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(54) ELECTRIC POWER STEERING DEVICE

(57) There is provided a electric power steering de-
vice which can perform torque control through a simple
arithmetic process using a synchronous reluctance mo-
tor having a nonlinear current/torque characteristic. A tar-
get torque is transmitted from an EPS control unit 41 to
a motor control unit 51. The motor control unit 51 calcu-
lates a target-current effective value I and a target-current
phase θ from the input target torque. Based on the cal-
culated target-current effective value I and target-current
phase θ, calculation is changed whether to perform cal-
culation so that the maximum torque (the maximum

torque obtainable at the minimum current effective value)
can be obtained, or to perform calculation so that the
maximum output (the maximum output obtainable at the
minimum current effective value) can be obtained in ac-
cordance with a duty ratio of an output by a PWM con-
verting unit 57 comprising a three-phase inverter. Next,
a three-phase biaxial converting unit 53 calculates a tar-
get q-axis current Iq and a target d-axis current Id from
the target-current effective value I and the target-current
phase θ, and the PWM converting unit 57 performs duty
control in order to control the torque of a motor 58.
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Description

BACKGROUND OF THE INVENTION

Field of the Invention

[0001] The present invention relates to a electric power
steering device which controls a motor torque on the ba-
sis of a steering-torque signal and a speed signal in order
to assist a steering, and more particularly, relates to the
electric power steering device which assists a steering
with a synchronous reluctance motor.

Description of the related art

[0002] A electric power steering device is a steering-
force supporting device to reduce a steering force gen-
erated by a steering operation by a driver by causing an
electric motor (a motor) to generate an auxiliary torque
in accordance with the largeness of a steering torque of
a vehicle and to transmit the auxiliary torque to a steering
system. An example of such a motor used in the electric
power steering device is a synchronous reluctance mo-
tor. The synchronous reluctance motor makes a rotary
operation by a reluctance torque generated at a steel-
plate layer of a rotator having no magnet, and in general,
has a structure in which a stator has a three-phase wind-
ings, and the rotator has grooves of air (air layers) that
are referred to as flux barriers provided inside the steel-
plate layer. Such a structure enables the synchronous
reluctance motor to generate a rotating torque (herein-
after, simply referred to as a torque) without needing an
expensive rare-earth magnet or the like, resulting in a
cost reduction, and good recyclability.
[0003] Also, unlike a general brushless motor having
a linear torque-current characteristic, the synchronous
reluctance motor has a nonlinear torque-current charac-
teristic and calculates a target current and a current ad-
vance angle (the advancing phase angle of an armature
current relative to an induced voltage) using a target
torque and a motor revolutionary speed. At this time, re-
garding the current advance angle, an advance-angle
correction value is obtained with the absolute value of
the target torque being divided into three points (i.e., a
region (T < T1) where the absolute value of the target
torque (T) is smaller than a target torque (T1) at the max-
imum revolutionary speed, a region (T1 < T < T3) where
the absolute value of the target torque (T) is present be-
tween the foregoing target torque and a target torque
(T3) that is a midpoint between a nonlinear curve of the
torque-current characteristic and a linear curve thereof,
and a region (T3 < T) where the absolute value of the
target value (T) is larger than T3), and is calculated for
each revolutionary speed. The calculated target current
is output in a current form of a three-phase current or a
d-axis current/q-axis current.
[0004] A technology that controls a torque of the syn-
chronous reluctance motor through such a method is dis-

closed in, for example, patent literature 1 and patent lit-
erature 2. The technology disclosed in these patent lit-
eratures intends to perform torque control from a low-
output torque to a high-output torque by detecting the
position of the rotator and the speed thereof in order to
obtain a torque instruction even though the torque-cur-
rent characteristic of the synchronous reluctance motor
is nonlinear. In patent literature 1, an advance-angle cor-
rection value (AX) is calculated with the absolute value
of a difference between a maximum revolutionary speed
(N3) and a present revolutionary speed (N) being as a
part of an input. Also, in patent literature 2, the advance-
angle correction value (AX) is calculated from an output
of a function (ADC) having the present revolutionary
speed (N) as an input. That is, AX = ADC � N.

Patent Literature 1: Japan Patent No. 3209853
Patent Literature 2: Japan Patent No. 3209854

[0005] However, in the case of prior arts, conditions
for obtaining the target current and the current advance
angle are complicated, so that an arithmetic process time
for controlling the torque of the synchronous reluctance
motor becomes long, a processing capability of a CPU
necessary for the arithmetic process and a memory ca-
pacity become large. Also, in the synchronous reluctance
motor, the largeness of a torque and the revolutionary
speed of the torque which can be output varies depending
on the state of a power-source voltage, however, the
technologies disclosed in both patent literatures 1 and 2
leave the variation of a power- source voltage out of con-
sideration. Therefore, it is difficult to apply the technolo-
gies disclosed in both patent literatures 1 and 2 to the
electric power steering device that uses a battery voltage
because those technologies.
[0006] The present invention is made in view of these
problems, and it is an object of the present invention to
provide a electric power steering device that can perform
good torque control through a simple arithmetic process
using a synchronous reluctance motor having a nonlinear
torque-current characteristic.

