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(57) ABSTRACT

An object of the present invention 1s to provide an automatic
compensation sensor that can eliminate an exclusive mput
terminal for the compensation mode signal. To achieve this
object, the present invention comprises a sensor body (1), a
signal output terminal (5) for outputting signals from the
sensor body (1), and a controller for compensating the out-
put signal from this signal output terminal (5).

11 Claims, 17 Drawing Sheets

4
o
Signal i
Al | Signal
output circuit output
terminal



U.S. Patent Oct. 19, 2010 Sheet 1 of 17 US RE41,847 E

FIG. 1
1 3 4
5
Sensor bod ~ Signal .
2119(? earl output circuit . g&gtgsl
terminal

2

Microcomputer
and its
peripheral
circuits

21
22



U.S. Patent Oct. 19, 2010 Sheet 2 of 17 US RE41,847 E

FIG. 2

S1
Check digital input
terminal 22
S2

Presence of

data
No
S3
SO -
lllegal data

o4
Compensation
S6
Normal operation




U.S. Patent Oct. 19, 2010 Sheet 3 of 17 US RE41,847 E

FIG. 3

8
Diagnosis - :
| Diagnosis
output circuit output
terminal

Signal .

Sensor b d '
ensor body Signal output circuit —~ Signal
adder

output
2 terminal

Microcomputer

and its
peripheral
circuits

21
23



U.S. Patent Oct. 19, 2010 Sheet 4 of 17 US RE41,847 E

FIG. 4
8
Diagnosis = Diagnosis

output circuit output

terminal
Sensor body Signal Slgnal _ °

~dder output circuit Signal

output

terminal

Microcomputer
and its
peripheral

circuits



U.S. Patent Oct. 19, 2010 Sheet 5 of 17 US RE41,847 E

FIG. 5
9
10
AC
separator B
1 3 4
O
Sensor body Signal Signal _
adder outpqt .
circuit Signal
2 output
terminai

Microcomputer
and its
peripheral
circuits

24 21 11



19)ndWoo0oIN  OF

US RE41,847 E

ey

AJowaw
eultule) 9|qejmay
indul anjea 44
. uojesusawio) [
= 09
S
Indajno jun
108U8S ] indino feubis | | Buisuegs

ct

Apoq Josues Qg

9 Ol

U.S. Patent

L€

JOsuss
aJneleduwa |



U.S. Patent Oct. 19, 2010 Sheet 7 of 17 US RE41,847 E

FIG. 7

S10
Temperature
A/D conversion
o11
Temperature
increase
S12 Yes

Yes

S13 aximum operating

emperature

NoO
S14
Offset AID

S19

End

Output
compensation
value from D/A

Offset A/D

Within
predetermined
range

No
Fine
adjustment

S16

S17

Yes

Set in rewritable
memory |

S19
S18



U.S. Patent Oct. 19, 2010 Sheet 8 of 17 US RE41,847 E

F1G. 8

Temperature
A/D conversion

Read
compensation
value

S20

S21

Output
from D/A

converter




J9INAWOA0IIN OV 987

US RE41,847 E

Jaydwe Jou3 . Aiowas
0. BIqeIMOY

82.n0S v
- [eubis -
- ERIEIETEN v/d div
= 08 L
7 J3PPY €€ v
= — —. J0Suas
o a/njeladws |
° Indino abe)s nun
Josues ] indjno reubig buisuss
e A
Apoq Josuag Qf
6 Ol

U.S. Patent



18)ndWo20.0IN O 17

US RE41,847 E

J8)jidwe Jou3 Alowaul
0. 9]]elliMay
90.n0s v
o~ ~ |eubis
1= 80UaI9)oY
= 08
7 lsppy €€ 2%
= — —_. JOSuas
e alnjeladws |
C Indino Jiun 05
Josuss J INAINO |eubig buisuag
= ct L€
m Apoq Josusg Q¢
-5
s .
z 0l Ol



U.S. Patent Oct. 19, 2010 Sheet 11 of 17 US RE41,847 E

FIG. 11
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SENSOR PROVIDED WITH ADJUSTING
FUNCTION

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue.

This is a Reissue Application of U.S. Pat. No. 6,324,452,
issued Nov. 27, 2001.
This application 1s a U.S. National Phase application of

PCT International application PCT/JP98/03144.
FIELD OF THE INVENTION

The present mvention relates to the field of automatic
compensation sensors.

BACKGROUND OF THE INVENTION

FI1G. 17 shows the structure of a conventional automatic
compensation sensor, 1n which reference numeral 1 1s a sen-
sor body. Reference numeral 2 1s a microcomputer including
an analog compensation signal output circuit, analog signal
input circuit, memory circuit, and its peripheral circuits.
Components such as a temperature sensor when the purpose
of the automatic compensation sensor 1s to compensate for
temperature are also included in reference numeral 2.
Hereafter, reference numeral 2 including peripheral circuits
1s called a microcomputer 2. Reference numeral 3 1s a signal
adder to which the output of the sensor body 1 and the output
of the microcomputer 2 are connected. Reference numeral 4
1s a signal output circuit comprising an amplifier. Reference
numeral 3 1s a signal output terminal. The output signal of
the signal adder 3 1s connected to the analog iput terminal
21 of the microcomputer 2. Reference numeral 6 1s a com-
pensation mode signal mput terminal, and 1s connected to a
digital 1nput terminal 22 of the microcomputer 2. During
compensation, an external signal source 1s connected to this
compensation mode signal mput terminal 6.

