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(57) An electromagnetic servo device, particularly for power steering, includes a driving control circuit (100) adapted,
for an electric motor (20) producing auxiliary torque to be applied to an output shaft, to provide a control signal (Va)
to thereby supply an armature current of a controlled quantity, in a controiled direction of conduction thereof, in
accordance with a detection signal (Vr, VI) from a detection mechanism (13) detecting a phase difference between an
input shaft and the output shaft. The rotation speed of the electric motor {20) is controlled with the control signal {Va),
and in proportion to the size of the phase difference of the input and output shafts,
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SPECIFICATION
Electromagnetic servo device

5 The present invention generally relates to an electromagnetic servo device. More particularly, the inven-
tion relates to an electromagnetic servo device of a type suitable for use in an electric type power steer-
ing system for vehicles.

In view of problems in hydraulic type power steering systems such as that the structure thereof was
complicated, in recent years a variety of electric type power steering systems for vehicles have been pro-

10 posed. In those electric type power steering systems were employed various types of electromagnetic
servo device.

Exemplarily, in our Patent Application No. 8520554 we have proposed an electromagnetic servo device
for electric power steering systems for vehicles.

This electromagnetic servo device included an input shaft adapted to be operatively connected to a

15 steering wheel, an output shaft adapted to be operatively connected to a road wheel to be turned, the
output shaft being coaxial with the input shaft, a torque detection mechanism operatively connected to
both the input shaft and the output shaft, an electric motor rotatably disposed around the output shaft,
coaxially therewith, to supply auxiliary torque thereto, and a driving control circuit adapted for control-
ling to drive the electric motor in accordance with a set of detection signals of the torque detection

20 mechanism. :

The torgue detection mechanism was adapted to output a pair of signals as the detection signals
thereof representing the degree as well as the direction of a circumferential relative angular difference
developed at the input shaft relative to the output shaft when steering torque was applied to the input
shaft, which signals were fed to the driving control circuit, where they were processed to produce a

25 torque magnitude signal and a torque direction signal, to send to the electric motor an armature current
of a quantity according to the torque magnitude signal, in either direction of conduction thereof in ac-
cordance with the torque direction signal, whereby the output shaft was supplied with the auxiliary
torque, while electromagnetic torque developed at the electric motor was transmitted as the auxiliary
torque through a speed reducing mechanism to the output shaft.

30 Accordingly, the armature current to be fed to the electric motor had an increasing quantity, as the
circumferential relative angular difference between the input and the output shafts was increased with
steering torque applied to the input shaft.

Incidentally, in this electromagnetic servo device, the torque magnitude signal was controlled to have a
dead zone,

35 In this electromagnetic servo device, therefore, the torque developed at the electric motor was trans-
mitted as the auxiliary torque through the speed reducing mechanism in a smooth manner to the output
shaft, whereby, for a driver of the vehicle, the burden that otherwise he or she had to bear when operat-
ing the steering wheel was adequately reduced, thus providing favorable steering characteristics.

However, in such electromagnetic servo device, as well as other conventional ones for electric power

40 steering systems for vehicles, there has been a desideratum to be achieved, such that an output shaft
was desired to be rotated with good responsiveness, in dependence on the rotation of an input shaft, or
more particularly, on the speed of rotation thereof.

The present invention has been achieved to accomplish such desideratum in a conventional electro-
magnetic servo device.

45  Accordingly, an object of the present invention is to provide an electromagnetic servo device in which
an output shaft is permitted to be rotated with good responsiveness, in dependence on the rotation
speed of an input shaft.

To achieve such object, the present invention provides an electromagnetic servo device including an
input shaft, an output shaft, an electric motor means for producing auxiliary torque to be applied to the

50 output shaft, a detection means for detecting a phase difference between the input shaft and the output
shaft, and a control circuit means adapted to provide a control signal for the motor means, to thereby
supply an armature current of a controlled quantity, in a controlled direction of conduction thereof, in
accordance with a detection signal from the detection means, and to control the rotation speed of the
motor means in accordance with the detection signal.

65 The above and further features, objecis and advantages of the present invention will more fully appear
from the following detailed description of a preferred exemplary embodiment of the invention when the
same is read in conjunction with the accompanying drawings.

In the drawings:-

Figure 1 is a detailed block diagram of a driving control circuit of an electromagnetic servo device ac-

60 cording to a preferred embodiment of the present invention, as it is adapted to be employed in an elec-
tric power steering system for vehicles;

Figures 2A to 2D are graphs showing characteristic curves of output signals from some of principal
circuit elements in the driving control circuit of Figure 1, respectively;

Figure 3 is a schematic block diagram of the driving control circuit of Figure 1;

65 Figure 4 is a longitudinal sectional view of a servo unit of the electromagnetic servo device, which is
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controlled with the driving control circuit;

Figure 5A is a sectional view, showing an essential part of a mechanism for detecting a relative angu-
lar displacement as a phase difference between an input shaft and an output shaft of the servo unit,
along line 5A - 5A of Figure 4; and

5 Figures 5B and 5C are top and side views, showing a mobile member for sensing the relative angular
displacement, of the mechanism of Figure bA, respectively.

