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SPECIFICATION
Motor-driven power steering system for vehicles

The presentinvention relates to a motor-driven
power steering system for vehicles such as
automobiles, and more particularlytoa
motor-driven power steering system havinga
steering servo unitincluding an electric motor for
producing assistive steering torque.

Various electric or motor-driven power steering
systems for automobiles have been proposed in
recentyears in view of the structural complexities of
conventional hydraulically operated power steering
systems.

One example of such an automotive motor-driven
power steering system is disclosed in UK patent
application 2,135,642 A published on Septem ber5,
1984. The disclosed motor-driven power steering
system has a steering servo unitusing alow-torque,
high-speed electric motor as a power source anda
control apparatus for the steering servo unit. When a
steering wheel is turned, the steering torque applied
to the input shaft of the steering system whichis
coupled to the steering wheel is detected, and the
motor is controlied by the detected steering torque.
In low- and medium-speed ranges, assistive torque
is produced by the motor and transmitted viaa speed
reducer to the output shaft of the steering system.
The speed reduction ratio of the speed reducer is
selected to be high since the motor rotates at high
speed. The assistive torque applied to the output
shaft of the steering system helps the driverturnthe
steering whee!l with reduced manual forces,
resulting inimproved drivability and steering
feeling. Ata high vehicle speed, the armature
winding of the motor is short-circuited ataratio
proportional to the steering torque Ts. Therefore, a
damping force is produced in proportion to the
steering torque Ts, so that larger steering reactive
forces are generated than possible with amanually
operated steering system.

In most cases, while a steerable or dirigible wheel,
which may be afrontwheel, is being steered inone
direction forthe automobile to make a turn, the front
wheel is subjected to a returning force Fr thattends
to move the front wheel back to its neutral position.
The returning force Fr arises from frontwheel
alignmentand also a self-aligning torque produced
by elastic deformation of the front wheel. The
returning force Fr is transmitted to the steering
wheel as aroad-induced load. The returning force Fr
is low when the vehicle speed Vsislow, and
increases as the vehicle speed Vs goes higher.

The above power steering system basically has
two steering conditions or modes: (i) The steering
torque Ts applied to the steering wheelis larger than
aprescribed level. (ii) The applied steering torque Ts
is substantially zero. The condition (i) includes (i-1) a
positive steering rate in which the direction inwhich
the steering torque Ts is applied and the direction in
which the dirigible wheel rotates are the same and
(i-2) a steering wheel returning state in which the
direction of the steering torque Ts and the direction
of rotation of the dirigible wheel are not the same. In
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the state (i-1), the sum of the steering torque Ts and
the output torque of the motorislargerthanthe
road-induced load Fr. In the state (i-2), the sum ofthe
steering torque Ts and the output motor torque is
smallerthan the road-induced load Fr. The condition
(iiy may occur when the vehicle is running straight,
forexample. The steering torque Tsis also zero
when substantially no steering force is applied by the
driverto the steering wheel, with the driverr’s hands
on or off the steering wheel, for some reason after
the dirigible whee! has been steered a certain angle
from its neutral position. When this happens, the
dirigible wheel startsto return toits neutral position
underthe returning force Fr. Atthe sametime, the
steering wheel starts returning to its neutral position.
This condition will hereinafter be referredtoasa
freely returning state of the steering wheel. This
freely returning state is included in the condition (ii).

In the power steering system disclosed inthe
above British Patent Application, the steering angle 8
in the freely returning state of the steering wheel
varies as follows: It is assumed that the driver stops
applying the steering force to the steering wheel
when it has been turned an angle 6i ciockwise, for
example, from its neutral position (6 = 0) while the
vehicle is running at a certain speed. At thistime, the
freely returning state of the steering wheel is
initiated. The steering wheel repeats overshooting
from the neutral position until finally it settles into
the neutral position. In the freely returning state of
the steering wheel, the motor actsasaload onthe
dirigible wheel since the motor is rotated through
the speed reducer from the side of the dirigible
wheel. As a result, the rate of change of the steering
angle per unittime is smaller than that ofthe
manually operated steering system. Stated
otherwise, the period of reciprocating angular
movement of the steering wheel is longer than that
in the manually operated steering wheel. Moreover,
because the moment of inertia of the motoractson
the dirigible wheel at a rate proportional to the
square of the speed reduction ratio ofthe speed
reducer, the extent of overshooting of the steering
wheel from the neutral position thereofis largefthan
that of the manually operated steering system. Asa
consequence, inthe freely returning state ofthe
steering wheel, the stability of returning of the
steering wheel to the neutral position islowered.
This problem manifestsitselfin medium-and
high-speed rangesinasmuch asthe returning force
Frforthe front wheel is larger as the vehicle speed Vs
is higher. In a low-speed range, the returning force Fr
is smaller, and hence the returning movement of the
steering wheel to its neutral position is assisted by
the inertial moment of the motor, thus improving the
steering wheel returning stability. As described
above, ifthe steering torque Ts is large ata high
vehicle speed, the motor is damped. However, inthe
freely returning state of the steering wheel, the
motoris not substantially damped since the steering
torque Ts applied is substantially null.

The presentinvention has been achievedinan
effort to effectively solve the above probiem ofthe
conventional motor-driven power steering system
forautomotive vehicles.
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ltis an object ofthe presentinvention to providean
automotive motor-driven power steering system
which allows a steering wheel to return to its neutral
position with good characteristics in afreely
returning state of the steering wheel particularly in
medium-and high-speed ranges of the automotive
vehicle.

To accomplish the above object, there is provided
amotor-driven power steering systemforan
automotive vehicle, comprising an input shaft
operatively coupled to a steering wheel, an output
shaft operatively coupled to a dirigible wheel, an
electric motor for applying an assistive torque to the
output shaft, torque detecting means for detecting a
steering torque applied to the input shaft, drive
control means responsive to detected signals from
the torque detecting means for applying adriving
signal to the electric motor, means for detecting a
freely returning state of the steering wheel to
generate a motor damping signal when prescribed
conditions are met, means for detecting the speed of
travel of the automotive vehicle, means for widening
the range of the prescribed conditions in response to
anincrease in the detected speed oftravel ofthe
automative vehicle, and damping means responsive
to the motor damping signal for damping the electric
motor.

