, it is possible to seamlessly
perform the transition between the manual steering control and the automatic steering control, and therefore, it is possible
to reduce the uncomfortable feeling of the driver. Further, with this configuration, it is possible to restrain the manual
steering command value from being set based on the disturbance other than the driver torque, when the driver is not
operating the steering wheel.
[0025] In the above aspect, the electronic control unit may be configured to: i) set an assist torque command value
based on the torsion bar torque; and ii) generate the manual steering command value using the torsion bar torque and
the assist torque command value, only when it is determined that the hands-on state is formed.

BRIEF DESCRIPTION OF THE DRAWINGS

[0026] Features, advantages, and technical and industrial significance of exemplary embodiments of the invention will
be described below with reference to the accompanying drawings, in which like numerals denote like elements, and
wherein:

FIG. 1 is a schematic view showing a brief configuration of an electric power steering apparatus to which a steering
apparatus according to a first embodiment of the invention is applied;
FIG. 2 is a block diagram showing an electric configuration of an ECU;
FIG. 3 is a block diagram showing an electric configuration of a steering wheel operation state determination unit;
FIG. 4 is a graph showing an exemplary relation between a steering wheel angular velocity dθsw/dt and a viscous
friction torque compensation value Tc;
FIG. 5A is a schematic front view showing a gravity center position of the steering wheel and a central axis line of
a first shaft;
FIG. 5B is a schematic side view of FIG. 5A;
FIG. 6 is a graph showing an exemplary relation between a steering wheel angle estimation value θsw and a gravity
torque compensation value Tg;
FIG. 7 is a graph showing an exemplary relation between the steering wheel angle estimation value θsw and a lateral
acceleration torque compensation value Tlat;
FIG. 8 is a graph showing an exemplary relation between the steering wheel angular velocity dθsw/dt and a coulomb
friction torque compensation value Tf;
FIG. 9 is a graph showing another exemplary relation between the steering wheel angular velocity dθsw/dt and the
coulomb friction torque compensation value Tf;
FIG. 10 is a block diagram showing a configuration of a driver torque estimation unit;
FIG. 11 is a state transition diagram for describing an operation of a hands-on/off determination unit;
FIG. 12 is a schematic view showing a brief configuration of an electric power steering system to which a motor
control apparatus according to a second embodiment of the invention is applied;
FIG. 13 is a block diagram for describing an electric configuration of a motor control ECU;
FIG. 14 is a block diagram showing a configuration of a manual steering command value generation unit in FIG. 13;
FIG. 15 is a graph showing an exemplary setting of an assist torque command value Tac for a driver torque Td;
FIG. 16 is a schematic view showing an exemplary reference EPS model that is used in a command value setting unit;
FIG. 17 is a block diagram showing a modification of the manual steering command value generation unit;
FIG. 18 is a block diagram showing a modification of the motor control ECU; and
FIG. 19 is a block diagram showing a configuration of the manual steering command value generation unit in FIG. 18.

DETAILED DESCRIPTION OF EMBODIMENTS

[0027] FIG. 1 is a schematic view showing a brief configuration of an electric power steering apparatus to which a
steering apparatus according to a first embodiment of the invention is applied. The electric power steering apparatus
(vehicle steering apparatus) 1 is a column assist type electric power steering apparatus (hereinafter, referred to as
"column type EPS") in which an electric motor and a reduction drive are disposed in a column part.
[0028] The column type EPS 1 includes a steering wheel 2 as a steering member for operating the orientation of a
vehicle, a turning mechanism 4 that turns turned wheels 3 in response to the rotation of the steering wheel 2, and a
steering assist mechanism 5 that assists the steering by a driver. The steering wheel 2 and the turning mechanism 4
are mechanically coupled through a steering shaft 6, a first universal joint 28, an intermediate shaft 7, and a second
universal joint 29.
[0029] The steering shaft 6 includes a first shaft 8 that is coupled to the steering wheel 2, and a second shaft 9 that
is coupled to the intermediate shaft 7 through the first universal joint 28. The first shaft 8 and the second shaft 9 are
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coupled through a torsion bar 10, so as to rotate relatively. A torque sensor 11 is provided on the periphery of the steering
shaft 6. The torque sensor 11 detects a torsion bar torque Ttb applied to the torsion bar 10, based on the relative rotation
displacement of the first shaft 8 and the second shaft 9. The torsion bar torque Ttb detected by the torque sensor 11 is
input to an electronic control unit (ECU) 12.
[0030] The turning mechanism 4 is a rack-and-pinion mechanism including a pinion shaft 13 and a rack shaft 14 as
a turning shaft. The turned wheels 3 are coupled to the ends of the rack shaft 14 through tie rods 15 and steering knuckle
arms (not illustrated). The pinion shaft 13 is coupled to the intermediate shaft 7 through the second universal joint 29.
A pinion 16 is coupled to a distal end of the pinion shaft 13.
[0031] The rack shaft 14 extends linearly along a right-left direction of the vehicle. A rack 17 to engage with the pinion
16 is formed at an intermediate portion of the rack shaft 14 in an axial direction of the rack shaft 14. By the pinion 16
and the rack 17, the rotation of the pinion shaft 13 is transformed into the axial movement of the rack shaft 14. The
turned wheels 3 can be turned by the movement of the rack shaft 14 in the axial direction.
[0032] When the steering wheel 2 is steered (rotated), the rotation is transmitted to the pinion shaft 13 through the
steering shaft 6 and the intermediate shaft 7. Then, the rotation of the pinion shaft 13 is transformed into the axial
movement of the rack shaft 14, by the pinion 16 and the rack 17. Thereby, the turned wheels 3 are turned. The steering
assist mechanism 5 includes an electric motor 18 for generating a steering assist force and a reduction drive 19 for
amplifying an output torque of the electric motor 18 and transmitting the torque to the turning mechanism 4. In the
embodiment, the electric motor 18 is a three-phase brushless motor. The reduction drive 19 is a worm gear mechanism
including a worm gear 20 and a worm wheel 21 that engages with the worm gear 20. The reduction drive 19 is contained
in a gear housing 22. Hereinafter, a reduction ratio (gear ratio) of the reduction drive 19 is sometimes represented by
rwg. The reduction ratio rwg is defined as a ratio ωwg / ωww of an angular velocity ωwg of the worm gear 20 to an angular
velocity ωww of the worm wheel 21.
[0033] The worm gear 20 is driven to rotate by the electric motor 18. The worm wheel 21 is coupled to the second
shaft 9 so as to rotate integrally with the second shaft 9. The worm wheel 21 is driven to rotate by the worm gear 20.
The electric motor 18 is driven depending on the state of the steering by the driver, and the worm gear 20 is driven to
rotate by the electric motor 18. Thereby, the worm wheel 21 is driven to rotate, and a motor torque is given to the steering
shaft 6, so that the steering shaft 6 rotates. Then, the rotation of the steering shaft 6 is transmitted to the pinion shaft
13 through the intermediate shaft 7. The rotation of the pinion shaft 13 is transformed into the axial movement of the
rack shaft 14. Thereby, the turned wheels 3 are turned. That is, since the worm gear 20 is driven to rotate by the electric
motor 18, the steering assist by the electric motor 18 can be performed.
[0034] The rotation angle of a rotor of the electric motor 18 (hereinafter, referred to as "rotor rotation angle") is detected
by a rotation angle sensor 23 such as a resolver. A vehicle speed V is detected by a vehicle speed sensor 24. A vehicle
body acceleration (vehicle acceleration) a is detected by a vehicle body acceleration sensor 25. A vehicle body rotation
angular velocity (vehicle rotation angular velocity) ω is detected by a yaw rate sensor 26. The output signal of the rotation
angle sensor 23, the vehicle speed V detected by the vehicle speed sensor 24, the vehicle body acceleration a detected
by the vehicle body acceleration sensor 25, and the vehicle body rotation angle ω detected by the yaw rate sensor 26
are input to the ECU 12. The electric motor 18 is controlled by the ECU 12.
[0035] FIG. 2 is an outline diagram showing an electric configuration of the ECU 12. The ECU 12 includes a micro-
computer 40, a drive circuit (three-phase inverter circuit) 31 that is controlled by the microcomputer 40 so as to supply
electric power to the electric motor 18, and a current detection unit 32 that detects electric current flowing through the
electric motor 18 (hereinafter, referred to as "motor current").
[0036] The microcomputer 40 includes a CPU and memories (a ROM, a RAM, a nonvolatile memory, and the like),
and functions as a plurality of function processing units by executing predetermined programs. The plurality of function
processing units includes a motor control unit 41 and a steering wheel operation state determination unit 42. The motor
control unit 41 realizes a steering assist appropriate for a steering situation, by driving and controlling the drive circuit
31 based on the vehicle speed V detected by the vehicle speed sensor 24, the torsion bar torque Ttb detected by the
torque sensor 11, the rotor rotation angle computed based on the output of the rotation angle sensor 23, and the motor
current detected by the current detection unit 32.
[0037] Specifically, the motor control unit 41 sets a current command value that is a target value of the motor current
to flow through the electric motor 18, based on the torsion bar torque Ttb and the vehicle speed V. The current command
value corresponds to a target value of the steering assist force (assist torque) that is appropriate for a steering situation.
The motor control unit 41 drives and controls the drive circuit 31 such that the motor current to be detected by the current
detection unit 32 approaches the current command value.
[0038] The steering wheel operation state determination unit 42 determines whether the steering wheel operation
state is a hands-on state where the driver is holding the steering wheel or a hands-off state (hands-free state) where
the driver is not holding the steering wheel, based on the torsion bar torque Ttb detected by the torque sensor 11, the
rotor rotation angle computed based on the output of the rotation angle sensor 23, the vehicle body acceleration a
detected by the vehicle body acceleration sensor 25, and the vehicle body rotation angular velocity ω detected by the
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yaw rate sensor 26.
[0039] FIG. 3 is a block diagram showing an electric configuration of the steering wheel operation state determination
unit 42. The steering wheel operation state determination unit 42 includes a driver torque estimation unit 51, a low-pass
filter 52, and a hands-on/off determination unit 53. The driver torque estimation unit 51 estimate a driver torque Td based
on the output signal of the rotation angle sensor 23, the torsion bar torque Ttb detected by the torque sensor 11, the
vehicle body acceleration a detected by the vehicle body acceleration sensor 25, and the vehicle body rotation angular
velocity ω detected by the yaw rate sensor 26.
[0040] The low-pass filter 52 performs a low-pass filter process for the driver torque Td estimated by the driver torque
estimation unit 51. The hands-on/off determination unit 53 determines whether the steering wheel operation state is the
hands-on state or the hands-off state, based on a driver torque Td’ after the low-pass filter process executed by the low-
pass filter 52. They will be described below. In the embodiment, the driver torque estimation unit 51 computes the driver
torque Td based on the following Expression (1).