With reference to Figures 1 and 3, designated at reference numeral 100 is the entirety of a driving
control circuit of an electromagnetic servo device according to a preferred embodiment of the present
invention, as it is equipped in an electric power steering system of a vehicle {not shown). In Figures 2A

10 to 2D are shown characteristic curves of some of later-described signals to be output from essential cir-
cuit elements of the driving control circuit 100. The structure of the electromagnetic servo device is
shown in Figures 4 and 5A to 5C which are sectional views of the whole and an essential part, respec-
tively, of an electromagnetic servo unit 200 constituting the electromagnetic servo device, the servo unit
200 being controlled by the driving control circuit 100, which unit 200 has been originally developed by

15 the present applicant and is of a structure mechanically analogous to that disclosed in the aforesaid Pat-
ent Application.

For the aid of comprehension, there will be first described the mechanical structure of the electromag-
netic servo unit 200 with reference to Figures 4 and 5A to 5C, before entering description of the constitu-
tion as well as function of the driving control circuit 100.

20 Shown in Figure 4 is the sectional view as described, and more particularly, a quarter cutaway longitu-
dinal sectional view of the electromagnetic servo unit 200.

The servo unit 200 includes an input shaft 1 rotatably supported by a ball bearing 2 as well as by a
needle bearing 3 and connected at the axially outer end thereof to a steering wheel (not shown) of the
power steering system, and an output shaft 4 arranged coaxial with the input shaft 1 and interconnected

25 by a torsion bar 8 with the input shaft 1. Also the output shaft 4 is rotatably supported by a ball bearing
5 and needle bearings 6, 7. The output shaft 4 has at the axially outer end thereof a splined portion 4a
operatively assembled into a rack and pinion type steering gearbox (not shown) of the power steering
system.

As later described, a uniquely formed axially inner end portion 1b of the input shaft 1 is engaged at the

30 innermost end thereof into a uniquely formed axially inner end portion 4b of the output shaft 4, where it
is rotatably supported with the needle bearing 3 interposed therebetween.

The torsion bar 8 is fixed, at one end 8a thereof inserted in an axial hollow 4c of the output shaft 4, to
the output shaft 4 by means of a pin 11 and, at the other end 8b inserted in an axial hollow 1c of the
input shaft 1, by a screw 9 to the input shaft 1 which is thereby adapted to have, while no steering

35 torque is acting thereon, a predetermined angular position about the axis thereof relative to the output
shaft 4.

In the foregoing arrangement, steering torque from the steering wheel is applied to the input shaft 1,
and transmitted therefrom through the torsion bar 8 to the output shaft 4, causing torsional deformations
in the torsion bar 8, thus having a circumferential relative rotation angle difference, that is, a relative

40 angular displacement as a phase difference developed at the input shaft 1 relative to the output shaft 4.

Incidentally, in Figure 4, designated at reference numeral 12 is a steering column surrounding to ac-
commodate therein the input shaft 1.

The servo unit 200 has, at an axial position thereof where the inner end portion 1b of the input shaft 1
is engaged into the inner end portion 4b of the output shaft 4, a relative rotation angle detection mecha-

45 nism 13 arranged so as to extend therearound and adapted for detecting the relative angular displace-
ment developed between the input shaft 1 and the output shaft 4. The detection mechanism 13 is
constituted with a differential transformer 14 fixed to the inner circumference of the steering column 12,
and with a tubular mobile member 15 as a laminated iron core axially slidably fitted around the mutually
engaged portions 1b, 4b of the input and the output shafts 1, 4. The differential transformer 14 has a pair

50 of output terminals thereof connected to the driving control circuit 100, which is partly adapted to electri-
cally detect the relative angular displacement between the input and the output shafts 1, 4, while the
driving control circuit 100 has a proper control function of feeding an armature current lo (Figure 1) of a
controlled quantity, in either controlled direction of conduction thereof, to a later described electric motor
20, thereby driving the motor 20 in accordance with the magnitude and acting direction of auxiliary

55 torque to be output therefrom.

As shown in Figure 5A, the mobile member 15 is engaged with the input shaft 1 by means of a pair of
radial pins 16, 16 fixed to the input shaft 1, and with the output shaft 4 by means of another pair of radial
pins 17, 17 fixed to the output shaft 4, the radial pins 17, 17 being each respectively circumferentially
spaced apart at a phase difference of 90° from one of the radial pins 16, 16. For the engagement with the

60 radial pins 16, 16 projecting from the input shaft 1, the mobile member 15 has a pair of engagement
holes 16b formed therethrough at corresponding circumferential positions so as to be elongate in the
axial direction of the torsion bar 8. Also for the engagement with the radial pins 17, 17 projecting from
the output shaft 4, the mobile member 15 is formed therethrough with a pair of engagement holes 15a
which are elongate at a skewed angle with respect to the axial direction of the torsion bar 8. The mobile

65 member 15 is normally biased in the axial direction, to the left in Figure 4 with a coil spring 18 com-
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pressed to be interposed between this member 15 and the aforesaid ball bearing 2.