The above and further objects, detailsand
advantages of the present invention will become
apparent from the following detailed description of
preferred exemplary embodiments thereof, when
read in conjunction with the accompanying
drawings.

Figure 7is alongitudinal cross-sectional view,
partly in block form, of a motor-driven power
steering system for vehicles according to afirst
embodiment of the presentinvention;

Figure 2is a block diagram of a control device of
the motor-driven power steering system shownin
Figure1;

Figure 3is aflowchart of a basic operation
sequence executed by a microcomputer unitinthe
control device;

Figure 4is a graph showing signals of detected
steering torque;

Figure 5is a graph showing the relationship
between the steering torque and the duty ratio fora
friction loss;

Figure 6is a graph showing the relationship
between the steering torque and the duty ratio ofa
road-induced load;

Figure 7is a graph showing the relationship
between the vehicle speed and a coefficient for
correcting the duty ratio of Figure 6;

Figure 8is a graph showing the relationship
between the vehicle speed and an upper steering
speed limit for determining a freely returning state of
the steering wheel;

Figure 9is a graph showing the characteristics ofa
detected steering speed signal;

Figure 10is a graph showing the relationship
between the steering speed and the duty ratio foran
induced voltage of a motor;

Figure 11is a graph showing convergent
characteristics of a steering angle in the freely
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returning state at a low vehicle speed;

Figures 12A through 72Cillustrate the mannerin
which the steering system operatesin the freely
returning state at a medium vehicle speed, Figure
12A being a graph showing convergent
characteristics of a normal steering angle, Figure 128
being a graph showing the timing of generation ofa
motor damping signal, Figure 12C being a graph
showing convergent characteristics of a steering
angle which are obtained as a result of generation of
the motor damping signal shown in Figure 12B;

Figures 13A through 73Cillustrate the mannerin
which the steering system operates in the freely
returning state at a high vehicle speed, Figure 13A
being a graph showing convergent characteristics of
anormal steering angle, Figure 13B being a graph
showing the timing of generation of a motor
damping signal, Figure 13C being a graph showing
convergent characteristics of a steering angle which
are obtained as a result of generation of the motor
damping signal shown in Figure 13B;

Figure 14is afunctional block diagram of the
control device illustrated in Figure 3;

Figure 15is a fragmentary view of a motor-driven
power steering system according to a second
embodiment ofthe presentinvention;

Figure 16is aflowchart of a control sequence
executed in the second embodiment;

Figure 17is a graph showing the relationship
between the steering torque and the duty ratio for
the steering torque; and

Figure 18is afunctional blockdgag ram of a control
device inthe second embodiment.

Figure 1 shows a motor-driven power steering
system for vehicles such as automobiles according
to afirstembodiment of the presentinvention. The
power steering system, generally designated by the
reference numeral 1, has a pinion shaft 2 operatively
coupled to a steering wheel (not shown) through a
constant-velocity universal joint (not shown) and a
steering shaft (notshown), and a rack shaft 3 having
rack teeth 4 defined on its back and held in mesh with
pinion gear 2a defined on a lower portion ofthe
pinion shaft 2. The rack shaft 3 has its opposite ends
connected by tie rods (not shown) to the knuckies of
steerable or dirigible wheels (not shown). Rotation of
the steering wheel is converted by the pinion shaft2
to linear motion of the rack shaft 3. The pinion shaft2
and the rack shaft 3 serve respectively as inputand
output shafts.

Around the pinion shaft 2, there are disposed a
steering speed sensor 5 and a steering torque sensor
6. ADC motor 10 for generating assistive steering
torque is positioned near the rack shaft 3 remotely
from the rack teeth 4. The motor 10 has its output
shaft supporting a toothed pulley 10athatis
operatively coupled by atiming belt9toa
larger-diameter pulley 8 disposed around the rack
shaft 3. Thus, rotation of the motor 10 istransmitted
viathe pulley 10a and the timing belt 9to the
larger-diameter puliey 8. Rotation of the
larger-diameter pulley 8is in turn transmitted to the
rack shaft 3through a ball screw mechanism7
disposed around the rack shaft 3. The toothed puiley
10a, the timing belt 9, the larger-diameter pulley 8,
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and the ball screw mechanism 7 jointly constitute a
speed reducer for reducing the speed of rotation of
the motor 10 and transmitting the rotation of the
motor 10 at a reduced speed to the rack shaft 3to
enable the rack shaft 3 to make linear motion. The
motor 10 is controlled by a control device 13, as
described later on. The control device 13issupplied
with a detected signal from a vehicle speed sensor
39.

The steering speed sensor 5 comprisesaDC
generator ortachogenerator (not shown) located
behind the pinion shaft 2, asmaller-diameter
toothed pulley (not shown} mounted on one end of
the shaft of the DC generator, a larger-diameter
toothed pulley 11 mounted on the pinion shaft 2, and
atiming belt 12trained around these pulleys. The DC
generator of the steering speed sensor 5 generates a
DC voltage having a polarity dependent onthe
direction in which the pinion shaft 2 rotatesanda
magnitude proportional to the speed of rotation of
the pinion shaft 2. The output signal from the
steering speed sensor 5 is applied to the control
device 13. The steering speed sensor 5 may be
operatively coupled to the output shaft 3, ratherthan
the input shaft 2.

