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(57) Abstract: The rotation-angle detecting device of
the present invention contains two rotators having the
same number of teeth, which engage with a gear fixed
to arotation-detecting axle as a detected object. The de-
tecting device further includes a controller. Receiving
a rotation-angle signal from the rotators, the controller
amplifies the signal, performs calculations, and stores
the results. The controller converts each rotation-an-
gle signal from each rotator into each periodic wave-
form output having the same crest value, and stores an
initial phase difference value at initial setting. In driv-
ing operations, monitoring an evaluation value calcu-
lated with reference to the initial phase difference value,
the controller determines that abnormalities occurred,
if the evaluation value exceeds a predetermined abnor-
mality-evaluation threshold.
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DESCRIPTION

DEVICE AND METHOD OF DETECTING ROTATION ANGLE

TECHNICAL FIELD
The present invention relates to a rotation-angle detecting device
employed, for example, for a vehicle control system in an automobile and a

rotation-angle detecting method using the device.

BACKGROUND ART

A rotation-angle detecting device has conventionally been employed for
detecting a rotation angle of a rotator, for example, a steering wheel on an
automobile that rotates beyond 360° (in a predetermined rotation range). Figs.
9 and 10 show such a prior-art device and method of detecting rotating angle.
For example, WO 96/27116 is a well-known disclosure introducing the prior-art.
Firstly, the device and method of the prior-art will be described hereinafter.

Fig. 9 shows the general structure of a rotation-angle detecting device.
Gear 111 is coupled with steering axle (hereinafter referred as to a rotation
axle) 110 of an automobile. Two gears 112 and 113 are positioned on gear 111
so as to have engagement. Gears 112 and 113 have permanent magnets 102
and 103, respectively. Furthermore, magnetometric sensors 104 and 105 are
disposed so as to face magnets 102 and 103, respectively. Sensors 104 and 105
are arranged, together with other electric components, on circuit board 106.

Fig. 10 schematically shows the relationship between the aforementioned
three gears. Rotation detecting axle 110, which rotates beyond 360°, has gear
111. Gear 111 has n teeth of a toothed. On the other hand, gears 112 and 113

engaging with gear 111 have m teeth, and m+1 teeth of a toothed, respectively.
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Sensor 104 periodically detects rotation angle ¢ of gear 112, similarly, sensor
105 detects rotation angle 0 of gear 113. Although the periodicity of each
sensor (represented by Q) is usually determined 180° or 360°, it is not limited
thereto.

BEach sensor is connected to electronic evaluation device 116, which
performs calculations required for detecting angle A of rotation axle 110. On
the precondition that each of sensors 104 and 105 is defined as “an
absolute-value sensor”, the two sensors detect angle \ of gear 112 and angle 6 of
gear 113, immediately after the rotation-angle detecting device is turned ON.
The sensors thus outputs angles 19 and 0 at a turned-on moment. Prior to the
calculation of angle A of rotation axle 110, integer number “k” is obtained from
the expression below by substituting angles v, 0, the number of teeth of gears
112, 113, and Q:

k=((m+1)*0-m*y)/ Q.

And further, with the integer number k and the number of teeth of
rotation detecting axle 111, angle A is derived from the expression below:

A= (m ¢ Y+Hm+1) *0-(2m+1) *k*Q)/2n.

The aforementioned detecting device, however, receives a signal without
evaluating, even if the sensors have an abnormal output. Therefore, a
perceptible error can occur in measurement. Besides, the detecting device
employs an amplifying circuit to amplify a low-powered output from the sensors.
If the amplifying circuit improperly amplifies the signal from the sensors, the
result will be the same. Such an error in measurement has often invited a
problem that the rotation of the steering wheel cannot be accurately
transmitted to the vehicle control system of a car. The present invention
addresses the problem above. It is therefore the object to provide a

rotation-angle detecting device capable of quickly detecting abnormalities
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occurred in the detector for detecting a rotation angle and in the amplifying

circuit for amplifying the signal from the detector.