In the foregoing arrangement, between each of the radial pins 17 and corresponding one of the elon-
gate holes 15a is given a clearance due to the precision of workmanship. However, at the side 15¢ as the
working side of the hole 15a, any play due to such clearance between the pin 17 and the hole 15a is
substantially eliminated by the presence of the spring 18 that normaily urges the pin 17 into abutment
with the working side 15¢, while the other side 15d of the hole 15a has a corresponding play 7 left
against the pin 17.

According to the foregoing arrangement, when the input shaft 1 is forced to rotate by steering torque
applied to the steering wheel, thus transmitting torque through the torsion bar 8 to the output shaft 4,
there is developed a circumferential relative angular difference, i.e., the relative angular displacement be-
tween the input and the output shafts 1, 4, causing the mobile member 15 to axially move, to the right or
left in Figure 4, in accordance with the direction of rotation as well as the absolute value of the angular
difference that the input shaft 1 is then forced to experience relative to the output shaft 4. The relative
angular displacement can thus be detected by electrically detecting the extent of the axial movement of
the mobile member 15 through the differential transformer 14.

As shown in Figure 4, the servo unit 200 includes a cylindrical casing 19 accommodating therein the
aforesaid electric motor 20 coaxially arranged around the output shaft 4. The electric motor 20 is consti-
tuted as a direct current motor with a pair of magnets 21 as a field fixed to the inner circumference of the
casing 19, and with a rotor 26 as an armature consisting of a tubular shaft 23 which is rotatably sup-
ported by the needle bearings 6, 7 and a ball bearing 22, and an armature core 24 which is fixed on the
tubular shaft 23 and provided with an armature winding 25 arranged so as to cut, when rotated, the lines
of magnetic flux developed by the magnets 21. Further, the rotor 26 is provided at the left end thereof
with a slip ring assembly 27, to which the armature winding 25 has terminals 25a thereof connected in
such a manner as to permit the armature current lo of necessary quantity to be sent therethrough in
either direction of conduction as required. At each of necessary electrical angular positions, a brush 29 is
brought into abutment with the slip ring assembly 27, while being normally urged thereagainst with a
coil spring 28. Through the brush 27, the armature current lo as controlled is sent from the driving con-
trol circuit 100 into the armature winding 25.

In the foregoing arrangement, with torque applied from the steering wheel to the input shaft 1, while
the input and the output shafts 1, 4 have a relative angular displacement developed therebetween to be
detected by the relative rotation angle detection mechanism 13, the driving control circuit 100 is caused
to function to send the armature current lo to the armature winding 25, thereby driving the electric motor
20, such that the rotor 26 rotates about the output shaft 4, independently thereof, in the same direction of
rotation as the input shaft 1.

The rotation of the rotor 24 is transmitted to the output shaft 4, through a speed reducing mechanism
consisting of a primary and a secondary planetary gearings 32, 33, where it is reduced in speed and
increased in torque. In the speed reducing mechanism constituted with the two stages 32, 33 of planetary
gearing, the primary stage 32 consists of a primary sun gear 30 formed along the outer circumference of
the left end part of the tubular shaft 23 as a primary input member, a common ring gear 31 fixed to the
inner circumference of the casing 19, and a triple of primary planet gears 32a interengaged between the
sun and the ring gears 30, 31. The primary planet gears 32a are pivotably supported on a disc-like flange
32b fixed to a secondary input member rotatably loose-fitted on the output shaft 4, which member has
formed thereon a secondary sun gear 33a. On the other hand, the secondary stage 33 consists of the
secondary sun gear 33a, the ring gear 31, and a triple of secondary planet gears 33b interengaged be-
tween the sun and the ring gears 33a, 31. The secondary planet gears 33b are pivotably supported on a
disc-like flange 33c integrally joined with a tubular member 33e, which member 33e is spline-fitted on a
part of the splined portion 4a of the output shaft 4 and further fixed by a radial bolt 33d also to the same
shaft 4.

Accordingly, when steering torque is applied to the input shaft 1, the output shaft 4 receives, besides
the torque to be transmitted thereto from the input shaft 1 through the torsion bar 8, additional torque
developed by electromagnetic actions of the electric motor 20 arranged around the output shaft 4 and
transmitted through the speed reducing mechanism, whereby auxiliary torque is developed at the output
shaft 4. As a result, in the servo unit 200, torque applied to the input shaft 1 is apparently magnified
when transmitted to be developed as output torque ai the ouiput shafi 4, and therefore the servo unit
200 is permitted to function as an electromagnetic force magnifying device for electric type power steer-
ing systems.

Incidentally, it will be understood from Figure 5A that, when the relative angular displacement as the
phase difference between the input and the output shafts 1, 4 is enlarged to a predetermined angle (ap-
prox. 10° in this embodiment), circumferentially moving side faces 1c of the axially inner end portion 1b
of the input shaft 1 are brought into abutment, to be locked, with corresponding ones of circumferentially
locking side faces 4c of the axially inner end portion 4b of the output shaft 4. In other words, with such
locking structure between the input and the outpui shafis 1, 4, the electromagnetic servo unit 200 has
built therein a fail-safe mechanism.