The steering torque sensor 6 comprises a pinion
holder 19 rotatably disposed around the pinion gear
2a, a piston 21 axially movable by a pin 20 integral
with the pinion holder 19in response to rotation of
the pinion holder 19, a pair of springs 22, 23 disposed
on opposite sides of the piston 21 for normally
urging the piston 21 toward its central or neutral
position, and a differential transformer 26 coupledto
the piston 21 for converting axial displacement ofthe
piston 21 to an electric signal. The pinion holder 19is
rotatably supported in a casing 16 by means of a pair
of bearings 17, 18, and the pinion gear 2a is rotatably
supported in the pinion holder 19 by means of
bearings 14, 15. The rotational axis of the pinion gear
2aisradially displaced from the rotational axis of the
pinion holder 19. When the steering wheel isinits
neutral position and the steering torque Tsis zero, a
straight line interconnecting the rotational axes of
the pinion gear 2a and the pinion holder 19 extends
substantially perpendicularly to the longitudinal axis
ofthe rack shaft 3. In case a load on the rack shaft 3is
larger than the steering torque acting on the pinion
gear 2a, the pinion gear 2ais prevented from rotating
about its own axis, but the pinion holder 19. The
rotation of the pinion holder 18 is caused to rotate,
due to meshing engagement of the pinion gear 2a
and the rack teeth 4. Stated otherwise, the pinion
gear 2a revolves around the axis of the pinion holder
19is transmitted by the pin 20 to the piston 21, which
is moved in its axial direction until it counterbalances
the reactive forces of the springs 22, 23. Therefore,
the axial displacement of the piston 21 is
proportional to the steering torque Ts applied. To
one end of the piston 21, there is attached aniron
core 25 serving as a magnetic body axially movable
with the piston 21. Axial displacement of the iron
core 25 is detected by the differential transformer 26.
The differential transformer 26 comprises a primary
coil 27a and a pair of secondary coils 27b, 27¢c. The
control device 13 applies an ACvoltage to the
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primary coil 27a, and outputs from the secondary
coils 27b, 27¢ are supplied to the control device 13.
The amplitude of the cutputs from the secondary
coils 27b, 27¢ is differentially variable with the axial
displacement of the iron core 25. The outputs from
the secondary coils 27b, 27c serve as signals of
detected steering torque which indicate the
magnitude of the steering torque Ts and the
direction in which it acts.

The rack shaft 3 has a helical screw groove 3a
defined on a portion thereof remote from the rack
teeth 4 meshing with the pinion gear 2a. The rack
shaft portion with the helical screw groove 3is
supported in the casing 16 by a spherical bearing 30
for angular movement and axial sliding movement.
The ball screw mechanism 7 comprises a ball nut31
with a helical screw groove 31adefinedinitsinner
circumferential surface. The ball nut31 is disposed
overthe helical screw groove 3a, there beinga
plurality of balls 32 interposed between the ball nut
31 and the rack shaft 3. The balls 32 are receivedin
the screw grooves 3a, 31a and roll therebetweenin
circulating motion through a circulatory path (not
shown) in the ball nut 31. Consequently, rotation of
the ball nut 31 is smoothly transmitted via the balls
32to the rack shaft 3 for linearly moving the rack
shaft 3. The ball nut 31 hasits oppositeends
resiliently clamped between puliey cases 36a, 35b
through respective resilient members 33, 34. The
pulley cases 35a, 35b are rotatably supported inthe
casing 16 via a pair of angular contact bearings 36,
37.Thelarger-diameter pulley 8is mounted on the
outer circumferential surface of the pulley case 35b.

The control device 13 will be described with
reference to Figure 2.

The control device 13 includes a microcomputer
unit (hereinafter referred to asan “MCU”} 40. The
MCU 40 is supplied with detected steering torque
signals S1,S2 from a steering torque detector circuit
41, detected steering speed signals S3, S4froma
steering speed sensor 42, and a detected vehicle
speed signal S5 from a vehicle speed detector circuit
46through an A/D converter 43 under commands of
the MCU 40.

The steering torque detector circuit41 comprises
the steering torque sensor 6, and an interface 44 for
supplying the primary coil 27a of the differential
transformer 26 with an AC signal that is produced by
frequency-dividing clock pulses T1 in the MCU 40
and for rectifying, smoothing, and converting the
outputs from the secondary coils 27b, 27¢to DC
voltage signals S1, 52 which serve asthe detected
steering torque signals.

The steering speed detector circuit42 comprises
the steering speed sensor 5 (DC generator),and an
interface 45 for removing high-frequency
components from the output signal produced from
the output terminals of the sensor 5 to producethe
detected steering speed signals S3, 4.

The vehicle speed detector circuit 46 comprises
the vehicle speed sensor 39, and an interface 47 for
converting the frequency of a pulse signal fromthe
sensor 39to a voltage signal through F/V
(frequency/voltage) conversion and applying the
voltage signal to the A/D converter 43. The vehicle
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speed sensor 49 comprises a disc 39a rotatable with
aspeedometer cable (notshown) and having a
plurality of circumferentially spaced slits 39b, and a
photocoupler 39c for detecting the passage of the
slits 39b. The interface 47 supplies electric powerto
the photocoupler 39c and applies a DCvoltage
proportional to the frequency of the pulse signal
from the photocoupler 39c to the A/D converter 43 as
the vehicle speed signal Sb5.

Although not specifically shown, the MCU 40 has
an /0 port, memories (RAM, ROM), a CPU, registers,
and a clock generator to which clock pulses froma
quartz resonator are supplied.

The MCU 40is energized by a voltage stabilizer 52
connected via afuse circuit 49, an ignition switch 50,
and afusecircuit51to an automobile-mounted
battery 47. The fuse circuit 51 is connected to arelay
circuit 53 having an output terminal 53a for
supplying electric power to a motor driver circuit 55
(described later). The voltage stabilizer 52 has an
output terminal 52afor supplying a constantvoltage
to the steering torque detector circuit41, the steering
speed detector circuit42, and the vehicle speed
detector 46. When the ignition switch 50 isturned on,
the MCU 40 starts its operation to process the signals
S1through S5 from the detector circuits 41, 42,46
according to a program stored in the memory for
applying motor driving signals T3, T4 and amotor
damping signal T5 to the motor driver circuit51. The
driving signal T3 is a direction control signal
indicating the direction in which the motor 10isto
rotate, and the driving signal T4 is atorque conrol
signal for controlling the magnitude of an armature
voltage Va. The signal T3through T5 are control
signals supplied to the motor driver circuit 55.

The motor driver circuit 55 comprises an interface
56 supplied with the control signals T3through T5
and a bridge circuit57 having four FETs 58, 59, 60, 61.
The FETs 58 through 61 have non-illustrated internal
backward diodes. The bridge circuit 59 has.one
output node between the source of the FET 58 and
the drain ofthe FET 95, the output node being
connected to one terminal of the motor 10, and the
other output node between the source of the FET 61
and the drain of the FET 60, the other output node
being connected to the other terminal of the motor
10through a relay circuit 54. The bridge circuit 57
also hastwo input nodes between the drain of the
FET 58 and the drain ofthe FET 61 and betweenthe
source ofthe FET 59 and the source of the FET 60, the
input nodes being coupled respectively to the output
terminal 53a of the relay circuit 53 and the negative
terminal of the battery 48. The gates of the FETs 58,
59, 60, 61 are connected respectively to output
terminals 56a, 56b, 56¢, 56d of the interface 56.