Operation of the above automatic compensation sensor 1s
described below. The microcomputer 2 has two modes: a
compensation mode and a normal operation mode. The com-
pensation mode 1s activated when a compensation signal 1s
input from the compensation mode signal input terminal 6.
In other cases, the automatic compensation sensor operates
in the normal operation mode.

One example of the compensation signal 1s a determina-
tion by high and low logic levels. The compensation mode
signal input terminal 6 1s pulled up 1nside the automatic
compensation sensor by a resistance. If the compensation
mode signal mput terminal 6 1s normally at “high” level
when the compensation mode signal input terminal 6 1s
open, the microcomputer 2 1s able to recognize the compen-
sation mode by applying “low” voltage to the compensation
mode signal input terminal 6. Accordingly, the microcom-
puter 2 1s capable of determining the compensation mode by
checking the voltage level of the digital input terminal 22.

Here, it 1s necessary to take appropriate measures to make
it 1mpossible to apply low voltage after compensation 1is
completed, to prevent the compensation mode signal 1mnput
terminal 6 from being erroneously set to the compensation
mode.

Furthermore, if there 1s a possibility that the compensa-
tion mode signal input terminal 6 may be accidentally set to
“low” by noise, the possibility of erroneous setting to the
compensation mode may be reduced by configuring the
compensation signal using serial communications.

This automatic compensation sensor requires an exclusive
input terminal for the compensation mode signal used for

5

10

15

20

25

30

35

40

45

50

55

60

65

2

sending compensation signals during manufacturing pro-
cesses. This needs to be appropnately processed on comple-
tion of the automatic compensation sensor to prevent errone-
ous compensation operation of the sensor. If compensation
can be tested during assembly, it may be relatively easy to
modily the exclusive mput terminal for the compensation
mode signal. However, 1n case of angular velocity sensors,
for example, correct output characteristics may not be
obtained during assembly, requiring the adjustment of a fin-
ished product identical to those to be shipped. There are
many such types of automatic compensation sensors. In this
case, moditying the exclusive input terminal for the compen-
sation mode signal becomes extremely difficult, complicat-
ing the terminal and case structure of the automatic compen-
sation sensor and thus increasing the cost.

SUMMARY OF THE INVENTION

An object of the present ivention 1s to provide an auto-
matic compensation sensor which enables the elimination of
an exclusive mput terminal for the compensation mode sig-
nal.

To achieve this object, the present invention comprises a
sensor body, a signal output terminal which outputs the sig-
nal from the sensor body, and a controller for compensating
the output signal from the signal output termainal.

With the above configuration, 1t 1s possible to realize an
automatic compensation sensor without requiring an exclu-
stve input terminal for the compensation mode signal.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a block diagram of an automatic compensation
sensor 1n accordance with a first exemplary embodiment of
the present invention.

FIG. 2 1s a flow chart of the operation of the sensor.

FIG. 3 15 a block diagram of an automatic compensation
sensor 1n accordance with a second exemplary embodiment
ol the present invention.

FIG. 4 15 a block diagram of an automatic compensation
sensor 1n accordance with a third exemplary embodiment of
the present invention.

FIG. § 1s a block diagram of an automatic compensation
sensor 1 accordance with a fourth exemplary embodiment
ol the present invention.

FIG. 6 15 a block diagram of an automatic compensation
sensor 1n accordance with a fifth exemplary embodiment of
the present invention.

FIG. 7 1s a flow chart of control procedures 1 a compen-
sation setting mode of the automatic compensation sensor 1n
accordance with the fifth exemplary embodiment of the
present invention.

FIG. 8 1s a flow chart of control procedures in a normal
operation mode of the automatic compensation sensor in
accordance with the fifth exemplary embodiment of the
present invention.

FIG. 9 15 a block diagram of an automatic compensation
sensor 1n accordance with a sixth exemplary embodiment of
the present invention.

FIG. 10 1s a block diagram of an automatic compensation
sensor 1n accordance with a seventh exemplary embodiment
of the present invention.

FIG. 11 1s a flow chart for calculating a mean offset error
of the automatic compensation sensor 1n accordance with the
seventh exemplary embodiment of the present invention.

FIG. 12 1s a flow chart for updating a compensation value
of the automatic compensation sensor 1n accordance with the
seventh exemplary embodiment of the present invention.
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FIG. 13 1s a block diagram of an automatic compensation
sensor 1n accordance with an eighth exemplary embodiment
of the present invention.

FIG. 14 1s a flow chart for updating of a compensation
value of the automatic compensation sensor 1 accordance
with the eighth exemplary embodiment of the present inven-
tion.

FIG. 15 1s a block diagram of an automatic compensation

sensor 1n accordance with a ninth exemplary embodiment of
the present invention.