DISCLOSURE OF THE INVENTION

The present invention addresses the aforementioned problem. It is
therefore an object to provide a simply structured rotation-angle detectiﬁg
device capable of quickly detecting abnormalities in a rotator, a detector, and an
amplifier. The rotation-angle detecting device of the present invention, which
detects a rotation angle of a rotation detecting axle, has an abnormality
evaluation mechanism. The mechanism further contains i) a first rotator and
a second rotator, both of which have the same number of teeth and engage with
the gear fixed on the rotation detecting axle; i) a first angle-detector and a
second angle-detector that detect the rotation angle of the first rotator and the
second rotator, respectively; and iii) a controller for calculating the output fed
from the first and second detectors and storing the calculation result. The
controller i) converts the output from the first and the second detectors into a
first periodic waveform and a second periodic waveform, respectively, both of
which have the same crest value and then ii) stores a phase difference between
the first and second periodic waveforms at a time of initial setting as an initial
phase difference. The controller determines that an abnormal condition occurs
when an evaluation value calculated with reference to the initial phase
difference exceeds a threshold value for abnormality evaluation.

The present invention also relates to a method of detecting rotation angle

using the detecting device above.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 illustrates the structure of a rotation-angle detecting device in
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accordance with a first exemplary embodiment of the present invention.

Fig. 2 illustrates the output of the rotators of the device of the first
embodiment.

Fig. 3 is a flow chart illustrating the calculation of a steering angle
performed in the device of the first embodiment.

Fig. 4 illustrates the rotators’ output and absolute steering-angle output.

Fig. 5 is a view illustrating an initial phase difference obtained from the
output of two rotators.

Fig. 6 is a flow chart illustrating the abnormality evaluation procedure.

Fig. 7 is a view illustrating the relationship between the rotators’ output
and variations in the steering angle.

Fig. 8 is another view illustrating the relationship between the rotators’
output and variations in the steering angle.

Fig. 9 shows the structure of a prior-art rotation-angle detecting device.

Fig. 10 is schematic view of illustrating the structure of a prior-art

rotation-angle detecting device.

DETAILED DESCRIPTION OF CARRYING OUT OF THE INVENTION
The exemplary embodiments of the present invention are described
hereinafter with reference to the accompanying drawings.
FIRST EXEMPLARY EMBODIMENT
Fig. 1 shows the entire structure of the detecting device of the present
invention. In Fig. 1, gear 11 of “n” number of teeth is attached with rotation
detecting axle 10 of the steering wheel of a car (hereinafter referred to as
rotation detecting axle 10). Further, a first rotator 12 and a second rotator 13,
each of which has a gear around the periphery, are arranged so as to engage

with the gear 11 of rotation detecting axle 10. The first gear 12 and the second
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gear 13 have the same number of teeth, “m”. Rotators 12 and 13 also have
permanent magnets 14 and 15, respectively. Furthermore, magnetometric
sensors 16 and 17 are disposed so as to face magnets 14 and 15, respectively.
The permanent magnet 14 and the magnetometric sensor 16 constitute the first
rotation-angle detecting device 31. The permanent magnet 15 and the
magnetometric sensor 17 constitute the second rotation-angle detecting device
32. Signals fed from sensors 16 and 17 are amplified by amplifiers 18 and 19,
and then processed by waveform processors 20 and 21, respectively. Calculator
22 performs various calculations on the data fed from processors 20 and 21.
Storage 23 stores calculation results necessary for rotation-angle detecting.

The amplifier, waveform processor, calculator, and storage above are
mounted, as the CPU (central processing unit) or an IC (integrated circuit), on a
printed circuit board (not shown). These components constitute controller 24.
Although magnetometric sonsors 16 and 17 employ AMR (anisotrbpic magnetic

resistance) elements in the embodiment, it is not limited thereto; a

- magnetometric sensor employing Hall elements can be structured the same. An

abnormality evaluation mechanism 30 includes the first rotator 12, the second
rotator 13, the first rotation-angle detecting device 31, the second rotation-angle
detecting device 32, and the controller 24.

Fig. 2 shows each output of the first rotator and the second rotator and
an output of absolute steering angle after subjected to waveform processing.
The signal fed from sensors 16 and 17 has the form of a sinusoidal curve.
Processed by waveform processors 20 and 21, the signal is formed into a
waveform that periodically changes in almost linear (hereinafter referred to as
a saw-tooth wave).