SUMMARY OF THE INVENTION

[0007] In order to overcome the foregoing problem, a
first aspect of the present invention provides a electric
power steering device employing a configuration in which
the electric power steering device drives a synchronous
reluctance motor based on a signal from a steering input
detecting unit and assists a steering, in which the electric
power steering device comprises: a target-torque calcu-
lating unit that calculates a target torque output by the
synchronous reluctance motor based on at least a steer-
ing input signal; and a target-current calculating unit that
calculates a target current to the synchronous reluctance
motor based on a signal from the target-torque calculat-
ing unit, in which the target-current calculating unit cal-
culates a motor-current effective value and a motor-cur-
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rent phase which are necessary for generating a target
torque value and the synchronous reluctance motor is
driven by calculating a d-axis current and a q-axis current
based on the motor-current effective value and the motor-
current phase.
[0008] According to this configuration, a motor-current
effective value (a target-current effective value) I and a
motor-current phase (a target-current phase) θ are cal-
culated from a target torque, and a d-axis current and a
q-axis current are calculated based on the target-current
effective value I and the target-current phase θ in order
to drive/control the synchronous reluctance motor. Ac-
cordingly, good torque control is enabled even though
the synchronous reluctance motor has a nonlinear
torque-current characteristic. In other words, when the
synchronous reluctance motor is subjected to target
torque control, it is possible to optimize a motor current
in order to perform the torque control.
[0009] Also, a second aspect of the present invention
provides the electric power steering device of the first
aspect of the present invention, in which the target-cur-
rent calculating unit includes a map for calculating the
motor-current effective value and the motor-current
phase θ from the input target torque value, and the map
includes at least two maps which are a normal range map
and a high-output range map.
[0010] According to this configuration, because the tar-
get-current calculating unit has the normal range map (a
maximum torque map) and the high-output range map
(a maximum output map), it is possible to uniquely obtain
the target-current effective value I and the target-current
phase θ when the target torque is input to the target-
current calculating unit.
[0011] Also, a third aspect of the present invention pro-
vides the electric power steering device of the second
aspect of the present invention, in which the map is
changed from the normal range map to the high-output
range map when a duty ratio of driving power output to
the synchronous reluctance motor is equal to or larger
than a predetermined value.
[0012] According to this configuration, when the duty
ratio becomes equal to or larger than the predetermined
value (e.g., when the duty ratio becomes equal to or larg-
er than 80 %), the change of the map from the normal
range map to the high-output range map is enabled. Also,
when the duty ratio becomes equal to or less than the
predetermined value (e.g., when the duty ratio becomes
equal to or less than 70 % in consideration of hysteresis),
it may be configured so that the map is changed from the
high-output range map to the normal range map.
[0013] According to the present invention, it becomes
possible to provide a electric power steering device that
can perform good torque control through a simple arith-
metic process using a synchronous reluctance motor
having a nonlinear torque-current characteristic.

BRIEF DESCRIPTION OF DRAWINGS

[0014]

FIG. 1 is an overall configuration diagram of a electric
power steering device including a synchronous re-
luctance motor according to an embodiment of the
present invention;
FIG. 2 is a cross-sectional view of a general synchro-
nous reluctance motor;
FIG. 3 is a block diagram showing a configuration of
a motor control system of the electric power steering
device using the synchronous reluctance motor ac-
cording to the embodiment of the present invention;
FIG. 4 is a characteristic diagram of a maximum
torque map of a target-current calculating unit shown
in FIG. 3;
FIG. 5 is a characteristic diagram of the maximum
output map of the target-current calculating unit
shown in FIG. 3;
FIG. 6 is a characteristic diagram of a three-phase
biaxial converting unit shown in FIG. 3 which obtains
a q-axis current and a d-axis current from a target-
current effective value and a target-current phase;
FIG. 7 shows a torque-revolutionary speed charac-
teristic of a high-output range map and a normal
range map;
FIG. 8 shows a torque-current characteristic of a
high-output range map and a normal range map;
FIG. 9 is a block diagram showing a configuration of
a motor control system of the electric power steering
device using a brushless motor; and
FIG. 10 is a diagram showing a torque-current char-
acteristic of the synchronous reluctance motor and
a torque-revolutionary speed characteristic thereof.

DETAILED DESCRIPTION OF THE PREFERRED EM-
BODIMENT

[0015] An embodiment of a electric power steering de-
vice using a synchronous reluctance motor according to
the present invention will be explained below in detail
with reference to the accompanying drawings.