Further, in the servo unit 200, the torsion bar 8 is adapted to serve partly for, while no steering torque
is applied to the input shaft 1, holding to maintain in a stable manner the input shaft 1 at a neutral posi-
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tion thereof relative to the output shaft 4 and, further, partly for, when steering torque is transmitted
from the steering wheel to the input shaft 1, having adequate reaction torque developed through the
input shaft 1 at the end of the steering wheel.

There will be described below the constitution as well as the function of the driving control circuit 100
adapted to control the action of the electromagnetic servo unit 200.

As schematically shown in Figure 3, the control circuit 100 consists of a relative-angle detecting circuit
71 as a phase difference detector for electrically detecting the angle of rotation of the input shaft 1 rela-
tive to the output shaft 4, and a motor driving circuit 72 for driving the electric motor 20. The detection
circuit 71 as well as the drive circuit 72 has fed thereto electric power from a battery as a power supply
75 through a power switch 73 and a fuse 74. The differential transformer 14 of the relative rotation angle
detection mechanism 13 has input to a primary winding 14a thereof an alternating current signal of a
predetermined frequency from the detection circuit 71, and output from a pair of secondary windings
14b, 14c thereof a pair of detection signals Vr, VI. These signals Vr, VI are input to the detection circuit
71, where they are processed to be output to the drive circuit 72 in the form a combination of a voltage
signal VP representing the relative angular displacement as a phase difference dp between the input and
the output shafts 1, 4 and a pair of logical voltage signals VR, VL representing the direction of rotation of
the input shaft 1 relative to the output shaft 4, which combination of signals VP, VR, VL as input in the
drive circuit 72 is utilized to drive, in accordance therewith, the action of the electric motor 20.

The detection circuit 71 and the drive circuit 72 will be detailed below with reference to Figure 1.

The differential transformer 14 of the detection mechanism 13 has, as described, the primary winding
14a fed with the alternating electric current signal of the predetermined frequency from an oscillator 70
of the detection circuit 71, and the secondary windings 14b, 14c adapted to output the detection signals
Vr, VI therefrom as a pair of alternating-current voltage signals with a differentially varying amplitude in
accordance with the axial displacement of the mobile member 15 of the transformer 14. The detection
signals Vr, VI are first rectified through a pair of rectifiers 34a, 34b and smoothed by a pair of low-pass
filters 35a, 35b, to be supplied as a pair of direct-current voltage signals Vr,, VI, to a pair of subtractors
36, 37, respectively.

Incidentally, in the foregoing arrangement, the mobile member 15 is adapted to take, in Figure 3, a
neutral position Xo thereof when the relative angular displacement between the input and the output
shafts 1, 4 is zero with no steering torque applied to the input shaft 1. Further, it is adapted to move, in
Figure 3, in the direction of +X when the input shaft 1 as viewed at the side of the steering wheel is
rotated to the right with respect to the output shaft 4 with clockwise acting torque applied to the input
shaft 1, and to the contrary in the direction of —X when the input shaft 1 is rotated to the left relative to
the output shaft 4 with counterclockwise acting torque applied to the input shaft 1.

The voltage signals Vr,, VI, output from the low-pass filters 35a, 35b are controlled to be at a differen-
tially varying level in accordance with the axial displacement of the maobile member 15, that is, the verti-
cal movement thereof in Figure 1, and thus to be at a predetermined voltage level when the member 15
is situated in the neutral position Xo.

More particularly, the connection of the differential transformer 14 to as well as the aforementioned
circuitry of the detection circuit 71 are made such that, when the mobile member 15 is caused to move
upwardly in Figure 1 with the input shaft 1 clockwise rotated relative to the output shaft 4, the voltage of
the signal Vr, rises from the predetermined level in proportion to the upward movement of the member
15 while that of the signal VI, falls, and to the contrary, when the member 15 is caused to downwardly
move in Figure 1 with the input shaft 1 counterclockwise rotated relative to the output shaft 4, the former
Vr, falls and the latter VI, rises in proportion to the downward movement.

The voltage signal Vr, from the low-pass filter 35a is led to both a plus input terminal of the subtractor
36 and a minus input terminal of the subtractor 37, and the voltage signal VI, from the low-pass filter 35b,
to both a minus input terminal of the former 36 and a plus input terminal of the latter 37.

The subtractors 36, 37 are adapted to output a pair of voltage signals Vr,, VI, respectively, such that Vr,
=Vr, — Vl,and VI, = VI, — Vr,.

In this respect, in the control circuit 100 supplied with electric power from the power supply 75 of posi-
tive polarity, even under such a condition that Vr, < VI, for example, the signal Vr, output from the sub-
tractor 36 has a voliage thereof kept from becoming negative, whereas under such condition it
substantially approaches zero at the positive side. Such characteristic is analogous to the voltage signal
VI, from the subtractor 37, as well.

in the foregoing circuit arrangement, therefore, under the condition that the mobile member 15 is lo-
cated at the neutral position Xo, the voltages of the signals Vr,, VI, from the subtractors 36, 37 are both
rendered substantially zero.