When “k” takes the gear ratio of gear 11 of the rotation detecting axle and

first rotator 12 (or second rotator 13), “k” is obtained by the expression: k=n/m.
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And further, the wave period of the first rotator’s output and the wave period of
the second rotator’s output take the same value; suppose that “w” takes the
wave period of the two rotators’ output. The “w” is given by the expression:
w=360/2k; this is due to the characteristics of a magnetometric sensor

employing the AMR elements — the sensor outputs two-cycle waveform per

-rotation of a rotator because the sensor does not discriminate between the two

poles (i.e., N and S) of the permanent magnet. When k=8, i.e., first rotator 12
and second rotator 13 rotate three times faster than rotation detecting axle 10,
the period “w” is given the value of 60° from the expreséion above. Suppose
that the phase difference between the first rotator’s output and the second
rotator’s output is represented by “w3”. The value “w3” depends on the
positional relation between permanent magnets 14, 15 and magnetometric
sensors 16, 17. The measurement method will be described later.

The first rotator’s output and the second rotator’s output have the same
crest value(A1l, A2); suppose that the crest value Al, A2 of the saw-tooth wave
obtained from the two rotators’ output is represented by “A”. The crest value A
1s obtained by converting the angle of the period w of each rotator’s output into
rotation angle of the rotation detecting axle 10.

A linear waveform (hereinafter referred to as an absolute steering-angle
output) shown in Fig. 2, which is given by processing the two rotators’ output,
represents the steering angle of rotation detecting axle 10.

Fig. 8 is a flow chart illustrating the calculation of the absolute
steering-angle output. Fig. 4 illustrates the waveform of the rotators’ output.
Hereinafter will be described the calculation method with reference to both
figures. When the latest measured value “V1” and the previous measured
value “VO0” of the rotator’s output are obtained by sampling the output every

short period, for example, every 1 millisecond, the displacement “V” can be
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obtained by the expression: V=V1-V0. Adding the displacement V to the
previously calculated steering-angle value provides the latest steering-angle
value. As a presumption, the displacement in the steering angle between the
previous measured value and the latest measured value is supposed to be less
than (1/2)w. There is no chance to have such a large displacement exceeding
the value of (1/2)w in the aforementioned short sampling intervals. The
procedure of calculating displacement in the steering-angle has four branches
() through (iv), as shown in the flow chart of Fig. 3, according to the
displacement value V. It will be understood that the numbers of (i) through
(iv) commonly used in Figs. 8 and 4 are associated with each other. The
explanation below will be given on the precondition of: ((b) - (a)) < (1/2)4, ((a) -
() < (1/2)A, and ((b) - (0)) > (1/2)A.

Case (1)

Referring to Fig. 3, when VO (i.e., the previous value) measures level (a),
and V1 (ie., the latest value) measures level (b), the displacement V satisfies
V=0 from the calculation of V=V1 - V0. In the next step of the flow chart, the
displacement V does not meet the condition of A>V > (1/2) A. In this case, the
steering-angle variation value “U” is calculated from the expression: U = V.
That is, the value of ((b)-(a)) is added to the previous measured steering-angle
value. In this case, the device determines that the displacement occurs in a
“forward” direction of the steering angle, as indicated by arrow (i) in Fig. 4.

Case (i1)

Referring to Fig. 3, when VO measures level (¢), and V1 measures level
(b), the displacement V satisfies V=0. In the next step of the flow chart, the
displacement V meets the condition of A >V > (1/2) A. In the following step,
the steering-angle variation value U is calculated from the expression: U=V -

A. That is, the value of ((b)-(a)-A) is added to the previous measured
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steering-angle value. In this case, the device determines that the
displacement occurs in a “backward” direction of the steering angle, as
indicated by arrow (i) in Fig. 4.

Case (iii)

Referring to Fig. 8, when VO measures level (a), and V1 measures level
(c), the displacement V does not sétisfy V=0. In the next step of the flow chart,
the displacement V does not meet the condition of (-A) <V < (-1/2) A. In this
case, the steering-angle variation value U is calculated from the expression: U =
V. That is, the value of ((c)-(a)) is added to the previous measured
steering-angle value. In this case, the device determines that the
displacement occurs in a backward direction of the steering angle, as indicated
by arrow (iii) in Fig. 4.