<Electric power steering device 1>

[0016] FIG. 1 is an overall configuration diagram of a
electric power steering device 1 including a synchronous
reluctance motor according to an embodiment of the
present invention.
[0017] As shown in FIG. 1, the electric power steering
device 1 includes a steering wheel 2, and the steering
wheel 2 is joined with a pinion shaft 4 through a steering
shaft 3. A steering torque generated by the operation of
the steering wheel 2 given by a driver is transmitted to
the pinion shaft 4 through the steering shaft 3. The pinion
shaft 4 is provided with a magneto strictive torque sensor
5 which detects the steering torque that acts on a steering
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system and a torque transmitting unit 6, and the torque
transmitting unit 6 is coupled to an electric machinery
(electric motor) 7 that applies an auxiliary torque to the
steering system. As the electric motor 7, a synchronous
reluctance motor is used. Also, the torque sensor 5 may
be other torque detecting elements in other forms like an
optical torque sensor in addition to a magnetostrictive
sensor.
[0018] The electric power steering device 1 employs
a so-called rack-and-pinion configuration, a pinion 4A
provided at the lower end of the pinion shaft 4 meshes
with a rack tooth 8A formed around a rack shaft 8, and
the rotation of the pinion shaft 4 is converted into a dis-
placement in the axial direction of the rack shaft 8, so
that wheels to be steered 9, 9 are steered. Also, the
torque sensor 5 outputs a steering-torque signal T to a
control device 10. The control device 10 calculates an
auxiliary torque on the basis of the steering-torque signal
T output by the torque sensor 5 and a vehicle speed
signal v output by a speed sensor 11 and controls the
electric motor 7 by outputting a three-phase electric mo-
tor driving voltage V0 to the electric motor 7.
[0019] Also, it is not illustrated in detail in the figure but
the torque transmitting unit 6 is configured to rotate the
pinion shaft 4 through a worm gear (not shown) with the
rotating torque by the electric motor 7. It is configured
that the auxiliary torque by the electric motor 7 is trans-
mitted through the torque transmitting unit 6 to the pinion
shaft 4, and is further transmitted to the steering system
from the rack shaft 8 through the pinion 4A and the rack
tooth 8A, and the wheel to be steered 9 is steered. Note
that FIG. 1 shows the major part of the steering system.
[0020] According to such a configuration, when the
driver steers the running direction of a vehicle by oper-
ating the steering wheel 2 while the vehicle is running, a
rotative force generated based on the steering torque
which is applied to the steering shaft 3 is converted into
a straight motion of the rack shaft 8 in the axial direction
from the pinion 4A through the rack tooth 8A, and causes
the running direction of the steering wheels to be steered
9, 9 to be changed. At this time, the torque sensor 5
attached to the steering shaft 3 simultaneously detects
the steering torque corresponding to the steering oper-
ation of the steering wheel 2 given by the driver, converts
the detected torque to the electrical steering-torque sig-
nal T, and outputs the steering-torque signal T to the
control device 10. Also, the speed sensor 11 detects the
vehicle speed signal v, and outputs such a signal to the
control device 10.
[0021] The control device 10 generates the electric
motor driving voltage V0 for driving the electric motor 7
on the basis of a target signal based on the steering-
torque signal T and the speed signal v and of an angular
signal θ indicating the rotation angle of the electric motor
7. At this time, the control device 10 performs dq-vector
conversion which decomposes the electric motor driving
voltage V0 to a d-axis (a magnetic flux axis) and a q-axis
(a torque axis) that is electrically orthogonal to the d-axis

at a right angle and which controls the electric motor driv-
ing voltage using an electric-motor current I0 and an an-
gular signal θ0. The electric motor 7 is rotated and driven
based on the three-phase electric motor driving voltage
V0 of U, V, and W phases, and a three-phase alternating
current IAC (Iu, Iv, and Iw) flows through.
[0022] Accordingly, an auxiliary steering force based
on the rotating torque of the electric motor 7 acts on the
pinion shaft 4 joined with the steering shaft 3 through the
torque transmitting unit 6, and is transmitted to the rack
shaft 8 by the rack-and-pinion configuration. As ex-
plained above, by driving the electric motor 7, the steering
force applied to the steering wheel 2 by the driver is re-
duced.