The interface 56 is operated in response to the
control signals T3, T4, T from the MCU 40 as
follows. PWM signals from the output terminals 56a
through 56d are signals produced by moduiating the
pulse duration of a rectangular pulse signal having a
constant frequency and a hattery level. Theterm
“duty ratio” used hereinbelow indicates the ratio of
the pulse duration of the PWM signal.

(1) Where the steering wheel is in the positive
steering state:
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(I-i) When the steering torque Ts acts clockwise:

the FET 68is continuously turned on by a PWM
signal, which has a duty ratio Du of 1 (one), fromthe
outputterminal 56a, whereas the FET 60is turned on
and off by a PWM signal from the outputterminal
56c¢.

{1-ii) When the steering torque Ts acts
counterclockwise:

The FET 61 is continuously turned on by a PWM
signal, which has a duty ratio Du of 1(one), fromthe
outputterminal 56d, whereas the FET 59is turned on
and off by a PWM signal from the output terminal
56b.

In each ofthe above cases (1-i), (I - i}, the duty ratio
Dd of a PWM signal from the output terminal 56b or
56c is determined primarily on the basis of the
steering torque Ts.

(1) Where the steering wheel isin the returning
state:

(It-i) When the steering torque Ts acts clockwise:
The FET 58 is turned on and off by a PWM signal
from the output terminal 56a which has its duty ratio

Duinversely proportional to the steering speed Ns,
whereas FET 60 is turned on and off by a PWM signal
fromthe outputterminal 56c.

(I1-ii) When the steering torque Ts acts
counterclockwise:

The FET 61 is turned on and off by a PWM signal
from the output terminal 56d which has its duty ratio
Du inversely proportional to the steering speed Ns,
whereas FET 59 is turned on and off by a PWM signal
from the outputterminal 56b.

In each of the above cases (Il -i), (1 -ii), the duty
ratio Dd of a PWM signal from the outputterminal
56c or 56b is determined on the basis of the steering
torque Ts.

(111} Where the steering wheel is in the freely
returning state:

When the steering wheel passes in the vicinity of
its neutral position (6 = 0), the FETs 58, 61 are turned
off, and the FETs 59, 60 are continuously turned on.
More specifically, the duty ratios of PWM signals
from the output terminals 56a, 56d are zero, and the
duty ratios of PWM signals from the output terminals
56b, 56c are 1 (one). Atthistime, a closed circuitis
formed as described later on to damp the motor 10.
According to the present invention, as described
later, the steering wheel is judged as being in the
freely returning state if the steering torque Tsis
smallerthan an upperlimit Tsl and the steering
speed Nsis higher than an upper limit Nslmt (Vs). As
shownin Figures 11 through 13, the steering torque
upper limit Tsi is of a prescribed small vaiue at all
times. Asillustrated in Figures 8, 11 through 13, the
steering speed upper limit NsImt (vs) is reduced as
the vehicle speed Vs increases.

In each ofthe above cases (I} and (Il), the average
value of an armature voltage Va applied to the motor
10is proportional to the product of the duty ratios
Du, Dd of the PWM signals supplied to a pair of FETs
58,60 or 61, 59. The control signal T3 represents
which pair of FETs is to be selected, and the control
signal T3 represents the duty ratios Du, Dd forthe
selected FET pair. The control signal To indicates
whether the motor 10 is to be damped or hot.

4)
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According to the above operation ofthe interface
56, an armature voltage Va having a desired polarity
and amplitude is applied to the motor 10inthe
positive steering state (I} and the steering wheel
returning state (il).

Ifthe FETs 58, 60 are driven as described above, for
example, the polarity of the armature voltage Vais
such thatan armature currentlaflowsinthe
direction of the arrow A to rotate the motor 10
clockwise. Conversely, ifthe FETs 61, 59 are driven,
the polarity of the armature voltage Vais such thatan
armature current la flows in the direction of the
arrow Bto rotate the motor 10 counter-clockwise.

Inthe event of a failure of the control device 13, the
relay circuits 53, 54 are supplied with a relay control
signal T2 and opened thereby, so thatthe motor 10is
electrically disconnected from the motor driver
circuit 55, and the motor drive circuit is electrically
severed from the power supply.

Operation ofthe MCU 40 will be described below.

Figure 3is a flowchart schematically showinga
contro! sequenceto be executed by the MCU 40.

When the ignition switch 50 is turned on, the MCU
40 and the other circuits are supplied with electric
power to start the control processin a step 100.

First, the data itemsin the registers and the RAM,
the necessary circuits, and the /O port of the MCU 40
are initialized at a step 101. The internal circuits of the
MCU 40 are checked for failures while stopping
reading in ofinput signals from the A/D converter43.
If any failure is detected, then the MCU 40 stopsiits
operation and hence the control device 13is
inactivated. Ifthere is no failure, then the relay
control signal T2 is supplied to the relay circuits 53,
B4to make the motor driver circuit 55 and the motor
10 ready for energization.

In astep 103, the steering torque signals S1, S2are
successively read into the MCU 40. Since the
steering torque sensor 6 includes the differential
transformer 26, the output signals S1, S2 fromthe
steering torque sensor 6 can be plotted as shownin
Figure 4 ifthe steering torque detector circuit41is
normal. Figure 4 indicates that half of the sum of the
signals S1, S2is of a substantially constant value k1.
When the steering torque Ts exceeds a prescribed
value in each of the clockwise and counterclockwise
directions of rotation of the steering wheel, the
values of the signals S1, S2 remain constant as
shown in Figure 4 since the angle of rotation of the
input shaft 2 and the axial displacement of the output
shaft 3 are limited to certain ranges, respectively.