The output signals Vr,, Vi, of the subtractors 36, 37 are each respectively input to both an OR circuit 38
and a pair of voltage comparators 39, 40.

At the OR circuit 38, the input signals Vr,, VI, are logically added to obtain a relative angle difference or
phase difference representative signal as the voliage signal VP 1o be output to the drive circuit 72.

On the other hand, at one 39 of the voltage comparators 39, 40 is obtained a direction of relative rota-
tion or direction of phase difference representative signal as the logical signal VR to be output therefrom,
such that the signal VR has a voltage thereof set at a “high” level when the input signal Vr, is higher in
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5

the level than the input signal VI, and at a “low" level when the former Vr, is equal to or lower than the
latter VI, and at the other comparator 40 there is obtained another signal representing the direction of
relative rotation or that of phase difference, as the logical signal VL to be output therefrom, such that the
signal VL has a voltage thereof set at a “high” level when the input signal VI, is higher in the level than

5 the input signal Vr, and at a “low” level when the former VI, is equal to or lower than the latter Vr,. The
logical signals VR, VL are also fed to the drive circuit 72.

In the foregoing circuit arrangement, the signal VP is a direct current voltage signal as an angle differ-
ence signal of a level that is proportional to the angle of the relative angular displacement between the
input and the output shafts 1, 4 and thus able to be uiilized to know this angle. On the other hand, the

10 signals VR, VL are a pair of logical voltage signals as rotation direction signals representing the direction
of angular displacement of the input shaft 1 relative to the output shaft 4 and hence it is possible to
know this direction from them. Exemplarily, when set at the “high" level, the rotation direction signal VR
implies that the input shaft 1 is rotated in the clockwise direction relative to the output shaft 4, while the
rotation direction signal VL is then set at the “low” level. To the contrary, the signal VL as set at the

16 “high” level implies that the input shaft 1 is rotated in the counterclockwise direction relative to the out-
put shaft 4, while the signal VR is then set at the “low” level.

The signals VP and VR, VL have characteristic curves thereof inclined and stepped as shown in Figures
2A and 2B, 2C, respectively.

As shown in Figure 2A, the angle difference signal VP has an upper limit thereof at a voltage level Ve

20 corresponding to such a relative angular displacement between the input and the output shafts 1, 4 cor-

' responding to the predetermined phase difference, where the failsafe mechanism consisting of the re-
spective axially inner end portions 1b, 4b of the shafts 1, 4 operates.

Hereinbelow, detailed description will be made of the diive circuit 72, with reference again to Figure. 1.

The voltage signal VP having a varying level in proportion to the relative angle difference dP is fed to a

25 plus input terminal of a differential amplifier 41, and the logical signals, VR, VL set at the “high” or “low’’
voltage level in accordance with the direction of the relative rotation are fed both to a later described
switching circuit 42. At the amplifier 41, the signal VP is processed in a later described manner to pro-
duce a voltage signal VP, which is output to a plus input terminal of a voltage comparator 43, where it is
compared with a triangular pulse signal Vt input to a minus input terminal of the comparator 43 from a

30 triangular wave generator 44, thereby obtaining a rectangular pulse signal VP, to be output from the
comparator 43 to the switching circuit 42,

The rectangular pulse signal VP, obtained at the comparator 43 by comparing the voltage of the input
signal VP, with that of the triangular pulse signal Vt is given as a voltage signal having a source level Vce
when the signal VP, is higher in level than the signal Vi, so that, as exemplarily shown in Figure 2D,

35 there is obtained as the signal VP, a pulse signal having a frequency synchronized with the triangular
pulse signal Vt and a varying pulse width W, in proportion to the voltage level of the output signal VP, of
the amplifier 41. Accordingly, as will be understood from Figure 2D, the pulse signal VP, as output from
the comparator 43 has a mean voltage VM,, such that VM, = Vec x (W,/Wo), where Wo is the period of
the rectangular pulse signal VP, synchronized with ihe triangular pulse signal Vt. The mean voltage VM,

40 of the signal VP, is proportional to the voltage level of the signal VP,, as a matter of course.

The aforesaid switching circuit 42 is adapted o conirol the terminal polarity of the electric motor, when
applying thereacross a controlled drive signal with a varying mean voltage in correspondence to the
mean voltage VM,, as will be described below.

The switching circuit 42 has later described controlled voliage signals output therefrom, through four

45 terminals 42a, 42b, 42¢, and 42d thereof connected to the bases of four npn transistors 45, 46, 47, 48
constituting four bridge sides of a bridge circuit 49, respeciively. The bridge circuit 49 is constituted as a
polarity determining switch circuit with the transistors 45 to 48 utilized as switching elements thereof, in
which the bridge sides of the transistors 45, 47 has a terminal 50 led from therebetween to be connected
as a supply side terminal to a positive terminal of the power supply 75 (Figure 3) and further the bridge

50 sides of the transistors 46, 48 has a terminal 51 led from therebetween to be connected as an earth side
terminal through a resistor 52 of a resistance Ra to the ground. Also from between the sides of the tran-
sistors 45, 46 and between those of the transistors 47, 48 are led terminals, 53, 64 respectively, which are
connected, as a pair of output terminals reversible of the polarity in accordance with on-off actions of the
transistors 45 to 48, to the brushes 29, 29 of the eleciric motor 20, respectively. Incidentally, in the circuit