<Configuration and Operation of Synchronous Reluc-
tance Motor 35>

[0023] Next, the general configuration and operation
of a synchronous reluctance motor 35 used as the electric
motor 7 of the electric power steering device 1 shown in
FIG. 1 will be explained.
[0024] FIG. 2 is a cross-sectional view of the general
synchronous reluctance motor 35. The synchronous re-
luctance motor 35 is provided with a rotator 30 having
four magnetic poles (a pair of binary poles) and a stator
20 having 24 slots 23.
[0025] The stator 20 of the synchronous reluctance
motor 35 is provided with a stator main body 21, and the
plural slots 23 and T-shaped teeth 24 formed on an inner
circumference surface 22 of the stator main body 21.
Also, the rotator 30 is provided with plural linear flux bar-
riers (air layers) 32 each formed to a predetermined width
and length relative to a rotator main body 31, and plural
steel-plate ribs (ribs) 33 are formed. Both ends of each
steel-plate rib (rib) 33 are provided at the outer circum-
ference of the rotator 30. The rotator main body 31 is
comprised of a magnetic material like an electromagnetic
steel plate. The plural flux barriers 32 may be formed of
a nonmagnetic material like a resin in addition to the form
of the air layers. The plural flux barriers 32 are arranged
radially around the q-axis (the torque axis) that is me-
chanically inclined at 45 degree with the d-axis (the mag-
netic flux axis) being as a border. Accordingly, four pairs
of the flux barrier 32 and the steel-plate rib 33 arranged
around the q-axis are radially provided. Also, the d-axis
is orthogonal to a rotator axis, and is consistent with the
axis of the steel-plate rib 33 at the both ends of the steel-
plate rib 33.
[0026] The operation of the synchronous reluctance
motor 35 configured as explained above will be ex-
plained. First, when the three-phase alternating current
is caused to flow through a wound coil (not shown) wound
around the slots 23 of the stator 20, a magnetic field is
generated at the tooth 24, and a magnetic flux returns to
another tooth 24 through the rotator 30. Because the plu-
ral flux barriers 32 are provided inside the rotator main
body 31, there are a direction (the d-axis direction)
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through which the magnetic flux easily passes and a di-
rection (the q-axis direction) through which the magnetic
flux does not easily pass. The difference between a d-
axis magnetic flux and a q-axis magnetic flux (a magnetic
reluctance difference) generates a reluctance torque, so
that the rotator 30 rotates in a predetermined direction.
[0027] At this time, the flux barriers 32 and the steel-
plate ribs 33 facing the teeth 24 have a little change in
the magnetic flux even if the rotator 30 rotates, and does
not become a cause of generating a torque ripple. How-
ever, when the rotator 30 rotates, the torque ripple is
generated because of a mutual positional relationship
between a minute slot aperture 23 a formed between the
adjoining teeth 24 and the flux barrier 32 (or the steel-
plate rib 33). That is, the magnetic flux changes when
the slot aperture 23a of the stator 20 faces the steel-plate
rib 33 of the rotator 30 or when the slot aperture 23a of
the stator 20 faces the flux barrier 32 of the rotator 30,
so that the change in the mutual position between the
stator 20 and the rotator 30 (i.e., by a rotation of the rotator
30) generates the torque ripple in the rotating torque by
the rotator 30. Accordingly, a conventionally well-known
technology that suppresses a generation of the torque
ripple may be employed by changing the shape of the
flux barriers 32.

<Motor Control System 40>

[0028] Next, a motor control system 40 of the electric
power steering device 1 using the synchronous reluc-
tance motor according to the embodiment will be ex-
plained.
[0029] FIG. 3 is a block diagram showing the configu-
ration of the motor control system 40 of the electric power
steering device 1 using the synchronous reluctance mo-
tor according to the embodiment of the present invention.
The function of the motor control system 40 is realized
by a computer having a CPU, a RAM, an I/O, and the
like and a predetermined program installed in that com-
puter.
[0030] The motor control system 40 shown in FIG. 3
comprises an EPS (a motor-driven power steering) con-
trol unit 41 and a motor control unit 51. The EPS control
unit 41 includes a target-torque calculating unit 42. The
motor control unit 51 includes a target-current calculating
unit 52, a three-phase biaxial converting unit 53, a q-axis
(the torque axis) PI control unit 54, a d-axis (the magnetic
flux axis) PI control unit 55, a biaxial three-phase con-
verting unit 56, a PWM converting unit 57, and a motor
(the synchronous reluctance motor) 58. The target-cur-
rent calculating unit 52 includes a maximum torque map
(a normal range map) 52a and a maximum output map
(a high-output range map) 52b.
[0031] The target-torque calculating unit 42 of the EPS
control unit 41 receives inputting of a torque sensor sig-
nal, a vehicle speed, and the revolutionary speed of the
motor (the synchronous reluctance motor) 58, calculates
a target torque to be output by the motor 58, and outputs