Case (iv)

Referring to Fig. 3, when VO measures level (b), and V1 measures level
(c), the displacement V does not satisfy V=0. In the next step of the flow chart,
the displacement V meets the condition of (-A) <V < (-1/2) A. Therefore, in
the following step, the steering-angle variation value U is calculated from the
expression: U=V + A, That is, the value of ((¢)-(b)+A) is added to the previous
measured steering-angle value. In this case, the device determines that the
displacement occurs in a forward direction of the steering angle, as indicated by
arrow (iv) in Fig. 4.

Throﬁgh the calculations above, calculator 22 shown in Fig. 1 obtains a
linear output waveform of the absolute steering angle from the saw-tooth
waveform received from the rotators. In the calculation, calculator 22
recognizes the reference point of the absolute steering-angle output by a neutral
position signal of the steering wheel, which is fed from the car body. It is thus

possible to provide a rotation-angle detecting device that converts the
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movement beyond 360° of rotation of the steering wheel into a linear absolute
steering-angle output.

Fig. 5 illustrates an initial phase difference in rotation angle between the
two rotators’ output. Through the aforementioned calculation, a linear
waveform of absolute steering-angle output can be obtained from the rotators’
output. In this calculation, with no adjustment of the reference point brought
by the neutral position signal, the assumed absolute steering-angle of the first
rotator (represented by “Ma”) is obtained from the first rotator’s output “M”;
similarly, the assumed absolute steering-angle of the second rotator
(represented by “Sa”) is obtained from the second rotator’s output “S”. To
obtain the values Ma and Sa, the measurement, in which rotation detecting
axle 10 is rotated so as to have nearly one full-turn, is repeated several times.
Now suppose that the measurement is repeated “i” times. FEach time the
measurement is done, the assumed absolute steering-angle of the first rotator’s
output (represented by “Mi”) and the assumed absolute steering-angle of the
second rotator’s output (represented by “Si”) are obtained to calculate the
average value “Ca” of the difference between Mi and Si:

Ca=(Mi-SD /i..cocnennnne. (D).

According to the value Ca, the initial phase difference “C” is determined

as follows:
IfCaz0,C=Ca ccoeeeneeeeeeeeeeeeeeeeiein, )
Otherwise, ie.,if C<0,C=Ca+A ...co......... (3.

The process above determines the setting range of the value C: 0 < C < A.
The initial phase difference C above is stored in storage 24. Monitoring
changes in the value C stored in storage 24, the detector finds abnormalities in
driving operations.

Next will be described a method of detecting abnormalities caused by
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components, such as, a worn-out and degraded gear, malfunction occurred in a
magnetometric sensor, amplifier, waveform processor. In the method, the
device detects abnormalities with reference to the initial phase difference C as a
reference value.

Fig. 6 is a flow chart showing the procedures of detecting abnormalities.
In Fig. 6, “M” represents the first rotator’s output; “S” represents the second
rotator’s output; “C” represents the initial phase difference calculated by the
aforementioned expressions (1) through (3); and “A” represents the crest value
of a saw-tooth wave described above. When “X” denotes that an abnormality
occurs or not, the evaluation value X can be derived from the expression below:

X= [ C+(S =M | oo @.

In the expression, the value of (S - M) takes a range of + A, and therefore,
0 = X = 2A. As described above, the initial phase difference C is stored in
storage 23. The detector compares the initial value C with the value of (S - M)
measured in driving opérations. If the difference between the two values
exceeds a predetermined threshold (represented by “D”), the device detects
abnormalities. Prior to the measurement, the threshold D has a small value
that has no ill effect on steering operation in driving (for example, 3 to 5
degrees).

In the flow chart, the procedure is divided into three branches () through
(iif), according to the evaluation value X obtained from expression (4).

Case (i)

In this case, the evaluatidn value X satisfies X < (A/2). In the next step,
the evaluation value X is compared with the predetermined threshold D. ifX <
D, the system determines that no abnormality occurred, and the procedure goes
back to the step previous to next sampling; otherwise, the system judges an

abnormal condition occurred in the device, and terminates the program. In
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this case, measures should be taken to recover the abnormal condition (not
shown).
Case (ii)

The evaluation value X does not satisfy X < (A / 2) but does satisfy X =
(3A/ 2). In this case, the value in which the crest value A is subtracted from
the evaluation value X, i.e., the value of (X — A) is employed for the evaluation
value. If the evaluation value satisfies -D =< (X - A) = D, the system judges
that no abnormality occurred, otherwise, judges an abnormal condition occurred
in the device.