B5 49, the bridge sides of the transistors 45 to 48 each respectively have one of four diodes 55 connected in
parallel thereto, between the collector and the emitier thereof, 1o prevent reverse flow of direction-con-
trolled electric current,

In the foregoing circuit arrangement, the switching circuit 42 is adpated to conduct the rectangular
pulse signal VP2 to the bases of the transistors 45, 48 when the logical signal VR is “high” and the logi-

60 cal signal VL is ““low"”, and to the contrary to those of the transistors 46, 47 when the former VR is “low"
and the latter VL is “high”, while the signals VR, VL are controlled to be set at "high” level in an exclu-
sive manner,

Exemplarily, when the rotation direction representative logical signal VR is set at the “high” level, the
rectangular pulse signal VP, from the comparator 43 is fed to the bases of the transistors 45, 48, turning

65 them on, so that a voliage Va is applied across the eleciric motor 20 with corresponding polarity, sending
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thereto the armature current lo in the direction of A in Figure 1, whereby the rotor 26 of the motor 20 is
driven to rotate to the right in accordance with the direction of rotation of the input shaft 1 relative to the
output shaft 4.

To the contrary, when the logical signal VL is set at the “high” level, the pulse signal VP, is fed to the
bases of the transistors 46, 47, turning them on, so that the voltage Va is applied across the electric
motor 20 with corresponding polarity, sending thereto the armature current lo in the direction of B in
Figure 1, whereby the rotor 26 of the motor 20 is rotated to the left in accordance with the direction of
the relative rotation.

Accordingly, the voltage Va applied across the electric motor 20 has an effective value thereof corre-
sponding to the mean voltage VM, of the rectangular pulse signal VP,.

With respect to the electric motor 20, across which the voltage Va is applied to send the armature
current lo, it will be easily understood that, if load imposed as torque from the output shaft 4 onto the
motor 20 is constant, the rotating speed N as the number of revolutions per unit time (hereinafter typi-
cally called “rpm”) is fundamentally proportional to the level of the effective value of the voitage Va,
whereas the quantity as effective value of the armature current lo is determined from the load torque in a
unique manner. The rotating speed N in terms of rpm of the eleciric motor 20 is thus controllable by
regulating the level of the effective value of the voltage Va.

As shown in Figure 1, the terminal 53 has a voltage as a potential thereof relative to the ground for
example, which voltage is applied to be input as a voltage signal Var through a low-pass filter 56 to a
plus input terminal of a subtractor 57 and to a minus input terminal of another subtractor 58, while the
terminal 54 also has a voltage as a potential thereof, which is applied to be input as a voltage signal Val

-through another low-pass filter 59 to a minus input terminal of the subtractor 57 and a plus input termi-

nal of the subtractor 58. From the subtractors 57, 58 are output a pair of voltage signals Var’, Val’, re-
spectively, which are input to an OR circuit 60, where they are logically added to obtain a voltage signal
Va’ to be output, as a representative signal of the absolute value of the voltage difference across the
electric motor 20, to a plus input terminal of still another subtractor 61, which is fed at a minus input
terminal thereof with an armature current representative signal Vm’ as a voltage signal output from a
direct-current amplifier 63. The amplifier 63 has input thereto a direct-current voltage signal Vm obtained
by passing the voltage of the earth side terminal 51 of the bridge circuit 49, as a potential with respect to
the ground at a positive terminal of the resistor 52, through a low-pass filter 62.

In the foregoing circuit arrangement, the signal Va’ fed to the plus input terminal of the subtractor 61
has a voltage level corresponding to the effective value of the voltage Va across the electric motor 20,
and on the other hand the signal Vm’ fed to the minus input terminal of the subtractor 61 has a voltage
level corresponding to the potential at the positive terminal of the resistor 52, which potential is in corre-
spondence to the effective value of the armature current fo. As a result, by giving a proper amplification
factor to the direct-current amplifier 63, the subtractor 61 is adapted to have at the output side thereof a
feedback voltage signal Vf corresponding to a countier electiromotive force developed across the electric
motor 20 in accordance with the load torque thereto. In this respect, the level of the voltage signal Vf to
be output from the subtractor 61 is proportional to the rotating speed N of the electric motor 20.

As shown in Figure 1, the output signal Vf of the subitractor 81 is applied to a minus input terminal of
the aforementioned differential amplifier 41, which in turn ouiputs the voltage signal VP, at a varying
level in proportion to the difference between the voliage signal VP, on which the level is proportional to
the relative angle difference dP, and the voltage signal Vf, of which the level is proportional to the rotat-
ing speed N of the electric motor 20. The signal VP, is then input to the comparator 43, where it is proc-
essed to obtain the rectangular pulse signal VP,, which is employed at the switching circuit 42 to drive
the electric motor 20 in either desired direction of rotation thereof, as described. As a result, the output
shaft 4 is adapted to be rotated by the electric motor 20 at a varying speed in proportion to the relative
angle difference dP as a phase difference between the input and ouiput shafts 1, 4.