In astep 103, the difference (S1-S2) is calculated
and regarded as the value of steering torque Ts.
Then, itis ascertained whetherthe value of Tsis
positive or negative in order to determine the
direction in which the steering torque Ts acts. If the
steering torque acts in the clockwise direction, i.e., if
itis positive or zero, then a steering torque direction
flag Fis setto “1”.Ifthe steering torque Tsis of a
negative value, then the flag Fis resetto “0” and the
value of the steering torque Tsis converted toits
absolutevalue (Ts =-Ts).

In each of steps 104, 105, data items of tables 1,2
stored inthe ROM (not shown) are directly read by
being addressed by the absolute value ofthe
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steering torque Ts. More specifically, the ROM stores
atable 1 storing duty ratios D (F) for a friction loss of
the system which are related to the steering torque
Ts as shownin Figure 5, and atable 2 storing duty
ratios D (L) for a road-induced load which are related
to the steering torque Ts as shown in Figure 6.
Denoted in Figures5and 6atDZ1, DZ2 are dead
zones. The duty ratio D (F)isregarded as a
component, corresponding to the friction loss, ofthe
armature voltage Va applied to the motor 10,
whereasthe dutyratioD (L) isregarded asa
component, corresponding to la-Ra, of the armature
voltage Va, and la and Ra are the armature current
and internal resistance, respectively, of the motor 10.
Actually, the absolute value of the steering torque is
multiplied, and data items of the tables 1, 2 are read
by being addressed by an integral partofthe
product. This holds true for subsequent steps 110,
111,116.

A step 106 ascertains whether the duty ratio D (F}
read in the step 104 islarger than zero or not. The
width ofthe dead zone DZ1 shown in Figure 5is
equal to the upper limit Tsl of the steering torque Ts
which will be described later on with referenceto
Figures 11, 12A, 13a. The upper limit Ts1 isone of
conditional values for determining the freely
returning state of the steering wheel. Therefore, the
step 104 indirectly ascertains whether the steering
torque Tsis smaller thanthe upperlimit Ts1 ornot.

1fD (F) is larger than zero, then aflag His resetto
“0" in astep 107, and if not, then the flag His setto
“1" in a step 108. The flag H indicates whetherthe
steering torque Tsis smallerthan the upper limit Tsl
ornot, and is used in a step 123 as a condition for
determining the freely returning state of the steering
wheel. The processing of the steps 106 through 108
may be executed by using the duty ratio D (L) read in
the step 105.

In a step 109, the detected signal S5 from the veh-
icle speed detector circuit 46 is read in to find the veh-
icle speed Va. Although not shown, the voltage value
of the detected signal T5 is proportional to the veh-
icle speed Vs.

In each of steps 110, 111, data items of tables 3, 4
stored in the ROM (not shown) are directly read by
being addressed by the value of the vehicle speed Vs.
More specificaily, the ROM stores a table 3 storing
corrective coefficients K (Vs) which are related to the
vehicle speed Vs as shown in Figure 7, and a table 4
storing steering speed upper limits Nsimt (Vs) which
are related to the vehicle speed Vs as shown in
Figure 8. The corrective cofficient K {Vs) shown in
Figure 7 decreases as the vehicle speed Vs increases.
The steering speed upper limit Nsimt {Vs) in Figure 8
is of a constant value Ns¢ at a low vehicle speed, and
is progressively reduced as the vehicle speed Vs is
rises from a medium vehicle speed to a high vehicle
speed. Denoted at V¢, Vm, Vh are typical low,
medium, and high vehicle speeds, and at Nsm, Nsh
are upper limits corresponding to the vehicle speeds
Vm, Vh.

In a step 112, the duty ratio D (L) for a road-induced
load is multiplied by the corrective coefficient K (Vs)
and the sum is used as a corrected duty ratio D' (L)
for the road-induced load. Therefore, the duty ratio
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D’ (L) with respect to a certain steering torque is re-
duced as the vehicle speed Vs goes higher.

In a step 113, D (F) + D' (L) is computed and the
sum is stored as a duty ratio D (Ts) for the steering
torque. The duty ratio D (Ts) is also reduced as the
vehicle speed Vs increases.

in a step 114, the detected signals S3, S4 from the
steering speed detector circuit 42 are read into the
MCU 40. In a step 115, the difference {S3 - S4)} is cal-
culated and regarded as the value of steering speed
Ns. Then, it is ascertained whether the value of Ns is
positive or negative in order to determine the direc-
tion of the steering speed Ns. [f the steering speed Ns
in the clockwise direction, i.e., if it is positive or zero,
then a steering speed flag G is set to “1”. If the steer-
ing speed Ns is of a negative value, then the flag G is
reset to “0” and the value of the steering speed Ns is
converted to its absolute value (Ns = — Ns).

IN a step 116, a data item of a table 5 stored in the
ROM (not shown) is directly read by being addressed
by the absolute value of the steering speed Ns. More
specifically, the ROM stores a table 5 storing duty
ratios D (K-Nm) for an induced voltage K-Nm of the
motor 10 which are related to the absolute value of
the steering speed Ns as shown in Figure 10. Den-
oted in Figure 10 at DZ3 is a dead zone, at K is an
induced voltage constant of the motor 10, and Nm is
the rotational speed of the motor 10. Therefore, the
duty ratio D (K-Nm) addressed by the absolute value
of the steering speed Ns is read out in the step 116. In
this connection, the armature voltage Va and the
armature current la of the motor 10 are of the re-
lationship: Vs =la-Ra + K-Nm, where Ra is the in-
ternal resistance of the motor 10. Rotation of the
motor 10 is transmitted to.the output shaft 3 through
the speed reducer 1043, 9, 8,7, and the speed reduc-
tion ratio of the speed reducer is substantially con-
stant. Therefore, the induced voltage K-Nm of the
motor 10 is determined on the steering speed Ns.
The duty ratio D (K-Nm) is regarded as a component,
corresponding to the steering speed Ns, of the arma-
ture voltage Va.

Then, a step 117 ascertains whether the steering
speed Ns is smaller than the upper limit NsImt (Vs)
found in the step 111, or not. If smaller, then control
goes to a step 118, and if not, then control goesto a
step 123.