the target torque to the target-current calculating unit 52
of the motor control unit 51. That is, a target value trans-
mitted from the EPS control unit 41 to the motor control
unit 51 is the value of the target torque.
[0032] Also, the target-current calculating unit 52 in the
motor control unit 51 calculates a target-current effective
value I and a target-current phase θ from the input target
torque. The target-current effective value I and the target-
current phase θ are calculated in such a way that (a) the
motor 58 can output a maximum torque T (a maximum
torque obtainable at a minimum current effective value)
or (b) the motor 58 can output a maximum output W (a
maximum output obtainable at the minimum current ef-
fective value). The maximum output W means W (watt)
= T � N. However, N is the revolutionary speed of the
motor 58. The target-current calculating unit 52 changes
over the conditions in which (a) the maximum torque T
is set as the target value or (b) the maximum output W
is set as the target value in accordance with the level of
the duty (DUTY) ratio of a signal (a driving current) output
by the PWM converting unit 57 comprising a three-phase
inverter as will be discussed later.
[0033] The method of calculating a target current by
the target-current calculating unit 52 is realized by cal-
culating a target three-phase current or a target d-axis
current/target q-axis current and by giving these currents
back to a current feedback system so as to obtain a target
torque. That is, because a motor control controls a current
that flows through the motor 58, so that the target three-
phase current or the target d-axis current/target q-axis
current is calculated from the target torque in order to
perform the motor control.
[0034] More specifically, the target-current calculating
unit 52 has the maximum torque map (the normal range
map) 52a and the maximum output map (the high-output
range map) 52b, changes over these maps and uses any
one of these maps, and calculates the target current from
the target torque. Changing of the maximum torque map
52a for obtaining the target value of the maximum torque
T and the maximum output map 52b for obtaining the
target value of the maximum output W is performed on
the basis of the level of the duty ratio output by the PWM
converting unit 57 comprising a three-phase inverter.
That is, when the duty ratio output by the PWM converting
unit 57 is less than a predetermined value, the map is
changed to the maximum torque map 52a, and when that
duty ratio is equal to or larger than the predetermined
value, the map is changed to the maximum output map
52b. In this fashion, the target-current effective value I
and the target-current phase θ which are calculated by
the target-current calculating unit 52 from the target
torque are output to the three-phase biaxial converting
unit 53.
[0035] The three-phase biaxial converting unit 53 in-
puts the target-current effective value I and the target-
current phase θ and converts the three phase currents
IU, IV, and IW to a biaxial current (a dq-axes current)
including a current of d-axis (the target d-axis current Id)
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that is the magnetic flux axis (an excitation axis) of the
rotator of the motor 58 and a current of q-axis (the target
q-axis current Iq) that is an axis electrically rotated by 90
degrees from the d-axis. The value of the target q-axis
current Iq is proportional to a generated torque TM of the
motor 58, and the value of the target d-axis current Id is
proportional to an excitation current. Also, "an angle ad-
vancement" can be performed by changing the target d-
axis current Id and the target q-axis current Iq as needed.
That is, by controlling the target d-axis current Id and the
target q-axis current Iq, a control corresponding to the
field weakening control of a brushless motor is per-
formed. In this fashion, a steering feeling is improved by
controlling the target torque while achieving an effect cor-
responding to that of the field weakening control.
[0036] The q-axis (the torque axis) PI control unit 54
to which the target q-axis current Iq is input generates a
q-axis voltage Vq by performing P (proportion) control
and I (integral) control so as to reduce a deviation signal,
and outputs the q-axis voltage Vq to the biaxial three-
phase converting unit 56. Also, the d-axis (the magnetic
flux axis) PI control unit 55 to which the target d-axis
current Id is input generates a d-axis voltage Vd by per-
forming the PI control so as to reduce output signals by
an adder (not shown), and outputs the d-axis voltage Vd
to the biaxial three-phase converting unit 56.
[0037] The biaxial three-phase converting unit 56 con-
verts a biaxial signal including an output signal Vq by the
q-axis (the torque axis) PI control unit 54 and an output
signal Vd by the d-axis (the magnetic flux axis) PI control
unit 55 to three-phase signals VU, VV, and VW. The PWM
converting unit 57 generates DUTY signals (DUTY U,
DUTY V, and DUTY W) which are ON/OFF signals (PWM
(Pulse Width Modulation) signals) having a pulse width
that is proportional to the levels of respective input three-
phase signals VU, VV, and VW, and outputs the gener-
ated signal to the motor 58. An angular signal θ of the
motor 58 is input to the biaxial three-phase converting
unit 56 and the PWM converting unit 57, and signals are
output at a timing in accordance with the position of the
magnetic pole of the rotator 30 (see FIG. 2).
[0038] Next, the operation of the major part according
to this embodiment of the present invention will be ex-
plained with reference to FIG. 3.
[0039] First, the target-torque calculating unit 42 of the
EPS control unit 41 calculates the target torque to be
output by the motor (the synchronous reluctance motor)
58 on the basis of steering input signals (i.e., a torque
sensor signal, a vehicle speed signal, and a motor rev-
olutionary speed signal) input by an unillustrated steering
input detecting unit, and outputs the target torque to the
target-current calculating unit 52 of the motor control unit
51.
[0040] This causes the target-current calculating unit
to calculate a motor-current effective value (the target-
current effective value) I and motor-current phase (the
target-current phase) θ which are necessary for gener-
ating the input target torque value, and outputs the target-