Herebelow, description will be made of the feedback voltage signal Vf to be fed to the minus input
terminal of the differential amplifier 41.

The signals Var’, Val' output from the subtractors 57, 58 are given as voltage signals, such that:

Var’ = A, X (Var - Val}; and

Val’ = A, x (Val - Var),

where A, is an amplification factor, such that the factor A, becomes substantially equal to zero at the
positive side if Var < Val at the subtractor 57 and Var > Val at the subtractor 58, like the case of the
aforementioned subtractors 36, 37.

The output signal Va’' of the OR circuit 60 resulis by taking the logical sum of the above signals Var’,
Val’' and hence has a voltage level always corresponding to the absolute value as an effective value of
the voltage Va as applied to the armature of the electric motor 20, such that:

Va’' = A, X |[Var-Val|{=A, x|Va|---—- (1)

On the other hand, the signal Ym obtained by passing the positive terminal potential of the resistor 52
through the low-pass filter 62 has a voltage level, such that:

Vm = Ra x Im -------- (2),

where Ra is the resistance of the resistor 52, and Im is the mean value as the effective value of the
armature current lo.
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Incidentally, there is a relation such that:

Va =Im X Rm + Vs -------- (3),

where Rm is the internal resistance of the electric motor 20, and Vs is an induction voltage as the
counter electromotive force of the motor 20.

5 The signal Vm is amplified at the amplifier 63, to be output as the signal Vm’, so that:

Vm' = A, X Vm ~=emeee (4),

where A, is an amplification factor.

The signals Va’' and Vm’ are fed to the plus and the minus input terminals of the subtractor 61, to
obtain the feedback signal V¥, such that:

10 Vi=A; x(Va’'-Vm’) —mr (5),

where A, is an amplification factor.

By substituting expression (3} into expression (1),

Va' = A, X [Im X Rm + Vs | =eeuee- (6)

Rm is always of a positive value, and also Im x Rm and Vs are the same in sign when the armature

15 current lo is sent in either direction of conduction. Therefore, expression (6) can be written such that:

Va' = A, x Rm X |Im |+ A, X | Vs | --meeev (6')

Substituting expression (2) into expression (4),

Vm’ = A, X Ra x Im -------- (7)

Substituting expressions (6’) and (7) into expression (5),

20 Vi=A,x{A, xBm X |Im|+ A, X|Vs|— A, X Ra X Im) --=-eem- (8)

Since the positive terminal potential of the resistor 52 is constant in sign, the current value Im in
expressions (2} and (7} as basis of the signal Vm’ to be determined by the resistor 52 always has a posi-
tive value.

Accordingly, the value of Im of term A, X Ra X Im in expression (8) is always positive.

256 Incidentally, in this embodiment, the amplification factor A, of the subtractors 57, 58 and the amplifica-
tion factor A, of the amplifier 63 are determined such that:

A, Xx Rm = A, X Ra

Thus, by eliminating terms of A, x Rm X | Im | and A, X Ra X Im in expression (8), there will be given
an expression such that:

30 Vi=A; XA X|VS]-meemm (9)

As described, the voltage Vs is the induction voltage as the counter electromotive force of the electric
motor 20, while the counter electromotive force is proportional to the rotating speed N of the motor 20,
and therefore:

Vs = Ke X N -=mmemr (10),

35 where N is the rotating speed in terms of rpm taking into account the direction of rotation, and Ke is a
coefficient of voltage induction in terms of volts per rpm.

Substituting expression (10) into expression (9),

VE=A; XA X|KexN|=A, XA xKeX|N|=KX|N]|mmm-- (11)

where k = A, X A, X Ke

40 As will be comprehended from expression (11}, the output signal Vf of the subtractor 61 has a voltage
proportional to the absolute value of the rotating speed N of the electric motor 20, that is, the number of
revolutions per unit time thereof.

In the foregoing description, the voltage signal VP to be fed to the plus input terminal of the differential
amplifier 41 is given as a signal representing the circumferential relative angle difference dP as the phase

45 difference between the input and the output shafts 1, 4, and further, as described, the voltage Va to be
applied across the electric motor 20 corresponds to the output signal VP, of the amplifier 41, while the
signal VP, is obtained by negatively feeding back the voitage signal Vf to the voltage signal VP, the signal
Vf corresponding to the rotating speed N of the electric motor 20, so that the signal Va has a voltage
substantially proportional to that of the signal VP. Accordingly, the electric motor 20 is driven to rotate at

50 a speed N (rpm) in proportion to the phase difference dP between the input and the output shafts 1, 4.

It will be understood that the circuit elements 56, 59, 57, 58, 60, 51, 62, 63 and 61 are adapted to coop-
erate together to feed back the signal Vf according to the rotating speed N of the electric motor 20, to
thereby stabilize the rotation thereof depending on the signal VP,

As will be understood from the foregoing description, in the electromagnetic servo device according to

55 the this embodiment, the number of revolutions or the rotating speed N of the electric motor 20 is con-
trolled in accordance with the relative angle difference as the phase difference between the input and the
output shafts 1, 4, so that the electric motor 20 is permiited to be speed-controlled favorably depending
on actions of the shafts 1, 4.