The step 123 ascertains whether the flag H deter-
mined in the steps 106 - 108 is “1” or not. If “1", then
control proceeds to a step 124, and if not, then con-
trol goes to the step 118.

When control goes to the step 124, the steering
speed Ns is larger than the upper limit Nsimt (Vs) and
the steering torque Ts is smaller than the upper limit
Tsl. In this case, according to this embodiment, the
steering wheel is judged as being in the freely return-
ing state (lil). When control goes to the step 118, the
steering wheel is judged as being in the positive
steering state (1) or the returning state (ll).

The step 118 ascertains whether the steering
torque direction F and the steering speed direction
flag G are equal to each other or not in order to check
if the steering wheel is in the positive steering state
(1) or the returning state (lI). f F = G, i.e,,ifF=G =
“1" or F = G = “0”, then control goes to the step 119.
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At this time, since the direction in which the steering
torque Ts is applied and the direction of the steering
speed Ns are the same, the steering wheel is deter-
mined as being in the positive steering state (). If Fis
notequaito G,i.e., if F="1"and G = “0" orF="0"
and G = “1”, then control goes to a step 121. At this
time, since the direction in which the steering torque
Ts is applied and the direction of the steering speed
Ns do not coincide, the steering wheel is determined
as being in the returning state (Il).

The step 119 effects a control operation to achieve
the above-mentioned state (I - i) or (I - ii} according to
the content of the the steering torque direction fiag F.
More specifically, 1 (one) is put into the duty ratio Du
for a PWM signal to be applied to the upper FET 58 or
61, and D (Ts) + D (K-Nm) is put into the duty ratio Dd
for a PWM signal to be applied to the lower FET 60 or
59. Then, such duty ratios Du, Dd are applied in the
form of the driving signals T3, T4 to the motor driver
circuit 55 in a step 120, from which control goes to
the step 102.

The step 121 effects a control operation to achieve
the above-mentioned state (1l - i) or (Il - i) according
to the content of the the steering torque direction flag
F. More specifically, 1 - D {K-Nm) is put into the duty
ratio Du for a PWM signal to be applied to the upper
FET 58 or 61, and D (Ts) is put into the duty ratio Dd
for a PWM signal to be applied to the lower FET 60 or
59. Then, such duty ratios Du, Dd are applied in the
form of the driving signals T3, T4 to the motor driver
circuit 55 in a step 122, from which control goes to
the step 102. )

The processing in the steps 119, 120, and 121, 122
is a normal control process for the motor 10. The
motor 10 is rotated in a prescribed direction to re-
duce manually applied steering forces. Since D (Ts)
decreases as the vehicle speed Vs increases as des-
cribed above with respect to the step 113, the torque
generated by the motor 10 is generally reduced as
the vehicle speed Vs goes higher. Therefore, the
assistive torque applied to the rack shaft 3 becomes
smaller as the vehicle speed Vs is increased, thus
giving the driver a good road feel through the steer-
ing wheel.

As described later on, even if the steering wheel is
really in the freely returning state (lli}, there are occa-
sions where the steering speed Ns is smaller than the
upper limit Nslmt (Vs) established at the time, at a
low vehicle speed. In such a case, control goes from
the step 117 via the step 118 to the step 119 or 121. In
the freely returning state (lll), the steering torque Ts
is extremely small, and the duty ratio D (Ts) is virtu-
ally zero (see Figures 5 and 6). When the steering
speed Ns is low, the duty ratio D (K-Nm) is also virtu-
ally zero (Figure 10). Therefore, the duty ratio Dd es-
tablished in either of the steps 119, 121 is virtually
zero. As a result, the armature voltage Va impressed
on the motor 10 is virtually zero, and the motor 10 is
not driven. Consequently, the steering wheel starts
returning to the neutral position due to the inertia of
the motor 10, so that the steering wheel can be re-
turned to its neutral position with improved stability.

The steps 124, 125 effect a control operation to
achieve the above-mentioned state (lll), as described
above. More specifically, the duty ratio Du for a PWM
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signal to be applied tothe FET 58 or 61 is setto zero,
and the duty ratio Dd for a PWM signal to be applied
tothe FET 60 or59is setto 1 (one). The setting ofthe
damping signal T5in the step 125 correspondsto
this control operation. Then, such duty ratios Du, Dd
are applied inthe form of the driving signal T to the
motor driver circuit 55 in a step 122, from which con-
trol goestothe step 102.

When the damping signal T5 produced by the
steps 124 through 126 isissued, the FETs b8, 61 are
notdriven, but the FETs 59, 60 are continuously
turned on. Therefore, there are simultaneously
formed two closed circuits which short-circuit the
input terminals of the motor 10 in both directions.
Since the steering wheel is in the freely returning
state, the motor 10 is rotated from the side of the diri-
gible wheels. A current 1a’ flows through the closed
circuits due to an electromotive force generated by
rotation of the motor 10 itself. When such a current
la’ flows, the dirigible wheels perform work on the
motor 10. Thus, the dirigible wheels and the steering
wheel are damped. The currentla’ is proportional to
the rotational speed Nm of the motor 10. As descri-
bed above, each of the FETs 59, 60 has an internal
backward diode {not shown). The closed circuit are
constituted by:

(1)the relay circuit 54 - FET 60 (as turned on) - the
internal diode of the FET 59; and

{2}the FET 59 (as turned on) - the internal diode of
the FET 60 - the relay circuit 54; depending onthe
direction of the currentla’. Therefore, the currentla’
can flow irrespective of which direction the motor 10
isrotatedin.

Figures 11, 12A, 13Ashow curves L1, 1.2, L3which
indicate how the steering angle 8 varies in the freely
returning state of the steering wheel when the veh-
icle speed Vsisthe low vehicle speed V¢, the
medium vehicle speed Vm, and the high vehicle
speed Vh, respectively, in Figure 8, and the damping
signal T5is notissued. The vertical and horizontal
axes of each of these graphs represent the steering
angle 6 and time t. As a common condition, the driver
stops applying a steering force to the steering wheel
when the steering wheel is turned 6i clockwise from
its neutral position {6 = 0). At each vehicle speed, the
steering wheel repeats overshooting from the neu-
tral position until finally it returns to the neutral posi-
tion. Denoted at Tsl isthe upper limit for the steering
torque Ts described with respect to the step 106, the
upper limit being a relatively small constant. Den-
oted at Ns#, Nsm, Nsh are respective values ofthe
steering speed upper limit NsImt (Vs) which cor-
respond to the vehicle speeds V¢, Vm, Vh, re-
spectively.