current effective value I and the target-current phase θ
to the three-phase biaxial converting unit 53. The three-
phase biaxial converting unit 53 calculates the target q-
axis current Iq and the target d-axis current on the basis
of the target-current effective value I and the target-cur-
rent phase θ, so that the PWM converting unit 57 per-
forms PWM control to drive the motor (the synchronous
reluctance motor) 58 on the basis of the target q-axis
current Iq and the target d-axis current.
[0041] The target-current calculating unit 52 of the mo-
tor control unit 51 has two maps for calculating the motor-
current effective value (the target-current effective value)
I and the motor-current phase (the target-current phase)
θ from the input target torque value. That is, the target-
current calculating unit 52 has the maximum torque map
52a that is the normal range map and the maximum out-
put map 52b that is the high-output range map.
[0042] When the duty ratio of driving power output by
the PWM converting unit 57 to the motor (the synchro-
nous reluctance motor) 58 becomes equal to or larger
than a predetermined value, the map is changed from
the normal range map (the maximum torque map 52a)
to the high-output range map (the maximum output map
52b), and when the duty ratio becomes equal to or less
than the predetermined value, the map is changed from
the high-output range map (the maximum output map
52b) to the normal range map (the maximum torque map
52a).
[0043] When the duty ratio becomes, for example,
equal to or larger than 80 %, the map is changed from
the normal range map (the maximum torque map 52a)
to the high-output range map (the maximum output map
52b). Also, when the duty ratio decreases to equal to or
less than 70 %, the map is changed from the high-output
map (the maximum output map 52b) to the normal range
map (the maximum torque map 52a). The reason why a
reference value (70 %) for changing the map from the
high-output range map (the maximum output map 52b)
to the normal range map (the maximum torque map 52a)
when the duty ratio decreases is set to be less than a
reference value (80 %) for changing the map from the
normal range map (the maximum torque map 52a) to the
high-output range map (the maximum output map 52b)
when the duty ratio rises is to have hysteresis character-
istics and to avoid an unintended map changing which
may be affected by noises or the like in the vicinity of the
boundary value to be the reference for map changing.
[0044] FIG. 4 is a characteristic diagram of the maxi-
mum torque map 52a of the target-current calculating
unit 52 shown in FIG. 3, the horizontal axis thereof indi-
cates the target torque and the vertical axis thereof indi-
cates the target-current effective value I and the target-
current phase θ. Also, FIG. 5 is a characteristic diagram
of the maximum output map 52b of the target-current
calculating unit 52 shown in FIG. 3, the horizontal axis
thereof indicates the target torque and the vertical axis
thereof indicates the target-current effective value I and
the target-current phase θ.
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[0045] Because the target-current calculating unit 52
has the maximum torque map 52a (the normal range
map) shown in FIG. 4 and the maximum output map 52b
(the high-output range map) shown in FIG. 5, it is possible
to uniquely obtain the target-current effective value I and
the target-current phase θ in accordance with the input
target torque value without an approximate value oper-
ation with a high-order function.
[0046] The maximum output of the motor 58 can be
increased when the high-output range map (the maxi-
mum output map 52b) is used in comparison with the
case when the normal range map (the maximum torque
map 52a) is used. That is, when the high-output range
map (the maximum output map 52b) is used, the maxi-
mum output W can be increased based on a relationship
W = T � N because a revolutionary speed N of the motor
58 can be increased at the same torque T as that of the
normal range map (the maximum torque map 52a).
[0047] FIG. 6 is a characteristic diagram of the three-
phase biaxial converting unit 53 shown in FIG. 3 which
obtains the q-axis current Iq and the d-axis current Id
from the target-current effective value I and the target-
current phase θ.
[0048] When the target-current calculating unit 52 ob-
tains the target-current effective value I and the target-
current phase θ from the target torque through the max-
imum torque map shown in FIG. 4 or the maximum output
map shown in FIG. 5, the three-phase biaxial converting
unit 53 obtains, as shown in the characteristic diagram
of FIG. 6, the q-axis current Iq and the d-axis current Id
from the target-current effective value I and the target-
current phase θ for each maximum torque map or max-
imum output map. That is, if the target-current effective
value I and the target-current phase θ are known before-
hand, the q-axis current Iq can be obtained from Iq =
Isinθ, and the d-axis current Id can be obtained from Id
= Icosθ. PWM control is performed after biaxial three-
phase conversion is performed on the basis of the q-axis
current Iq and the d-axis current Id which are obtained
in this manner, and thus the motor 58 is controlled.
[0049] FIG. 7 shows the torque-revolutionary speed
characteristic of the high-output range map and the nor-
mal range map, the horizontal axis thereof indicates the
target torque and the vertical axis thereof indicates the
revolutionary speed. Also, FIG. 8 shows the torque-cur-
rent characteristic of the high-output range map and the
normal range map, the horizontal axis thereof indicates
the target torque and the vertical axis thereof indicates
the current.
[0050] As shown in FIG. 7, when the high-output range
map is used, at the same target torque T as that of the
normal range map, the maximum output W can be in-
creased because the revolutionary speed N of the motor
58 becomes fast. However, as shown in FIG. 8, because
a current necessary for obtaining the same torque T be-
comes larger than that of the normal range map, when
a high revolution is unnecessary, the map is changed to
the normal range map having a less current consumption.