For example, with steering torque gently applied from the steering torque to the input shaft 1, when

60 the relative angle difference dP between the input and the ouiput shafts 1, 4 is developed into a relatively
small angle, then the electric motor 20 is driven to rotate at relatively low rotation speeds, supplying
auxiliary torque through the redutciton gearing 32, 33 to the output shaft 4, which is thus forced to move
at relatively low speeds to a position where the input shafi 1 is rotated.

On the other hand, with steering torque suddenly applied to the input shaft 1, when the relative angle

65 difference dP between the shafts 1, 4 is developed into a relatively large angle, then the electric motor 20
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is driven to rotate at relatively high rotation speeds, whereby the output shaft 4 is forced to move at
relatively high speeds to a position where the input shaft 1 is rotated. As the output shaft 4 approaches
the rotated position of the input shaft 1, however, the relative angle difference dP between the shafts 1, 4
becomes smaller, thus correspondingly reducing the rotating speed N of the electric motor 20.

Due to such speed control of the electric motor 20, the output shaft 4 is caused to rotate, smoothly
following the rotation of the input shaft 1, without developing delay therefrom. Further, corresponding to
the follow-up rotation of the output shaft 4 to the input shaft 1, the rotating speed N of the electric motor
20 is automatically changed in a gradually reducing manner with decrease of the relative angle difference
dP, whereby the output shaft 4 is effectively prevented against overrun due to the moment of inertia of
the rotor 26 of the motor 20.

In other words, when the input shaft 1 is caused to rotats, the electric motor 20 and thus the output
shaft 4 is successfully controlled to be driven to follow the rotation of the input shaft 1, in a stable man-
ner, with favorable responsiveness thereto.

Still more, in the follow-up rotation of the output shaft 4 in response to the rotation of the input shaft
1, the rotating speed N of the electric motor 20 is controlled, taking advantage of the relative angle differ-
ence dP, so as to be varied depending on the magnitude of load imposed as torque on the output shaft
4. Exemplarily, where the input shaft 1 is caused to quickly rotate so as to have a relatively large angle
difference dP with respect to the output shaft 4, if the load imposed on the output shaft 4 is smaller than
intended, then the rotating speed N of the direct-current electric motor 20 tends to be shifted toward a
high speed region thereof, due to its own operating characteristics, exceeding a point intended by the
signal VP. However, when the speed N has become larger, even though a little, then the feedback signal
Vf has a correspondingly enlarged voltage as will be understood from expression (11}, so that, by the
function of the circuit elements 44, 43, 42, and 49, the voltage Va across the electric motor 20 is reduced,
thereby preveniing increase in the speed N.

In other words, the output shaft 4 is effectively conirolled to be driven to rotate, following the input
shaft 1 in a stable manner, with favorable responsiveness thereto and besides in sufficient consideration
of the load torque imposed on the output shaft 4.

Although there has been described what is at present considered to be the preferred embodiment of
the invention, it will be understood that the present invention may be embodied in other specific forms
without departing from the essential characteristics thereof.

The present embodiment is therefore to be considered in all respects as illustrative and not restrictive.
The scope of the invention is indicated by the appended claims rather than by the foregoing description.

CLAIMS

1. An electromagnetic servo device including an input shaft, an output shaft, electric motor means for
producing auxiliary torque to be applied to said output shaft, detection means for detecting a phase dif-
ference between said input shaft and said output shaft, and control circuit means adapted to provide a
control signal for said motor means to thereby supply an armature current of a controlled quantity, in a
controlled direction of conduction thereof, in accordance with a detection signal from said detection
means and to control the rotation speed of said motor means in accordance with said detection signal.

2. An electromagnetic servo device according to claim 1, wherein said control circuit means is
adapted to provide said control signal for said motor means such as to render said rotation speed of said
motor means proportional to the quantity of said phase difference between said input shaft and said
output shaft.

3. An electromagnetic servo device according to claim 2, wherein said control circuit means com-
prises a first circuit for producing a phase difference quantity signal and a phase difference direction
signal representing the quantity and the direction of the said phase difference, in accordance with said
detection signal from said detection means, a second circuit adapted to receive said phase difference
quantity signal and said phase difference direction signal and to produce, in accordance therewith, said
control signal to be fed to said motor means, and said second circuit being adapted to produce said

-control signal, such that said control signal has a polarity of voltage thereof determined from said phase

difference direction signal and a level of voltage thereof controlled to be proportional to a signal value of
said phase difference quantity signal.

4. An electromagnetic servo device according to claim 3, wherein said control circuit means further
comprises a third circuit provided for said second circuit and adapted for feeding back to said phase
difference quantity signal a signal representing the absolute value of said rotation speed of said motor
means.

5. An electromagnetic servo device according to any preceding claim, further comprising a speed re-
ducing mechanism for transmitting motor torque of said motor means to said output shaft, in a speed
reducing manner.

6. An electromagnetic servo device substaniially as hereinbsfore described with reference to the ac-
companying drawings.
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