According to the processing of Figure 3, part-
icularly the processing of the steps 106-108, 111,
117,123 - 126, the steering wheel is determined as
being in the freely returing state and the damping
signal T is issued insofar as the conditions Ts < Tsl
and Ns > NsImt {Vs) are met. As can be understood
from Figure 11, the above conditions are not metand
the damping signal T5is notissued when Vs =V¢.1In
this case, control goes to the step 121, but the st-
ability of returning movement of the steering wheel
to the neutral position isimproved, as described
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above. As can be understood from Figures 12A and
13A, the above conditions are met and the damping
signal THisissued as shownin Figures 12B and 13B
when Vs =VmandVs = Vh. As a consequence, the
steering angle 0 actually varies as indicated by the
curve L2’ in Figure 12C and the curve L3’ in Figure
13C. Thetime required for the steering wheel to
settle into the neutral positionis shortened as is the
case whenthe vehicle runs at a low speed.

In the steering system 1, the steering wheel is jud-
ged as being in thefreely returning state and the
damping signal T5 is issued when the conditions of
Ts < Tsland Ns > NsImt (Vs) are met. Therefore, the
extent of overshooting of the steering wheel from
the neutral position is reduced to allow the steering
wheel to return to the neutral position with good
characteristics. Practically, the damping signal T5is
issued when the steering wheel passes in the vicinity
ofthe neutral position (6 = 0) as shown in Figures
12B and 13B, so thatthe dirigible wheel and the
steering wheel can be effectively damped. Moreover,
asillustrated in Figure 8, the steering speed upper
limit NsImt (Vs) is established such thatitiskeptata
constant value Ns® when the vehicle speed is low
and is progressively lowered as the vehicle speed in-
creases from a medium speedto a high speed. Thus,
the above conditions become less strict as the veh-
icle speed Vs goes higher. Stated otherwise, the
range of the above conditions is widened upon an
increase in the vehicle speed Vs. As the vehicle speed
Vsincreases, the freely returning state of the steering
wheel can be detected more easily. As a consequ-
ence, the steering wheel returns to the neutral posi-
tion with good characteristics in the freely returning
state particularly at medium and high vehicle
speeds.

Figure 14 shows in block form the basic functions
ofthe control device 13 by relating the various com-
ponents of the control device 13 as shown in Figure 2
tothe steps of the flowcharts of Figure 3, with the
means for determining a corrective coefficient K (Vs)
dependent on the vehicle speed being omitted from
illustration.

In the above embodiment, the steering speed
upper limit NsImt (Vs) is lowered as the vehicle
speed Vsincreases. However, the upper limit for the
steering speed Ns may be held constantand only the
upper limit for the steering torque Ts may bein-
creased as the vehicle speed Vs goes higher. More-
over, as the vehicle speed Vs increases, the upper
limit for the steering speed Ns may be reduced and
the upper limit for the steering torque Ts may bein-
creased. Instead of continuously turning onthe
lower FETs 59, 60 with the damping signal T5, the
upper FETs 58, 61 may continuously be turned on.
Furthermore, since the steering wheel and the motor
10 are substantially mechanically interconnected,
the above processing may be achieved by detecting
the rotational speed Nm of the motor 10 ratherthan
the steering speed Ns.

A motor-driven power steering system 200 for an
automotive vehicle according to a second embaodi-
mentwill be described with reference to Figures 15
through 18. The power steering system 200 includes
asensor 201 for detecting the rotational speed Nm of
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the motor 10, instead of the steering speed sensorb
ofthe system shown in Figure 1. The rotational
speed Nm of the motor 10, rather than the rotational
speed Ns of the steering wheel, is utilized because
the motor 10 and the steering wheel are simu-
ltaneously rotated by the dirigible wheels while the
steering wheel is in the freely returning state.

The sensor 201 comprises a disk 202 fixed to one
end of the rotatable shaft 10b of the motor 10and
having a slit 203, and a photocoupler 204 for detect-
ing lightthat has passed through the slit 203 ofthe
disk 202. The photocoupler 204 applies a pulse signal
$7 having afrequency dependent on the rotational
speed Nm ofthe motor 10 to the control device 13.
The pulse signal S7 isthen delivered via afrequency-
to-voltage converter {(not shown) to the MCU 40. The
pulse signal S7 istherefore a signal indicative ofthe
detected motor speed. The sensor 201 may be repla-
ced with a known speed sensor for detecting the
fotational speed of the motor 10.

Figure 16 shows a flowchart of a control sequence
executed by the MCU 40 of the control device 13in
the system 200. Those steps of the flowchart of
Figure 16 which are identical to the steps of Figure 3
are denoted by identical reference numerals, and will
not be described.

In a step 250, a data item stored in the non-
illustrated ROM is directly read by being addressed
by the absolute value of the steering torque Ts. The
ROM stores atable 6 storing duty ratios D (Ts) which
are related to steering torques Ts as shown in Figure
17.The duty ratio D {Ts} isthe sum of the duty ratioD
(F) of Figure 5 and the duty ratio D {L) of Figure 6.
Denoted at DZ4in Figure 17 is a dead zone.

Astep 251 then ascertains whether the duty ratioD
(Ts) read in the step 260 is larger than zero or not. The
width ofthe dead zone DZ4 in Figure 17 isequalto
the upper limit Tsl for the steering torque Tsem-
ployed in the first embodiment. Therefore, the step
251 indirectly ascertains whether the steering torque
Tsis smallerthan the upper limit Tsl or not.

IfD (Ts)is larger than zero, then the flag His reset

to “0” inastep 252, and if not, then the flag His setto -

“1" in a step 263.

Then, in a step 255, a data item stored inthe non-
illustrated ROM is directly read by being addressed
by the value of the vehicle speed Vs. The ROM stores
atable 7 storing motor speed upper limits NmImt
(Vs) which are related to vehicle speeds Vs inthe
same manner as the steering speed upper limits
NsImt (Vs) shownin Figure 8.