Case (iii)

In this case, the evaluation value X does not satisfy X < (3A/ 2). In the
next step, the system uses the value of (X - 2A) for evaluation. IfD = (X - 2A)
= D is satisfied, the system determ:jmes that there is no abnormality, otherwise,
judges an abnormal condition occurred in the device.

Here will be given more detailed explanation on the evaluation
procedures above, with reference to the view illustrating the waveform of the
rotators’ output of Fig. 7. In the figure, the first rotator’s output “M” is
indicated by a wide solid line; the initial value of the second rotator’s output
“S0” is indicated by a narrow solid line; and the second rotator’s output after
characteristic change “S” is indicated by a narrow dashed line. In a real-world
situation, the characteristics change may occur in a) only the first rotator’s
output; b) only the second rotator’s output; or ¢) both of them. For simplicity,
the explanation will be given on the condition that the second rotator’s output
has changes in the characteristics, while the first rotator’s output has no
changes.

Fig. 7 shows an example in which the initial value SO of the second

rotator’s output characteristically changes to the value S, with the relation in
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magnitude between the two outputs maintained. The value of (S - M), which
represents the phase difference in driving operations, takes a negative value
during the period of (P) of Fig. 7. Accordingly, the evaluation value X, which is
derived from the expression: X = | C + (S - M) |, takes a value not more than
(A/2),ie.,X=(A/2). Thisexplains the evaluation in the case () of Fig.6. In
the next step of the case (i), the evaluation value X is compared with the
threshold D for evaluating abnormalities.

On the other hand, in the period (Q) of Fig. 7, the value of (S - M) takes a
positive value. Accordingly, the evaluation value X becomes larger than (A/ 2),
ie., X>(A/2). This explains the evaluation in the cases (i) and Gii). In each
next step of the cases (i) and (iii), the calculated evaluation value (X - A) and (X
~ 2A) are compared with the threshold D, respectively.

Fig. 8 shows another example in which the characteristics change from
S0 to S occurred in the second rotator’s output and thereby the second rotator’s
output S exceeds the first rotator’s output M. That is, the second rotator
changes its output S from the “forward” phase to “backward” phase with respect
to the first rotator’s output M. In this case, the average Ca takes a negative
value due to the reversed relation between the two outputs. Derived from the
expression (8): C = Ca + A, the initial phase difference C, as shown in Fig. 8,
takes on such a large value. In the (P) period, the value of (S — M) takes a
negative value. Accordingly, the evaluation value X takes a value o as to
satisfy (3A/2) = X>(A/2). On the other hand, in the (Q) period, the value of
(S - M) takes a positive value. Accordingly, the evaluation value X takes a
value so as to satisfy X > (8A/2). This explains the case (iii) in Fig. 6. In the
next step of the case (iii), the calculated evaluation value of (X — 2A) is

compared with the threshold D for evaluating abnormalities.
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INDUSTRIAL APPLICABILITY

The rotation-angle detecting device of the present invention can detect
the rotation angle of a rotator, such as a steering wheel on an automobile
rotating beyond 360° (within a predetermined rotation range). The device,
with simple calculations, can immediately detect abnormalities occurred in a
rotator, a detector, an amplifier, or the like, and then accurately transmit the
abnormal condition in the steering-wheel system to the control system of the
car body. This realizes a highly reliable car control system, enhancing a safe

driving.
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CLAIMS
1. A rotation-angle detecting device for detecting a rotation angle of a
rotation detecting axle as a detected object, the device comprising:
an abnormality evaluation mechanism further including:
(a) a first rotator and é second rotator, both of which have identical
number of teeth and engage with a gear fixed on the rotation detecting axle;
(b) a first angle-detector and a second angle-detector that detect a
rotation angle of the first rotator and the second rotator, respectively; and
(0) a controller for calculating output fed from the first and second
detectors and storing result of the calculation,
wherein, the controller i) converts the output from the first and the
second detectors into a first periodic waveform and a second periodic waveform,
respectively, both of which have identical crest value “A”, ii) stores a phase
difference between the first and second periodic waveforms at a time of initial
setting as an initial phase difference “C”, and iii) determines that an abnormal
condition occurs, in a real-world driving operations, when an evaluation value
“X” calculated with reference to the initial phase difference “C” exceeds a

predetermined abnormality-evaluation threshold “D”.