In this fashion, by changing over the map between the
normal range map and the high-output range map as
needed, a sufficient maximum output can be obtained
depending on the steering condition, while at the same
time, the current consumption is suppressed.
[0051] As explained above, the motor control system
40 using the synchronous reluctance motor of this em-
bodiment sets, as the target torque, the target value
transmitted from the EPS control unit 41 to the motor
control unit 51, and the motor control unit 51 calculates
the target-current effective value I and the target-current
phase θ from the input target torque. Based on the cal-
culated target-current effective value I and target-current
phase θ, changing over of calculation whether to perform
calculation so that the maximum torque (the maximum
torque obtainable at the minimum current effective value)
or to perform calculation so that the maximum output (the
maximum output obtainable at the minimum current ef-
fective value) is executed in accordance with the duty
ratio of the output by the PWM converting unit 57 com-
prising the three-phase inverter.
[0052] According to the electric power steering device
1 using the synchronous reluctance motor of this embod-
iment, when the target-current effective value I and the
target-current phase θ are calculated from the target
torque input from the EPS control unit 41 to the motor
control unit 51, calculation is changed whether to perform
calculation so that the maximum torque is obtained and
to perform calculation so that the maximum output is ob-
tained depending on the duty ratio of the output by the
three-phase inverter. This enables torque control with a
relatively linear characteristic even though the synchro-
nous reluctance motor having the nonlinear torque-cur-
rent characteristic is used through a simple calculation.
[0053] Also, according to the electric power steering
device 1 of this embodiment, the controllability (the line-
arity of the torque-current characteristic) of the electric
power steering device is further improved by controlling
the synchronous reluctance motor with the target torque.
Also, when a power assist through a high output by the
motor is required when the steering is continuously
turned or at the time of a static steering, etc., the torque
control is performed by changing the map between the
normal range map and the high-output range map ac-
cordingly, so that an output shortage is not likely to occur
and a proper power assist is enabled. That is, because
the synchronous reluctance motor can control the d-axis
current corresponding the field weakening control of a
general brushless motor, it becomes possible to control
the motor most appropriately and to perform power assist
even though the current/torque characteristic is nonline-
ar. In other words, because the synchronous reluctance
motor of this embodiment performs angle advancement
correction on the target torque as a control corresponding
to the field weakening control of the general brushless
motor, the more proper torque control is enabled.
[0054] Also, according to the electric power steering
device 1 of this embodiment, it becomes possible to in-
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dependently design the EPS control unit 41 and the motor
control unit 51 by minimizing the effect of the motor pa-
rameter (a torque constant kt) of the synchronous reluc-
tance motor. In other words, by changing the motor pa-
rameter to be input from the EPS control unit 41 to the
motor control unit 51 from the target current to the target
torque, it becomes possible to independently design the
EPS control unit 41 and the motor control unit 51. Con-
sequently, the labor hour of the designing of the electric
power steering device can be reduced. However, a con-
dition must be satisfied in which no actual torque re-
sponds to the target torque output by the EPS control
unit 41 until the next period of the EPS control. That is,
the condition must be satisfied in which the frequency
characteristic of the motor control unit 51 is better than
that of the EPS control unit 41.

<Comparative Example>

[0055] Next, as a comparative example, a motor con-
trol system of the electric power steering device using a
general brushless motor will be explained.
[0056] FIG. 9 is a block diagram showing the configu-
ration of the motor control system of the electric power
steering device using a brushless motor.
[0057] A motor control system 100 shown in FIG. 9
comprises an EPS control unit 101 and a motor control
unit 102 having a field weakening control unit 103, a q-
axis (the torque axis) PI control unit 104, a d-axis (the
magnetic flux axis) PI control unit 105, a biaxial three-
phase converting unit 106, a PWM control unit 107, and
a brushless motor 108. In comparison with the motor con-
trol system 40 which is shown in FIG. 3 and which uses
the synchronous reluctance motor (the motor 58), the
motor control system 100 shown in FIG. 9 differs from
the motor control system 40 in that the motor control sys-
tem 100 has the EPS control unit 101 which directly out-
puts the target q-axis current to the q-axis (the torque
axis) PI control unit 104 instead of the EPS control unit
41, and has the field weakening control unit 103 which
performs actuation or deceleration through a resistance
control and which controls a field weakening current
when the motor rotates at a high speed, and the other
configurations remain same in principle.
[0058] Next, regarding the operation of the motor con-
trol system shown in FIG. 9 which uses the brushless
motor, an explanation will be given of differences from
the operation of the motor control system shown in FIG.
3 which uses the synchronous reluctance motor.
[0059] The brushless motor 108 directly inputs a target
q-axis current Iq from the EPS control unit 101 to the q-
axis (the torque axis) PI control unit 104 of the motor
control unit 102 because the target q-axis current Iq is
proportional to the torque. On the other hand, although
a target d-axis current Id is input from the field weakening
control unit 103 of the motor control unit 102 to the d-axis
(the magnetic flux axis) PI control unit 105, the target d-
axis current Id does not affect the torque of the brushless