In a step 256, the detected signal S7 from the motor
speed sensor 201 is read in to determine the motor
speed Nm. Although not shown, the signal 87 has
the same output characteristics as those ofthe detec-
ted steering speed signais S3, S4 as shown in Figure
9.

Astep 257 ascertains whether the motor speed Nm
is smallerthan the upper limit Nmimt (Vs) deter-
mined in the step 255. If smaller, then control goesto
astep 258, and if not, then control goes to step 261.

The step 261 ascertains whetherthe flag H deter-
mined in the steps 251 -253is “1” ornot. If “1” con-
trol proceeds to a step 262, and if not, then control
goesto the step 258.
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When control goes to the step 262, the condition
thatthe motor speed Nm is higher than the upper
limit Nmlmt (Vs) and the steering torque Ts is smal-
lerthan the upper limit Tstis met. In such case, the
steering wheel is judged as being in the freely return-
ing state according to the second embodiment.

The step 258 ascertains whether the steering
torque directionflag Fis “1” ornotso astodeter-
mine the direction in which the steering torque Ts
acts. if “1”,then control goes to a step 259, and if not,
then control goes to a step 260.

Inthe step 259, the control signals T3, T4 are set
based on the duty ratio D (Ts) in order to rotate the
motor 10 clockwise. Specifically, 1 (one} is putinto
the duty ratio Du for a PWM signal to be applied to
the FET 58, and D (Ts) is put into the duty ratio Dd for
aPWM signal to be applied to the FET 60.

Inthe step 260, the control signals T3, T4 are set
based on the duty ratio D (Ts) in order to rotate the
motor 10 counterclockwise. Specifically, 1 (one) is
putinto the duty ratio Du fora PWM signal to be app-
liedtothe FET 61, and D (Ts) is putinto the duty ratio
Dd for a PWM signal to be applied to the FET 59.

Steps 262, 263 execute the same processing as that
ofthe steps 124, 125.

The steps 259, 260, 263 are followed by a step 264
inwhich the signals T3, T4, T are issued. Control
goes from the step 264 to the step 102.

Figure 18 shows in block form the basicfunctions
ofthe MCU 40 of the control device 13in the steering
system 200.

In the system 200, the motor speed upper limit
NmiImt (Vs) is established such that it is kept constant
atalowvehicle speed and is progressively lowered
asthe vehicl speed Vsincreases from a medium
speed to a high speed. Therefore, the conditions Ts
< Tsland Nm > Nmlmt (Vs) for detecting the freely
returning state of the steering wheel become less
strict asthe vehicle speed Vs rises. Thus, the range of
the above conditions is widened as the vehicle speed
Vsincreases, and as the vehicle speed Vs goes
higher, the freely returning state of the steering
wheel can be detected more easily. As aresult, the
steering wheel can be returned to the neutral posi-
tion with good characteristics in the freely returning
state particularly at medium and high vehicle
speeds, as with the steering system 1.

The steering system 200 can be modified in the
same manner as the steering system 1. Moreover,
since the steering wheel and the motor 10 are sub-
stantially mechanically interconnected, the above
processing can be achieved by employing the steer-
ing speed Nsrather than the motor speed Nm.

Although there have been described what are at
present considered to be the preferred embodiments
ofthe presentinvention, it will be understood that
the invention may be embodied in other specific
forms without departing from the essential char-
acteristics thereof. The presentembodiments are
therefore to be considered.in all aspects asillustrat-
ive, and not restrictive.

CLAIMS

1. A motor-driven power steering system foran

«y
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automotive vehicle, comprising:

an input shaft operatively coupled to a steering
wheel;

an outputshaft operatively coupled to adirigible

5 wheel;

an electric motor for applying an assistive torque
to said output shaft;

steering torque detecting means for detecting a
steering torque applied to said input shaft;

10  drive control means responsive to detected
signals from said torque detecting means for apply-
ing a driving signal to said electric motor;

means for detecting a freely returning state of said
steering wheel to generate a motor damping signal

15 when prescribed conditions are met;

means for detecting the speed of travel of the auto-
motive vehicle;

means for widening the range of the prescribed
conditions in response to an increase in the detected

20 speed of travel of the automotive vehicle; and

damping means responsive to the motor damping
signal for damping said electric motor.

2. Amotor-driven power steering system accord-
ing to claim 1, wherein said means for detecting said

25 freely returning state are responsive to said steering
torque detecting means and to means for detecting
the rotational speed of said steering wheel, whereby
said motor damping signal is generated when said
prescribed conditions that said steering torque is

30 smallerthan a relatively small upper limit and said

rotational speed of said steering wheel is largerthan

arelatively large upper limit are met, said means for
widening the range of the prescribed conditions
being arranged to modify at least one of said upper

35 limits and widen the range of said prescribed con-

ditions as said speed of travel of the automotive

vehicles increases.

3. Amotor-driven power steering system accord-
ing to claim 2, wherein said means for widening the
40 range ofthe prescribed conditionsis arranged to re-
duce said upper limit for the rotational speed of said
steering wheel as said speed oftravel of the auto-
motive vehicle increases.

4. Amotor-driven power steering system accord-
45 ingto claim 1, wherein said electric motor is mech-
anically operatively coupied to said dirigible wheel
and said steering wheel, said means for detecting
said freely returning state being responsive to said
steering torque detecting means and to means for
50 detecting the rotational speed of said electric motor,
whereby said motor damping signal is generated
when said prescribed conditions that said steering
torque is smallerthan arelatively small upper limit
and said rotational speed of said electric motorislar-
55 gerthanarelatively large upper limit are met, said
means for widening the range of the prescribed con-
ditions being arranged to modify at least one of said
upper limits and widen the range of said prescribed
conditions as said speed of travel of the automotive
60 vehicleincreases.

5. A motor-driven power steering system accord-
ing to claim 4, wherein said means for widening the
range of the prescribed conditionsis arranged to re-
duce said upper limit for the rotational speed of said
65 electric motor as said speed oftravel of the automot-

ive vehicleincreases. )

6. Amotor-driven power steering system sub-
stantially as hereinbefore described with reference
to the accompanying drawings.
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