Jsw: steering wheel inertia moment
θsw: steering wheel angle estimation value (steering wheel rotation angle)
d2θsw/dt2: steering wheel angle acceleration (second-order differential value of steering wheel angle estimation value)
Jsw · d2θsw/dt2: steering wheel inertia torque compensation value {= -(steering wheel inertia torque estimation value)}
That is, the steering wheel inertia torque compensation value is a negative value of the steering wheel inertia torque
estimation value.
Ttb: torsion bar torque (the torsion bar torque detected by the torque sensor 11 in the embodiment)
Tc: viscous friction torque compensation value {= -(viscous friction torque estimation value)} That is, the viscous
friction torque compensation value is a negative value of the viscous friction torque estimation value.
Tg: gravity torque compensation value {= -(gravity torque estimation value)} That is, the gravity torque compensation
value is a negative value of the gravity torque estimation value.
Tlat: lateral acceleration torque compensation value {= -(lateral acceleration torque estimation value)} That is, the
lateral acceleration torque compensation value is a negative value of the lateral acceleration torque estimation value.
Tf: coulomb friction torque compensation value {= -(coulomb friction torque estimation value)} That is, the coulomb
friction torque compensation value is a negative value of the coulomb friction torque estimation value.

[0041] In the embodiment, the signs of the torsion bar torque Ttb and the driver torque Td are positive when the torque
is in a leftward steering direction, and are negative when the torque is in a rightward steering direction. The steering
wheel angle estimation value θsw indicates a forward or reverse rotation amount of the steering wheel from a neutral
position. In the embodiment, the rotation amount in a leftward direction (counterclockwise direction) from the neutral
position is a positive value, and the rotation amount in a rightward direction (clockwise direction) from the neutral position
is a negative value.
[0042] The steering wheel inertia torque estimation value (-Jsw . d2θsw/dt2), the viscous friction torque estimation value
(-Tc) and the coulomb friction torque estimation value (-Tf) act in the opposite direction of the direction of the driver
torque Td. Therefore, the signs of the viscous friction torque estimation value (-Tc) and the coulomb friction torque
estimation value (-Tf) are opposite to the sign of the driver torque Td. Accordingly, the signs of the steering wheel inertia
torque compensation value Jsw · d2θsw/dt2, the viscous friction torque compensation value Tc and the coulomb friction
torque estimation value Tf are the same as the sign of the driver torque Td.
[0043] Depending on the steering wheel angle estimation value θsw, the signs of the gravity torque estimation value
(-Tg) and the lateral acceleration torque estimation value (-Tlat) can be the same as the direction of the driver torque Td
or can be opposite to the direction of the driver torque Td. Accordingly, depending on the steering wheel angle estimation
value θsw, the signs of the gravity torque compensation value Tg and the lateral acceleration torque compensation value
Tlat can be the same as the direction of the driver torque Td or can be opposite to the direction of the driver torque Td.

Computation Method for Steering Wheel Angle Estimation Value θsw

[0044] The steering wheel angle estimation value θsw indicates an angle corresponding to the rotation amount from
the neutral position and the rotation direction. The neutral position is a steering wheel position at which the orientation
of the vehicle (vehicle body) is a straight direction. In the embodiment, in the case where the steering wheel angle
estimation value θsw indicates the rotation amount from the neutral position in a counterclockwise direction, the steering
wheel angle estimation value θsw is a positive value, and in the case where the steering wheel angle estimation value
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θsw indicates the rotation amount from the neutral position in a clockwise direction, the steering wheel angle estimation
value θsw is a negative value.
[0045] The steering wheel angle estimation value θsw is expressed by the following Expression (2). 

ktb: the rigidity of the torsion bar 10
θww: the rotation angle (second shaft rotation angle) of the second shaft 9

[0046] The second shaft rotation angle θww is computed based on the following Expression (3.1). 

θm: the rotation angle of the electric motor 18 (the rotor rotation angle detected by the rotation angle sensor 23 in
the embodiment)
Tm: motor torque estimation value
kgear: the rigidity between the worm gear and the worm wheel

[0047] For example, the motor torque estimation value Tm can be computed by multiplying the motor current detected
by the current detection unit 32 (see FIG. 2) by a torque constant of the electric motor 18.
[0048] The second shaft rotation angle θww may be computed based on the following Expression (3.2). 

[0049] As can be seen from Expression (3.1), when kgear is large, the value of (Tm / kgear) becomes a small value, and
when kgear is small, the value of (Tm / kgear) becomes a large value. Accordingly, when kgear is large, the second shaft
rotation angle θww may be computed based on Expression (3.2), and when kgear is small, the second shaft rotation angle
θww may be computed based on Expression (3.1).