motor 108. Accordingly, the motor control system 100
using the brushless motor 108 has the torque-current
characteristic with a good linearity.
[0060] As shown in FIG. 9, according to the conven-
tional electric power steering device, a target current (the
target q-axis current in the case of the brushless motor)
is directly transmitted to the q-axis (the torque axis) PI
control unit 104 of the motor control unit 102 as an output
parameter of the EPS control unit 101. This is possible
because the current/torque characteristic of the brush-
less motor 108 is linear in the first order. Accordingly,
even if the motor (the brushless motor 108) is changed,
it is fine if the assist map of the electric power steering
device is merely multiplied by a gain that cancels a
change in the torque constant.
[0061] On the other hand, when the synchronous re-
luctance motor is changed, the torque characteristic (the
torque-current characteristic) output relative to the cur-
rent is nonlinear unlike a general motor with a brush and
the brushless motor, so that if the output by the EPS
control unit 101 is expressed as the current (the target
q-axis current), the map of the EPS control unit must be
changed. That is, the map of the EPS control unit 101
must be changed for each torque-current characteristic
of the synchronous reluctance motor.
[0062] In order to summarize the above explanation,
because a torque T1 of the brushless motor has a rela-
tionship that T1 = PN � φ � Iq, the brushless motor has
the torque T1 set based on the q-axis current Iq. On the
other hand, because a torque T2 of the synchronous re-
luctance motor has a relationship that T2 = PN � (Ld -
Lq) � Iq � Id, the synchronous reluctance motor has the
torque T2 set based on the q-axis current Iq and the d-
axis current Id. However, P is the number of poles, φ is
a magnetic flux, N is a motor revolutionary speed, Ld is
an inductance on the d-axis, and Lq is an inductance on
the q-axis.
[0063] Therefore, according to the synchronous reluc-
tance motor having the nonlinear torque-current charac-
teristic, the target current and the current advance angle
are calculated using the target torque and the motor rev-
olutionary speed. At this time, regarding the current ad-
vance angle, the advance-angle correction value is cal-
culated for each revolutionary speed with the absolute
value of the target torque being divided into three regions.
[0064] FIG. 10 is a diagram showing the torque-current
characteristic of the synchronous reluctance motor and
the torque-revolutionary speed characteristic thereof, the
horizontal axis indicates the target torque and the vertical
axis indicates the revolutionary speed and the current.
That is, when the advance-angle correction value is cal-
culated for each revolutionary speed with the absolute
value of the target torque being divided into the three
regions, as shown in FIG. 10, the advance-angle correc-
tion value is calculated revolutionary speed by revolu-
tionary speed for three regions: a region (T < T1) where
the absolute value of the target torque (T) is smaller than
a target torque (T1) at the maximum revolutionary speed;
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a region (T1 < T < T3) where the absolute value of the
target torque (T) is present between the foregoing target
torque and a target torque (T3) that is a midpoint between
a nonlinear curve of the torque-current characteristic and
a linear curve thereof; and a region (T3 < T) where the
absolute value of the target value (T) is larger than T3.
However, if the advance-angle correction value is calcu-
lated through this scheme, an arithmetic process be-
comes complex, but by performing the torque control
through the method explained in the above embodiment,
the torque control with a linear characteristic can be per-
formed through a simple arithmetic process.

Description of Reference Numerals

[0065]

1 Electric power steering device
2 Steering wheel
3 Steering shaft
4 Pinion shaft
4A Pinion
5 Torque sensor
6 Torque transmitting unit
7 Electric machinery
8 Rack shaft
8A Rack tooth
9 Wheel to be steered
10 Control device
11 Speed sensor
T Steering torque signal
v Speed signal
V0 Electric-motor driving voltage
20 Stator
21 Stator main body
22 Inner circumference surface
23 Slot
23a Slot aperture
24 Teeth
30 Rotator
31 Rotator main body
32 Flux barrier (air layer)
33 Steel-plate rib
35 Synchronous reluctance motor
40, 100 Motor control system
41, 101 EPS (motor-driven power steering) control

unit
42 Target-torque calculating unit
51, 102 Motor control unit
52 Target-current calculating unit
52a Maximum torque map
52b Maximum output map
53 Three-phase biaxial converting unit
54, 104 Q-axis (torque axis) PI control unit
55, 105 D-axis (magnetic flux axis) PI control unit
56, 106 Biaxial three-phase converting unit
57, 107 PWM converting unit
58 Motor (synchronous reluctance motor)

103 Field weakening control unit
108 Brushless motor

Claims

1. A electric power steering device which drives a syn-
chronous motor based on a signal from a steering
input detecting unit and which assists a steering, the
electric power steering device comprising:

a target-torque calculating unit that calculates a
target torque output by the synchronous motor
based on at least a steering input signal; and
a target-current calculating unit that calculates
a target current to the synchronous motor based
on a signal from the target-torque calculating
unit, wherein
the target-current calculating unit calculates a
motor-current effective value and a motor-cur-
rent phase which are necessary for generating
a target torque value and the synchronous motor
is driven by calculating a d-axis current and a q-
axis current based on the motor-current effec-
tive value and the motor-current phase.

2. The electric power steering device according to claim
1, wherein the target-current calculating unit in-
cludes a map for calculating the motor-current effec-
tive value and the motor-current phase from the input
target torque value, and the map includes at least
two maps which are a normal range map and a high-
output range map.

3. The electric power steering device according to claim
2, wherein the map is changed from the normal range
map to the high-output range map when a duty ratio
of driving power output to the synchronous motor is
equal to or larger than a predetermined value.
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