2. The rotation-angle detecting device of Claim 1, wherein the device i)
converts the first periodic waveform and a second periodic waveform into a first
linear waveform and a second linear waveform, respectively, which linearly
change as the rotation detecting axle rotates, ii) calculates an average value of a
difference between the first and the second linear waveforms at predetermined
intervals, and iii) determines the initial phase difference value “C” according to
the calculated average value; if the average value takes a positive value, the

initial phase difference value "C” is employed with no change, however, if the
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average value takes a negative value, the crest value “A” is added to the initial

phase difference value “C”.

3. The rotation-angle detecting device of Claim 1, wherein the device
obtains the evaluation value by 1) adding the initial phase difference value “C”
to a difference between a value of the first periodic waveform and a value of the
second periodic waveform and then ii) taking an absolute value of the added

value.

4. The rotation-angle detecting device of Claim 3, wherein the device

determines that abnormalities occurred, if X < (A / 2) and X = D are satisfied.

5. The rotation-angle detecting device of Claim 3, wherein the device
determines that abnormalities occurred, if (A/2) <X <(BA/2) and X -A) =D

are satisfied.

6. The rotation-angle detecting device of Claim 3, wherein the device
determines that abnormalities occurred, if X = (8A / 2) and (X - 24) = D are

satisfied.

7. A rotation-angle detecting method using a rotation-angle detecting
device for detecting a rotation angle of a rotation detecting axle as a detected
object, the device containing:

an abnormality evaluation mechanism further including:
a first rotator and a second rotator, both of which have identical
number of teeth and engage with a gear fixed on the rotation detecting axle;

a first angle-detector and a second angle-detector that detect a
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rotation angle of the first rotator and the second rotator, respectively; and
a controller for calculating output fed from the first and second
detectors and storing result of the calculation,
the method comprising the steps of:

() converting the output from the first and the second detectors into
a first periodic waveform and a second periodic waveform, respectively, both of
which have identical crest value “A”;

(b) storing a phase difference between the first and second periodic
waveforms at a time of initial setting as an initial phase difference “C”; and

(c) determining occurrence of an abnormal condition, in a real-world
driving operations, when an evaluation value “X” calculated with reference to
the  initial phase  difference “C” exceeds a  predetermined

abnormality-evaluation threshold “D”.

8. The rotation-angle detecting method of Claim 7, wherein the step (b)
further includes the sub-steps of: |
| (b-1) converting the first periodic waveform and a second periodic
waveform into a first linear waveform and a second linear waveform,
respectively, which linearly change as the rotation detecting axle rotates;
(b-2) calculating an average value of a difference between the first
and the second linear waveforms at predetermined intervals; and
(b-3) determining the initial phase difference value “C” according to
the calculated average value; if the average value takes a positive value, the
initial phase difference value "C” is employed with no change, however, if the
average value takes a negative value, the crest value “A” is added to the initial

phase difference value “C”.
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9. The rotation-angle detecting method of Claim 7, wherein the step (c)
further includes a step of obtaining the evaluation value by i) adding the initial
phase difference value “C” to a difference between a value of the first periodic
waveform and a value of the second periodic waveform and then ii) taking an

absolute value of the added value.

10. The rotation-angle detecting method of Claim 9 further includes a
step of determining occurrence of abnormalities, if the evaluation value takes a

value so as to satisfy X < (A/2) and X = D.

11. The rotation-angle detecting method of Claim 9 further includes a
step of determining occurrence of abnormalities, if (A/2) <X < (8A/ 2) and (X -
A) = D are satisfied.

12. The rotation-angle detecting method of Claim 9 further includes a
step of determining occurrence of abnormalities, if X = (3A/ 2) and (X - 24) =D

are satisfied.
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FIG. 2
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FIG. 3
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FIG. 5
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FIG. 6
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FIG. 7
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FIG. 9
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FIG. 10
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Reference numerals in the drawings
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