Computation Method for Viscous Friction Torque Compensation Value Tc

[0050] The viscous friction torque estimation value (-Tc) is an estimation value of the viscous friction torque that acts
on the first shaft 8 and the steering wheel 2. The viscous friction torque is generated due to the slide of a bearing that
supports the first shaft 8, the slide of a spiral cable that is connected to the steering wheel 2, and the like.
[0051] The viscous friction torque estimation value (-Tc) is computed based on the following Expression (4-1). 

Gc: viscous friction torque coefficient
dθsw/dt: steering wheel angular velocity (first-order differential value of θsw)

[0052] Accordingly, the viscous friction torque compensation value Tc is computed based on the following Expression
(4-2). 

[0053] The viscous friction torque coefficient Gc can be evaluated as follows. The electric motor 18 is driven in the
hands-free state, and the torsion bar torque Ttb in a steady state is measured using the steering wheel angular velocity
dθsw/dt as a parameter. The steady state means a state where the rotation angle acceleration is not generated in the
steering wheel 2, that is, a state where the steering wheel angle acceleration d2θsw/dt2 is zero. Then, the change rate
(gradient) of the torsion bar torque Ttb with respect to the steering wheel angular velocity dθsw/dt is evaluated as the
viscous friction torque coefficient Gc. On this occasion, when the relation between the steering wheel angular velocity
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dθsw/dt and the torsion bar torque Ttb is not a linear relation, the relation may be approximated by an arbitrary polynomial
expression.
[0054] FIG. 4 shows an exemplary relation between the steering wheel angular velocity dθsw/dt and the viscous friction
torque compensation value Tc. The absolute value of the viscous friction torque compensation value Tc increases as
the absolute value of the steering wheel angular velocity dθsw/dt increases.

Computation Method for Gravity Torque Compensation Value Tg

[0055] The gravity torque estimation value (-Tg) will be described. As shown in FIG. 5A, a gravity center position G
on a rotation plane of the steering wheel 2 does not coincide with a rotation center position C (an intersection point
between the rotation plane of the steering wheel 2 and a central axis line of the first shaft 8). The distance between the
gravity center position G on the rotation plane of the steering wheel 2 and the rotation center position C is referred to
as an offset distance dcg. Further, the mass of the steering wheel 2 is represented by m, and the gravity acceleration is
represented by gcg. Furthermore, as shown in FIG. 5B, the angle between a vertical line passing through the rotation
center position C of the steering wheel 2 and the rotation plane of the steering wheel 2 in a state where the steering
wheel 2 is mounted on the vehicle is referred to as a steering wheel tilt angle δ.
[0056] The gravity torque estimation value (-Tg) is an estimation value of a torque to be given to the first shaft 8 by a
gravity m · gcg that acts on the gravity center G of the steering wheel 2. Specifically, the gravity torque estimation value
(-Tg) is computed based on the following Expression (5-1). 

[0057] Ggr is a gravity torque coefficient, and is a value that depends on a product m · gcg · dcg · cos(δ) of the mass
m of the steering wheel 2, the gravity acceleration gcg, the offset distance dcg, and a cosine value cos(δ) of the steering
wheel tilt angle δ. Further, sin(θsw) is a sine value of the steering wheel angle estimation value θsw.
[0058] Accordingly, the gravity torque compensation value Tg is computed based on the following Expression (5-2). 

[0059] When the offset distance dcg, the mass m of the steering wheel 2, and the steering wheel tilt angle δ are found,
the gravity torque coefficient Ggr can be evaluated from the expression of Ggr = m · dcg · gcg · cos(δ).
[0060] The gravity torque coefficient Ggr can be evaluated as follows. That is, the torsion bar torque Ttb in the steady
state is measured in the hands-free state, using the steering wheel angle estimation value θsw as a parameter. The
absolute value of the torsion bar torque Ttb when the steering wheel angle estimation value θsw is 90 degrees is evaluated
as the gravity torque coefficient Ggr. FIG. 6 shows an exemplary relation between the steering wheel angle estimation
value θsw and the gravity torque compensation value Tg. The gravity m · gcg that acts on the gravity center of the steering
wheel 2 is a force in the vertical direction, and therefore, the absolute value of the gravity torque compensation value
Tg is maximized when the steering wheel angle estimation value θsw is 690 [deg] or 6270 [deg].

Computation Method for Lateral Acceleration Torque Compensation Value Tlat

[0061] The lateral acceleration torque estimation value (-Tlat) is an estimation value of a torque to be given to the first
shaft 8 by an acceleration alat in a vehicle-body-lateral direction that acts on the gravity center G of the steering wheel
2 (more specifically, a product m · alat of the acceleration alat in the vehicle-body-lateral direction and the mass m of the
steering wheel 2 (see FIG. 5A)).
[0062] Specifically, the lateral acceleration torque estimation value (-Tlat) is computed based on the following Expres-
sion (6-1). 

[0063] Glat is a lateral acceleration torque coefficient, and is a value that depends on a product m · alat · dcg of the
mass m of the steering wheel 2, the acceleration alat in the vehicle-body-lateral direction that acts on the gravity center
G of the steering wheel 2, and the offset distance dcg. Further, cos(θsw) is a cosine value of the steering wheel angle
estimation value θsw.
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[0064] Accordingly, the lateral acceleration torque compensation value Tlat is computed based on the following Ex-
pression (6-2). 

[0065] For example, the lateral acceleration torque coefficient Glat is evaluated as follows. That is, a vehicle-body-
lateral component of the vehicle body acceleration measured by the vehicle body acceleration sensor 25 is evaluated
as alat1. A vehicle-body-lateral component of a centrifugal acceleration that is a product of the square of the vehicle body
rotation angular velocity ω measured by the yaw rate sensor 26 and the offset distance dcg is evaluated as alat2. The
sum (alat1 + alat2) of the vehicle-body-lateral component alat1 of the vehicle body acceleration and the vehicle-body-
lateral component alat2 of the centrifugal acceleration is evaluated as the acceleration alat in the vehicle-body-lateral
direction that acts on the gravity center G of the steering wheel 2. Then, the lateral acceleration torque coefficient Glat
is evaluated from the expression of Glat = m · alat · dcg. The lateral acceleration torque coefficient Glat changes depending
on the traveling state of the vehicle.
[0066] FIG. 7 shows an exemplary relation between the steering wheel angle estimation value θsw and the lateral
acceleration torque compensation value Tlat. The acceleration alat in the vehicle-body-lateral direction that acts on the
gravity center G of the steering wheel 2 is a force in the lateral direction, and therefore, the absolute value of the lateral
acceleration torque compensation value Tlat is maximized when the steering wheel angle estimation value θsw is 0 [deg]
or 180 [deg].

Computation Method for Coulomb Friction Torque Compensation Value Tf

[0067] The coulomb friction torque estimation value (-Tf) is an estimation value of a coulomb friction torque that acts
on the first shaft 8 and the steering wheel 2. The coulomb friction torque is generated by the bearing that supports the
first shaft 8, the spiral cable that is connected to the steering wheel 2, and the like.
[0068] The coulomb friction torque estimation value (-Tf) is computed based on the following Expression (7-1). 

Gf: coulomb friction torque coefficient
η: coulomb friction torque gradient

[0069] Accordingly, the coulomb friction torque compensation value Tf is computed based on the following Expression
(7-2). 

[0070] The coulomb friction torque coefficient Gf can be evaluated as follows. The motor torque to be applied to the
second shaft 9 by the electric motor 18 is gradually increased in the hands-free state. Then, the absolute value of the
torsion bar torque Ttb at the time point when the absolute value of the steering wheel angular velocity dθsw/dt becomes
zero, that is, at the time point when the steering wheel 2 starts to move is evaluated as the coulomb friction torque
coefficient Gf. The coulomb friction torque gradient η is determined by tuning.
[0071] FIG. 8 shows an exemplary relation between the steering wheel angular velocity dθsw/dt and the coulomb
friction torque compensation value Tf. When the absolute value of the steering wheel angular velocity dθsw/dt increases
from zero, the absolute value of the coulomb friction torque compensation value Tf increases at a relatively higher change
rate in a range in which the absolute value of the steering wheel angular velocity dθsw/dt is small, and then, converges
at the magnitude of the coulomb friction torque coefficient Gf. In the range in which the absolute value of the steering
wheel angular velocity dθsw/dt is small, the change rate of the coulomb friction torque compensation value Tf with respect
to the steering wheel angular velocity dθsw/dt increases as the coulomb friction torque gradient η increases.
[0072] A map indicating the relation between the steering wheel angular velocity dθsw/dt and the coulomb friction
torque compensation value Tf may be created in advance, and the coulomb friction torque compensation value Tf may
be computed based on the map. In this case, the relation between the steering wheel angular velocity dθsw/dt and the
coulomb friction torque compensation value Tf may be a relation shown in FIG. 9. In this example, in a range in which
the steering wheel angular velocity dθsw/dt is -A or lower, the value of the coulomb friction torque compensation value



EP 3 424 799 A1

10

5

10

15

20

25

30

35

40

45

50

55

Tf is -Gf. In a range in which the steering wheel angular velocity dθsw/dt is +A or higher, the value of the coulomb friction
torque compensation value Tf is +Gf. In a range in which the steering wheel angular velocity dθsw/dt is higher than -A
and lower than +A, the coulomb friction torque compensation value Tf linearly changes from -Gf to +Gf with increase in
the steering wheel angular velocity dθsw/dt.
[0073] FIG. 10 is a block diagram showing a configuration of the driver torque estimation unit 51. The driver torque
estimation unit 51 includes a rotor rotation angle computation unit 61, a second shaft rotation angle computation unit
(θww computation unit) 62, a first multiplication unit 63, a first addition unit 64, a first differentiation computation unit 65,
a second differentiation computation unit 66, and a second multiplication unit 67. Furthermore, the driver torque estimation
unit 51 includes a third multiplication unit 68, a tanh computation unit 69, a fourth multiplication unit 70, a sin computation
unit 71, a fifth multiplication unit 72, a cos computation unit 73, an acceleration torque coefficient computation unit (Glat
computation unit) 74, and a sixth multiplication unit 75, and a second addition unit 76.
[0074] The rotor rotation angle computation unit 61 computes the rotation angle (rotor rotation angle) θm of the electric
motor 18, based on the output signal of the rotation angle sensor 23. The second shaft rotation angle computation unit
(θww computation unit) 62 computes the second shaft rotation angle θww based on Expression (3.1). The second shaft
rotation angle computation unit (θww computation unit) 62 may compute the second shaft rotation angle θww based on
Expression (3.2).
[0075] The first multiplication unit 63 multiplies the torsion bar torque Ttb detected by the torque sensor 11, by the
reciprocal of the rigidity ktb of the torsion bar 10. The first addition unit 64 computes the steering wheel angle estimation
value θsw, by adding the second shaft rotation angle θww computed by the second shaft rotation angle computation unit
62, to the multiplication result Ttb / ktb of the first multiplication unit 63 (see Expression (2)).
[0076] The first differentiation computation unit 65 computes the steering wheel angular velocity dθsw/dt, by performing
temporal differentiation for the steering wheel angle estimation value θsw computed by the first addition unit 64. The
second differentiation computation unit 66 computes the steering wheel angle acceleration d2θsw/dt2, by performing
temporal differentiation for the steering wheel angular velocity dθsw/dt computed by the first differentiation computation
unit 65. The second multiplication unit 67 computes the steering wheel inertia torque compensation value Jsw · d2θsw/dt2,
by multiplying the steering angle acceleration d2θsw/dt2 computed by the second differentiation computation unit 66, by
the steering wheel inertia moment Jsw.
[0077] The third multiplication unit 68 computes the viscous friction torque compensation value Tc, by multiplying the
steering wheel angular velocity dθsw/dt computed by the first differentiation computation unit 65, by the viscous friction
torque coefficient Gc (see Expression (4-2)). The tanh computation unit 69 computes tanh(η · dθsw/dt), using the steering
wheel angular velocity dθsw/dt computed by the first differentiation computation unit 65 and the coulomb friction torque
gradient η. The fourth multiplication unit 70 computes the coulomb friction torque compensation value Tf, by multiplying
tanh(η · dθsw/dt) computed by the tanh computation unit 69, by the coulomb friction torque coefficient Gf (see Expression
(7-2)).
[0078] The sin computation unit 71 computes the sine value sin(θsw) of the steering wheel angle estimation value θsw
computed by the first addition unit 64. The fifth multiplication unit 72 computes the gravity torque compensation value
Tg, by multiplying the sine value sin(θsw) of the steering wheel angle estimation value θsw computed by the sin computation
unit 71, by the gravity torque coefficient Ggr (see Expression (5-2)). The cos computation unit 73 computes the cosine
value cos(θsw) of the steering wheel angle estimation value θsw computed by the first addition unit 64. The acceleration
torque coefficient computation unit (Glat computation unit) 74 evaluates the acceleration alat in the vehicle-body-lateral
direction that acts on the gravity center G of the steering wheel 2, based on the vehicle body acceleration a measured
by the vehicle body acceleration sensor 25 and the vehicle body rotation angular velocity ω measured by the yaw rate
sensor 26, as described above. Then, the acceleration torque coefficient computation unit 74 evaluates the lateral
acceleration torque coefficient Glat from the expression of Glat = m · alat · dcg.
[0079] The sixth multiplication unit 75 computes the lateral acceleration torque compensation value Tlat, by multiplying
the lateral acceleration torque coefficient Glat computed by the acceleration torque coefficient computation unit 74, by
the cosine value cos(θsw) of the steering wheel angle estimation value θsw computed by the cos computation unit 73
(see Expression (6-2)). The second addition unit 76 computes the driver torque (estimation value) Td, by adding Jsw ·
d2θsw/dt2, Tc, Tf, Tg and Tlat respectively computed by the second, third, fourth, fifth and sixth multiplication units 67, 68,
70, 72, 75, to the torsion bar torque Ttb detected by the torque sensor 11.
[0080] In the embodiment, the driver torque Td is computed in consideration of the viscous friction torque estimation
value (-Tc), the gravity torque estimation value (-Tg), the coulomb friction torque estimation value (-Tf) and the lateral
acceleration torque estimation value (-Tlat), in addition to the steering wheel inertia torque estimation value (-Jsw · d2θsw)
and the torsion bar torque Ttb. Therefore, the driver torque can be estimated at a high accuracy.
[0081] Back to FIG. 3, the low-pass filter 52 attenuates a frequency component having a higher frequency than a
predetermined cut-off frequency fc, in the driver torque Td computed by the driver torque estimation unit 51. The cut-off
frequency fc is set, for example, to a value in a range larger than or equal to 3 [Hz] and lower than or equal to 7 [Hz] or
lower. In the embodiment, the low-pass filter 52 is a second-order Butterworth filter. The driver torque Td’ after the low-
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pass filter process executed by the low-pass filter 52 is given to the hands-on/off determination unit 53
[0082] FIG. 11 is a state transition diagram for describing an operation of the hands-on/off determination unit 53. In
the description of the operation of the hands-on/off determination unit 53, the driver torque Td after the low-pass filter
process by the low-pass filter 52 is referred to as merely "driver torque Td’". As steering wheel operation states of the
driver, the hands-on/off determination unit 53 discriminates four states: a "hands-on state larger than a threshold (ST1)",
a "hands-on state equal to or smaller than a threshold (ST2)", a "hands-off state equal to or smaller than a threshold
(ST3)", and a "hands-off state larger than a threshold (ST4)".
[0083] The "hands-on state larger than a threshold (ST1)" is a hands-on state where the absolute value of the driver
torque Td’ is larger than a predetermined threshold α (> 0). The "hands-on state equal to or smaller than a threshold
(ST2)" is a hands-on state where the absolute value of the driver torque Td’ is equal to or smaller than the threshold α.
The "hands-off state equal to or smaller than a threshold (ST3)" is a hands-off state where the absolute value of the
driver torque Td’ is equal to or smaller than the threshold α. The "hands-off state larger than a threshold (ST4)" is a
hands-off state where the absolute value of the driver torque Td’ is larger than the threshold α. The threshold α is set to
a value in a range of 0.1 [Nm] or more and 0.3 [Nm] or less.
[0084] When the absolute value of the driver torque Td’ is larger than the threshold α at the start of the computation,
the hands-on/off determination unit 53 determines that the steering wheel operation state is the "hands-on state larger
than a threshold (ST1)". Then, the hands-on/off determination unit 53 sets an output signal (out) to "1", and sets a time
counter value hod_timer to zero. As for the output signal (out), which is a signal indicating the determination result, "1"
indicates that the determination result is the hands-on, and "0" indicates that the determination result is the hands-off.
[0085] When the absolute value of the driver torque Td’ becomes equal to or smaller than the threshold α in the "hands-
on state larger than a threshold (ST1)", the hands-on/off determination unit 53 determines that the steering wheel
operation state is the "hands-on state equal to or smaller than a threshold (ST2)". Then, the hands-on/off determination
unit 53 sets the output signal (out) to "1". While the hands-on/off determination unit 53 determines that the steering wheel
operation state is the "hands-on state equal to or smaller than a threshold (ST2)", the hands-on/off determination unit
53 updates the time counter value hod_timer to a value resulting from adding a predetermined time Ts [sec] to the current
value (hod timer), whenever the predetermined time Ts [sec] elapses.
[0086] When the absolute value of the driver torque Td’ becomes larger than the threshold α in the "hands-on state
equal to or smaller than a threshold (ST2)" before the time counter value hod_timer reaches a predetermined hands-
off determination threshold β (> 0), the hands-on/off determination unit 53 determines that the steering wheel operation
state is the "hands-on state larger than a threshold (ST1)", and sets the time counter value hod timer to zero.
[0087] When the absolute value of the driver torque Td’ does not become larger than the threshold α and the time
counter value hod timer reaches the hands-off determination threshold β in the "hands-on state equal to or smaller than
a threshold (ST2)", the hands-on/off determination unit 53 determines that the steering wheel operation state is the
"hands-off state equal to or smaller than a threshold (ST3)". Then, the hands-on/off determination unit 53 sets the output
signal (out) to "0", and sets the time counter value hod_timer to zero. The hands-off determination threshold β is set, for
example, to a value in a range of 0.5 [sec] or more and 1.0 [sec] or less.
[0088] When the absolute value of the driver torque Td’ is larger than the threshold α in the "hands-off state equal to
or smaller than a threshold (ST3)", the hands-on/off determination unit 53 determines that the steering wheel operation
state is the "hands-off state larger than a threshold (ST4)". Then, the hands-on/off determination unit 53 sets the output
signal (out) to "0". While the hands-on/off determination unit 53 determines that the steering wheel operation state is
the "hands-off state larger than a threshold (ST4)", the hands-on/off determination unit 53 updates the time counter
value hod_timer to a value resulting from adding the predetermined time Ts [sec] to the current value (hod timer),
whenever the predetermined time Ts [sec] elapses.
[0089] When the absolute value of the driver torque Td’ becomes equal to or smaller than the threshold α in the "hands-
off state larger than a threshold (ST4)" before the time counter hod_timer reaches a predetermined hands-on determi-
nation threshold γ (> 0), the hands-on/off determination unit 53 determines that the steering wheel operation state is the
"hands-off state equal to or smaller than a threshold (ST3)", and sets the time counter value hod_timer to zero. The
hands-on determination threshold γ is set, for example, to a value in a range of 0.05 [sec] or more and 0.1 [sec] or less.
[0090] When the absolute value of the driver torque Td’ does not become equal to or smaller than the threshold α and
the time counter value hod_timer reaches the hands-on determination threshold γ in the "hands-off state larger than a
threshold (ST4)", the hands-on/off determination unit 53 determines that the steering wheel operation state is the "hands-
on state larger than a threshold (ST1)". Then, the hands-on/off determination unit 53 sets the output signal (out) to "1",
and sets the time counter value hod_timer to zero.
[0091] When the absolute value of the driver torque Td’ is equal to or smaller than the threshold α at the start of the
computation, the hands-on/off determination unit 53 determines that the steering wheel operation state is the "hands-
off state equal to or smaller than a threshold (ST3)". Then, the hands-on/off determination unit 53 sets the output signal
(out) to "0", and sets the time counter value hod_timer to zero. In the first embodiment, the driver torque Td is estimated
by the driver torque estimation unit 51, at a high accuracy. Then, the high-frequency component of the estimated driver
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torque Td is removed. Based on the driver torque Td’ after the removal of the high-frequency component, the hands-
on/off determination is performed using the torque threshold α and the time counter value hod_timer. Therefore, it is
possible to determine whether the steering wheel operation state is a hands-on state where the driver is holding the
steering wheel or a hands-off state where the driver is not holding the steering wheel, at a high accuracy.
[0092] The hands-on/off determination result can be used for a mode switching control in a vehicle having an automatic
driving mode and a manual driving mode as driving modes. For example, in the switching of the driving mode from the
automatic driving mode to the manual driving mode, the hands-on/off determination result can be used for confirming
the hands-on state before switching to the manual driving mode. The first embodiment of the invention has been described
above. The invention can be carried out as other embodiments.
[0093] For example, in the first embodiment, the driver torque estimation unit 51 computes the driver torque Td based
on Expression (1), but the driver torque estimation unit 51 may compute the driver torque Td based on the following
Expressions (8), (9), (10) or (11). 

[0094] In the first embodiment, the driver torque Td is computed by adopting the steering wheel angle estimation value
θsw computed using the torsion bar torque Ttb and the second shaft rotation angle θww, as the rotation angle of the
steering wheel 2. However, the driver torque Td may be computed by adopting the second shaft rotation angle θww as
the rotation angle of the steering wheel 2. Further, a steering angle sensor that detects the rotation angle of the steering
wheel 2 may be provided on the first shaft 8, and the driver torque Td may be computed based on the rotation angle of
the steering wheel 2 that is detected by the steering angle sensor. Further, a rotation angle sensor that detects the
second shaft rotation angle θww may be provided on the second shaft 9, such that the rotation angle θww of the second
shaft 9 is directly detected.
[0095] In the first embodiment, the low-pass filter 52 in the steering wheel operation state determination unit 42 (see
FIG. 3) is provided on the downstream side of the driver torque estimation unit 51. However, the low-pass filter 52 may
be provided on the upstream side of the driver torque estimation unit 51. In the first embodiment, the electric motor 18
is a three-phase brushless motor. However, the electric motor 18 may be a direct-current motor with a brush.
[0096] FIG. 12 is a schematic view showing a brief configuration of an electric power steering apparatus to which a
steering apparatus according to a second embodiment of the invention is applied. In FIG. 12, parts corresponding to the
above-described parts in FIG. 1 are denoted by the same reference characters. The mechanical configuration of an
electric power steering apparatus 1A in FIG. 12 is the same as the mechanical configuration of the electric power steering
apparatus 1 in FIG. 1, and therefore, the description is omitted. In the second embodiment, the reduction ratio of the
reduction drive 19 is represented by N.
[0097] The vehicle is equipped with a charge coupled device (CCD) camera 125 that photographs a forward road in
the running direction of the vehicle, a global positioning system (GPS) 126 that detects the vehicle position, a radar 127
that detects a road form and an obstacle, and a map information memory 128 in which map information is stored. The
CCD camera 125, the GPS 126, the radar 127 and the map information memory 128 are connected to a superior
electronic control unit (ECU) 201 for performing an automatic assist control or an automatic driving control. Based on
pieces of information obtained by the CCD camera 125, the GPS 126 and the radar 127 and map information, the
superior ECU 201 performs surrounding environment recognition, vehicle position estimation, route planning, and the
like, and determines target control values for steering and drive actuators.
[0098] In the embodiment, the superior ECU 201 sets an automatic steering command value θadac for automatic
steering. In the embodiment, for example, the automatic steering control is a control for making the vehicle travel along
a target trajectory. The automatic steering command value θadac is a target value of the steering angle for making the
vehicle automatically travel along the target trajectory. The detailed description of a process for setting the automatic
steering command value θadac is omitted herein.
[0099] The automatic steering command value θadac set by the superior ECU 201 is given to a motor control ECU 202
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through an in-vehicle network. The torque sensor 11, the rotation angle sensor 23, the vehicle body acceleration sensor
25, the yaw rate sensor 26, and the like are connected to the motor control ECU 202, in addition to the superior ECU
201. The torque sensor 11 detects the torsion bar torque Ttb applied to the torsion bar 10, based on the relative rotation
displacement of the first shaft 8 and the second shaft 9. The rotation angle sensor 23 detects the rotation angle of the
rotor of the electric motor 18 (hereinafter, referred to as "rotor rotation angle"). The vehicle body acceleration sensor 25
detects the vehicle body acceleration (vehicle acceleration) a. The yaw rate sensor 26 detects the vehicle body rotation
angular velocity (vehicle rotation angular velocity) ω. The motor control ECU 202 controls the electric motor 18 based
on the output signals of the sensors and the information given from the superior ECU 201.
[0100] FIG. 13 is a block diagram for describing an electric configuration of the motor control ECU 202. The motor
control ECU 202 includes a microcomputer 140, a drive circuit (inverter circuit) 131 that is controlled by the microcomputer
140 and that supplies electric power to the electric motor 18, and a current detection circuit 132 that detects electric
current flowing through the electric motor 18 (hereinafter, referred to as a "motor current I").
[0101] The microcomputer 140 includes a CPU and memories (a ROM, a RAM, a nonvolatile memory, and the like),
and functions as a plurality of function processing units by executing predetermined programs. The plurality of function
processing units includes a driver torque estimation unit 51, a manual steering command value generation unit 141, a
summed angle command value computation unit 142, and a control unit 143.
[0102] The driver torque estimation unit 51 estimates the driver torque Td based on the output signal of the rotation
angle sensor 23, the torsion bar torque Ttb detected by the torque sensor 11, the vehicle body acceleration a detected
by the vehicle body acceleration sensor 25, and the vehicle body rotation angular velocity ω detected by the yaw rate
sensor 26. The configuration of the driver torque estimation unit 51 is the same as the configuration of the driver torque
estimation unit 51 in FIG. 3, and therefore, the detailed description is omitted.
[0103] The manual steering command value generation unit 141 is provided for setting, as the manual steering com-
mand value θmdac, the steering angle depending on the steering wheel operation (more exactly, the rotation angle θ of
the second shaft 9), when the driver operates the steering wheel 2. The manual steering command value generation
unit 141 generates the manual steering command value θmdac, using the driver torque Td estimated by the driver torque
estimation unit 51. Details of the manual steering command value generation unit 141 will be described later.
[0104] The summed angle command value computation unit 142 computes a summed angle command value θacmd,
by adding the manual steering command value θmdac to the automatic steering command value θadac set by the superior
ECU 201. The control unit 143 angularly controls the electric motor 18 based on the summed angle command value
θacmd. More specifically, the control unit 143 drives and controls the drive circuit 131, such that the steering angle θ (the
rotation angle θ of the second shaft 9) approaches the summed angle command value θacmd.
[0105] The control unit 143 includes, for example, an angle control unit 144 and a torque control unit (current control
unit) 145. The angle control unit 144 computes a motor torque command value Tmc that is a target value of the motor
torque of the electric motor 18, by performing proportional differentiation (PD) for the deviation between the summed
angle command value Sacmd and the actual steering angle θ computed based on the output signal of the rotation angle
sensor 23.
[0106] For example, first, the torque control unit 145 computes a current command value Icmd, by dividing the motor
torque command value Tmc by a torque constant Kt of the electric motor 18. Then, the torque control unit 145 drives the
drive circuit 131 such that the motor current I detected by the current detection circuit 132 approaches the current
command value Icmd. FIG. 14 is a block diagram showing a configuration of the manual steering command value gen-
eration unit 141.
[0107] The manual steering command value generation unit 141 includes an assist torque command value setting
unit 151 and a command value setting unit 152. The assist torque command value setting unit 151 sets an assist torque
command value Tac that is a target value of the assist torque necessary for manual steering. The assist torque command
value setting unit 151 sets the assist torque command value Tac based on the driver torque Td estimated by the driver
torque estimation unit 51. FIG. 15 shows an exemplary setting of the assist torque command value Tac for the driver
torque Td. As for the driver torque Td, for example, the torque for leftward steering has a positive value, and the torque
for rightward steering has a negative value. Further, the assist torque command value Tac has a positive value when a
steering assist force for leftward steering is generated from the electric motor 18, and has a negative value when a
steering assist force for rightward steering is generated from the electric motor 18.
[0108] The assist torque command value Tac has a positive value when the driver torque Td has a positive value, and
has a negative value when the driver torque Td has a negative value. Further, the assist torque command value Tac is
set such that the absolute value of the assist torque command value Tac increases as the absolute value of the driver
torque Td increases. The assist torque command value setting unit 151 may compute the assist torque command value
Tac, by multiplying the driver torque Td by a constant set in advance.
[0109] In the embodiment, the command value setting unit 152 sets the manual steering command value θmdac, using
a reference EPS model. FIG. 16 is a schematic view showing an exemplary reference EPS model that is used in the
command value setting unit 152. The reference EPS model is a single inertia model including a lower column. The lower
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column corresponds to the second shaft 9 and the worm wheel 21. In FIG. 16, Jc is the inertia of the lower column, θc
is the rotation angle of the lower column, and Ttb is the torsion bar torque. The lower column receives the torsion bar
torque Ttb, a torque N · Tme that acts on the second shaft 9 from the electric motor 18, and a road surface load torque Trl.
[0110] The road surface load torque Trl is expressed by the following Expression (12), using a spring constant k and
a viscous damping coefficient c. 

[0111] In the embodiment, the spring constant k and the viscous damping coefficient c are set to predetermined values
that are evaluated in advance by experiment, analysis, or the like. The motion equation of the reference EPS model is
expressed by the following Expression (13). 

[0112] The command value setting unit 152 sets the manual steering command value θmdac, using Expression (13).
On this occasion, the assist torque command value Tac set by the assist torque command value setting unit 151 (see
FIG. 14) is used as N · Tmc.
[0113] The column angle θc can be computed by solving the differential equation of Expression (13) while substituting
the torsion bar torque Ttb detected by the torque sensor 11 for Ttb in Expression (13), and the obtained column angle
θc can be set as the manual steering command value Smdac. However, the torsion bar torque Ttb detected by the torque
sensor 11 includes disturbance other than the driver torque actually applied to the steering wheel 2 by the driver.
Therefore, when the manual steering command value θmdac is computed by substituting the torsion bar torque Ttb for
Ttb in Expression (13), there is a concern that the manual steering command value θmdac is set based on the disturbance
other than the driver torque even when the driver is not operating the steering wheel 2.
[0114] Hence, in the embodiment, the command value setting unit 152 computes the column angle θc by solving the
differential equation of Expression (13) while substituting the driver torque Td estimated by the driver torque estimation
unit 51 for Ttb in Expression (13). Then, the command value setting unit 152 sets the obtained column angle θc as the
manual steering command value Smdac. Thereby, it is possible to restrain the manual steering command value θmdac
from being set based on the disturbance other than the driver torque when the driver is not operating the steering wheel 2.
[0115] In the electric power steering apparatus 1A in FIG. 12, the manual steering command value is added to the
automatic steering command value, the summed angle command value is computed, and the electric motor 18 is
controlled based on the summed angle command value. Thereby, it is possible to realize a cooperative control that
allows the manual steering while performing mainly the automatic steering control as the steering control, without the
switching between the manual steering control and the automatic steering control. Accordingly, it is possible to seamlessly
perform the transition between the manual steering control and the automatic steering control, and therefore, it is possible
to reduce an uncomfortable feeling of the driver.
[0116] In the electric power steering apparatus 1A in FIG. 12, as described above, it is possible to restrain the manual
steering command value θmdac from being set based on the disturbance other than the driver torque when the driver is
not operating the steering wheel 2. FIG. 17 is a block diagram showing a modification of the manual steering command
value generation unit in FIG. 14. In FIG. 17, parts corresponding to the above-described parts in FIG. 14 are denoted
by the same reference characters as those in FIG. 14.
[0117] A manual steering command value generation unit 141A includes an assist torque command value setting unit
151A and a command value setting unit 152A. The command value setting unit 152A receives the torsion bar torque
Ttb detected by the torque sensor 11 and the assist torque command value Tac set by the assist torque command value
setting unit 151A. The assist torque command value setting unit 151A sets the assist torque command value Tac based
on the torsion bar torque Ttb detected by the torque sensor 11. As an exemplary setting of the assist torque command
value Tac for the torsion bar torque Ttb, the abscissa axis in FIG. 15 may be changed from the driver torque Td to the
torsion bar torque Ttb. Further, the command value setting unit 152A receives the driver torque Td estimated by the
driver torque estimation unit 51.
[0118] When the absolute value |Td| of the driver torque Td is equal to or larger than a predetermined threshold ψ (ψ
> 0), the command value setting unit 152A sets the manual steering command value θmdac (= θc) by solving the differential
equation of Expression (13) while substituting the torsion bar torque Ttb and assist torque command value Tac input to
the command value setting unit 152A for Ttb and N · Tmc in Expression (13) respectively. On the other hand, when the
absolute value |Td| of the driver torque Td is smaller than the threshold ψ, the command value setting unit 152A sets the
manual steering command value θmdac (= θc) by solving the differential equation of Expression (13) while substituting



EP 3 424 799 A1

15

5

10

15

20

25

30

35

40

45

50

55

zero for Ttb and N · Tmc in Expression (13).
[0119] In the manual steering command value generation unit 141A, the manual steering command value θmdac is set
using the torsion bar torque Ttb. When the absolute value |Td| of the driver torque Td is smaller than the threshold ψ, the
torsion bar torque Ttb to be input to the manual steering command value generation unit 141A is set substantially to
zero. Thereby, it is possible to restrain the manual steering command value θmdac from being set based on the disturbance
other than the driver torque when the driver is not operating the steering wheel 2. Further, since the manual steering
command value θmdac is set using the torsion bar torque Ttb, it is possible to reduce the time lag of the manual steering
command value θmdac from the steering wheel operation by the driver, compared to the case of using the driver torque
Td estimated by the driver torque estimation unit 51.
[0120] FIG. 18 is a block diagram showing a modification of the motor control ECU in FIG. 13. In FIG. 18, parts
corresponding to the above-described parts in FIG. 13 are denoted by the same reference characters as those in FIG.
13. A motor control ECU 202A is different from the motor control ECU 202 in FIG. 13, in the configuration of function
processing units that are realized by a CPU in a microcomputer 140A. The microcomputer 140A includes a steering
wheel operation state determination unit 42, a manual steering command value generation unit 141B, a summed angle
command value computation unit 142, and a control unit 143, as the function processing units.
[0121] The steering wheel operation state determination unit 42 determines whether the steering wheel operation
state is the hands-on state where the driver is holding the steering wheel or the hands-off state where the driver is not
holding the steering wheel, based on the output signal of the rotation angle sensor 23, the torsion bar torque Ttb, the
vehicle body acceleration a, and the vehicle body rotation angular velocity ω. The configuration of the steering wheel
operation state determination unit 42 is the same as the configuration of the steering wheel operation state determination
unit 42 in FIG. 2 and FIG. 3, and therefore, the detailed description is omitted. The steering wheel operation state
determination unit 42 outputs a hands-on state signal when determining that the steering wheel operation state is the
hands-on state, and outputs a hands-off state signal when determining that the steering wheel operation state is the
hands-off state.
[0122] The manual steering command value generation unit 141B generates the manual steering command value
θmdac, using the output signal (hands-on/off state signal) of the steering wheel operation state determination unit 42 and
the torsion bar torque Ttb detected by the torque sensor 11. Details of the manual steering command value generation
unit 141B will be described later. The summed angle command value computation unit 142 computes the summed angle
command value θacmd by adding the manual steering command value θmdac to the automatic steering command value
θadac set by the superior ECU 201.
[0123] The control unit 143 angularly controls the electric motor 18 based on the summed angle command value θacmd.
The configuration of the control unit 143 is the same as the configuration of the control unit 143 in FIG. 13, and therefore,
the detailed description is omitted. FIG. 19 is a block diagram showing a configuration of the manual steering command
value generation unit 141B. The manual steering command value generation unit 141B includes an assist torque com-
mand value setting unit 151A and a command value setting unit 152B.
[0124] The assist torque command value setting unit 151A sets the assist torque command value Tac that is a target
value of the assist torque necessary for manual steering. The operation of the assist torque command value setting unit
151A is the same as the operation of the assist torque command value setting unit 151A in FIG. 17, and therefore, the
detailed description is omitted. The command value setting unit 152B receives the torsion bar torque Ttb detected by
the torque sensor 11 and the assist torque command value Tac set by the assist torque command value setting unit
151A. Further, the command value setting unit 152B receives the output signal (hands-on/off state signal) of the steering
wheel operation state determination unit 42.
[0125] When the output signal of the steering wheel operation state determination unit 42 is the hands-on state signal,
the command value setting unit 152B sets the manual steering command value θmdac (= θc) by solving the differential
equation of Expression (13) while substituting the torsion bar torque Ttb and assist torque command value Tac input to
the command value setting unit 154B for Ttb and N · Tmc in Expression (13) respectively. On the other hand, when the
output signal of the steering wheel operation state determination unit 42 is the hands-off state signal, the command
value setting unit 152B sets the manual steering command value θmdac (= θc) by solving the differential equation of
Expression (13) while substituting zero for Ttb and N · Tmc in Expression (13).
[0126] In the manual steering command value generation unit 141B, the manual steering command value θmdac is set
using the torsion bar torque Ttb. When the output signal of the steering wheel operation state determination unit 42 is
the hands-off state signal, the torsion bar torque Ttb input to the manual steering command value generation unit 141B
is set substantially to zero. Thereby, it is possible to restrain the manual steering command value θmdac from being set
based on the disturbance other than the driver torque when the driver is not operating the steering wheel 2. Further,
since the manual steering command value θmdac is set using the torsion bar torque Ttb, it is possible to reduce the time
lag of the manual steering command value θmdac from the steering wheel operation by the driver, compared to the case
of using the driver torque Td estimated by the driver torque estimation unit 51.
[0127] The second embodiment of the invention has been described above. The invention can be carried out as other
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embodiments. For example, in the second embodiment, the command value setting units 152, 152A, 152B (see FIG.
14, FIG. 17 and FIG. 19) set the manual steering command value θmdac based on the reference EPS model, but the
command value setting units 152, 152A, 152B may set the manual steering command value θmdac by another method.
[0128] For example, the command value setting units 152, 152A, 152B may set the manual steering command value
θmdac, using a map that includes the relation between the driver torque Td (in the case of FIG. 14) or the torsion bar
torque Ttb (in the case of FIG. 17 or FIG. 19) and the manual steering command value Smdac. In the first and second
embodiment, an example in which the invention is applied to the column type EPS has been described. However, the
invention can be applied to an EPS other than the column type EPS. Further, the invention can be applied also to a
steer-by-wire system.
[0129] In addition, in the invention, various design modifications can be made in the scope of the claims.

Claims

1. A steering apparatus characterized by comprising:

a first shaft (8) which is coupled to a steering wheel (2), the steering wheel (2) being a steering wheel by which
a vehicle is steered;
a torsion bar (10);
a second shaft (9) which is coupled to the first shaft (8) through the torsion bar (10);
a torsion bar torque detection unit (11), the torsion bar torque detection unit (11) detecting a torsion bar torque
(Ttb) which is applied to the torsion bar (10); and
an electronic control unit configured to estimate a driver torque (Td) which is applied to the steering wheel by
a driver, wherein the electronic control unit is configured to:

i) compute a steering wheel rotation angle (θsw) which is a rotation angle of the steering wheel (2); and
ii) compute a value including an added value, as the driver torque (Td), the added value being a value
resulting from adding the torsion bar torque (Ttb), a steering wheel inertia torque compensation value, and
a gravity torque compensation value (Tg), the steering wheel inertia torque compensation value being a
product of a second-order differential value of the steering wheel rotation angle (θsw) and an inertia moment
of the steering wheel (2), the gravity torque compensation value (Tg) being a compensation value for a
gravity torque to be applied to the first shaft (8) by gravity that acts on a gravity center of the steering wheel (2).

2. The steering apparatus according to claim 1, characterized by further comprising a rotational angle detection unit
(23) which directly or indirectly detects a rotation angle (θww) of the second shaft (9), wherein the electronic control
unit is configured to compute the steering wheel rotation angle (θsw) using the rotation angle (θww) of the second
shaft (9) and the torsion bar torque (Ttb).

3. The steering apparatus according to claim 1 or 2, characterized in that:

the electronic control unit is configured to compute the driver torque (Td) by adding a viscous friction torque
compensation value (Tc) to the added value, the viscous friction torque compensation value (Tc) being a com-
pensation value for a viscous friction torque that acts on the first shaft (8) and the steering wheel (2); and
the viscous friction torque compensation value (Tc) is a product of a first-order differential value of the steering
wheel rotation angle (θsw) and a predetermined viscous friction torque coefficient (Gc).

4. The steering apparatus according to any one of claims 1 to 3, characterized in that:

the electronic control unit is configured to compute the driver torque (Td) by adding a coulomb friction torque
compensation value (Tf) to the added value, the coulomb friction torque compensation value (Tf) being a com-
pensation value for a coulomb friction torque that acts on the first shaft (8) and the steering wheel (2); and
the coulomb friction torque compensation value (Tf) is a product of a hyperbolic tangent and a predetermined
coulomb friction torque coefficient (Gf), the hyperbolic tangent being a hyperbolic tangent of a product of a
predetermined coulomb friction torque gradient (η) and a first-order differential value of the steering wheel
rotation angle (θsw).

5. The steering apparatus according to any one of claims 1 to 4, characterized in that:
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the gravity torque compensation value (Tg) is a product of a distance (dcg) between a gravity center position
(G) of the steering wheel (2) and a rotation center position (C), a mass (m) of the steering wheel (2), a sine
value of the steering wheel rotation angle (θsw), and a cosine value of a steering wheel tilt angle (δ);
the steering wheel tilt angle (δ) is an angle between a vertical line and a rotation plane of the steering wheel (2)
in a state where the steering wheel (2) is mounted on the vehicle, the vertical line being a vertical line that
passes through the rotation center position of the steering wheel (2); and
the steering wheel rotation angle (θsw) is an angle corresponding to a rotation amount from a neutral position
and a rotation direction, the neutral position being a steering wheel position at which an orientation of the vehicle
is a straight direction.

6. The steering apparatus according to any one of claims 1 to 5, characterized in that the electronic control unit is
configured to:

i) compute an acceleration (alat) in a vehicle-lateral direction that acts on the gravity center of the steering wheel
(2); and
ii) compute the driver torque (Td) by adding a lateral acceleration torque compensation value (Tlat) to the added
value, the lateral acceleration torque compensation value (Tlat) being a compensation value for a lateral accel-
eration torque which is applied to the first shaft (8) by the acceleration (alat) in the vehicle-lateral direction that
acts on the gravity center of the steering wheel (2).

7. The steering apparatus according to claim 6, characterized in that the lateral acceleration torque compensation
value (Tlat) is a product of a distance (dcg) between a gravity center position (G) of the steering wheel (2) and a
rotation center position (C), a mass (m) of the steering wheel (2), the acceleration (alat) in the vehicle-lateral direction
that acts on the gravity center of the steering wheel, and a cosine value of the steering wheel rotation angle (θsw).

8. The steering apparatus according to any one of claims 1 to 7, characterized in that:

the electronic control unit is configured to determine whether a hands-on state is formed, based on the driver
torque (Td); and
the hands-on state is a state where the driver is holding the steering wheel (2).

9. The steering apparatus according to claim 8, characterized by further comprising an electric motor (18) configured
to assist steering, wherein the electronic control unit is configured to:

i) generate a manual steering command value (θmdac) using the torsion bar torque (Ttb), only when it is determined
that the hands-on state is formed;
ii) compute a summed angle command value (θacmd) by adding the manual steering command value (θmdac) to
an automatic steering command value (θadac); and
iii) control the electric motor (18) based on the summed angle command value (θacmd).

10. The steering apparatus according to claim 9, characterized in that the electronic control unit is configured to:

i) set an assist torque command value (Tac) based on the torsion bar torque (Ttb); and
ii) generate the manual steering command value (θmdac) using the torsion bar torque (Ttb) and the assist torque
command value (Tac), only when it is determined that the hands-on state is formed.

11. The steering apparatus according to any one of claims 1 to 7, characterized by further comprising an electric motor
(18) configured to assist steering, wherein the electronic control unit is configured to:

i) generate a manual steering command value (θmdac) using the driver torque (Td);
ii) compute a summed angle command value (θacmd) by adding the manual steering command value (θmdac) to
an automatic steering command value (θadac); and
iii) control the electric motor (18) based on the summed angle command value (θacmd).

12. The steering apparatus according to claim 11, characterized in that the electronic control unit is configured to:

i) set an assist torque command value (Tac) based on the driver torque (Td); and
ii) generate the manual steering command value (θmdac) using the driver torque (Td) and the assist torque
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command value (Tac).

13. The steering apparatus according to any one of claims 1 to 7, characterized by further comprising an electric motor
(18) configured to assist steering, wherein the electronic control unit is configured to:

i) generate a manual steering command value (θmdac) using the torsion bar torque (Ttb), only when an absolute
value of the driver torque (Td) is equal to or larger than a predetermined value;
ii) compute a summed angle command value (θacmd) by adding the manual steering command value (θmdac) to
an automatic steering command value (θadac); and
iii) control the electric motor (18) based on the summed angle command value (θacmd).

14. The steering apparatus according to claim 13, characterized in that the electronic control unit is configured to:

i) set an assist torque command value (Tac) based on the torsion bar torque (Ttb); and
ii) generate the manual steering command value (θmdac) using the torsion bar torque (Ttb) and the assist torque
command value (Tac), only when the absolute value of the driver torque (Td) is equal to or larger than the
predetermined value.
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