FIG. 16 1s a flow chart for detecting abnormality of the
automatic compensation sensor in accordance with the ninth
exemplary embodiment of the present invention.

FIG. 17 1s a block diagram of an automatic compensation
sensor of the prior art.

DESCRIPTION OF THE PR
EMBODIMENT

First Exemplary Embodiment

L1

FERRED

A first exemplary embodiment of the present invention 1s
explained with reference to FIGS. 1 and 2. FIG. 1 shows an
automatic compensation sensor in the first exemplary
embodiment of the present mvention. In FIG. 1, reference
numeral 1 1s a sensor body, and reference numeral 2 1s a
microcomputer including an analog compensation signal
output circuit, analog signal input, circuit, and memory
circuit, and 1ts peripheral circuits. In addition, other compo-
nents such as a temperature sensor when the purpose of the
automatic compensation sensor 1s to compensate for tems-
perature are included 1n reference numeral 2. Hereafter the
reference numeral 2 including peripheral circuits 1s referred
to as a microcomputer 2. Reference numeral 3 1s a signal
adder to which the output of the sensor body 1 and the output
of the microcomputer 2 are connected. Reference numeral 4
1s a signal output circuit comprising an amplifier with output
resistance. Reference numeral 5 1s a signal output terminal.
The output signal of the signal adder 3 1s connected to the
analog mput terminal 21 of the microcomputer 2, and the
output of the signal output circuit 4 1s connected to a digital
input terminal 22. During compensation, an external signal
source for sending the compensation mode signal 1s con-
nected to the signal output terminal 5.

The operation of this automatic compensation sensor 1s
explained next. During compensation, the external signal
source sends a predetermined compensation signal through
the signal output terminal 5. This signal needs to be sutli-
ciently complicated in comparison with the signal which the
sensor 1s 1ntrinsically capable of outputting. Since the signal
output terminal 5 1s originally an output terminal, 1ts output
impedance 1s relatively low. The external signal source con-
nected to the signal output terminal 3 may need to be capable
of driving the output resistance included 1n the signal output
circuit 4 as a load resistance. This enables the microcom-
puter 2 to recerve an external signal through the digital input
terminal 22 by reading 1t at the output section of the signal
output circuit 4. Here, the digital input terminal 22 of the
microcomputer 2 can receive an external signal without
being affected by any kind of signal output from the signal
output circuit 4.

In this exemplary embodiment, the compensation signal
comprises the n numbers of 8-bit data with a start bit and
stop bit. In other words, the compensation signal comprises
n-byte data, which 1s sent via asynchronous serial communi-
cations. The transmission speed 1s preferably made slow as
permissible by other restrictions such as start time, to avoid
any influence of noise.

10

15

20

25

30

35

40

45

50

55

60

65

4

The microcomputer 2 executes serial signal receiving pro-
cedures for receiving the above compensation signal. One
example 1s explained next.

The microcomputer 2 checks the value of the digital input
terminal 22 every tl1 seconds. Here, t1 1s a value satisiying
t1<1/10v when v 1s the transmission speed.

Receiving of 1-byte data starts after detection of the start
bit.

First the microcomputer 2 waits for 12 seconds, and then
reads the first bit Here, t2=1.5/v. Then, 7 bits are read at
every 13 seconds to determine the 1-byte data. Here, t3=1/v.
Then, the microcomputer 2 further waits for t3 seconds to
check whether the stop bit 1s correct. If the stop bit 1s
incorrect, the microcomputer 2 judges that the data 1s illegal.

To prevent erroneous compensation during normal opera-
tion after completing compensation, 1t 1s effective to make
the microcomputer 2 sample the digital input terminal 22
only for a certain period after turning on the power.

FIG. 2 1s a flow chart 1llustrating the above operation. The
microcomputer 2 checks the digital input terminal 22 during
step S1. Then, the microcomputer 2 determines the presence
of the compensation signal during step S2. If the compensa-
tion signal 1s properly received, the presence of 1llegal data 1s
checked during step S3. If there 1s no illegal data, the micro-
computer 2 executes the compensation mode 1n step S4. For
example, 11 the purpose of the sensor 1s to compensate for
temperature, the operating temperature range of the auto-
matic compensation sensor 1s traced in a constant tempera-
ture chamber, for example, to measure the output of the sen-
sor body 1 at each temperature. A value just suificient for
compensating the output of the sensor body 1 1s output to the
signal adder 3, and this value 1s stored. Here, the output of
the signal adder 3 1s fed back to the analog mput terminal 21
of the microcomputer 2 to increase the accuracy of the com-
pensation level by confirming the compensation result. I the
sensor body 1 has temperature hysteresis, the operating tem-
perature range 1s traced back and forth to determine the com-
pensation level for that temperature by calculating a mean
value for the compensation during temperature rise and tem-
perature decrease. This improves the compensation accu-
racy.

The microcomputer 2 then determines the presence of a
compensation signal within a specified time 1n step SS5. If no
compensation signal 1s receiwved, or 1f an illegal signal 1s
received during step S3, 1t returns to the normal operation
mode during step S6. This enables the reduction of the prob-
ability of erroneous operation of the compensation mode 1n
commercial versions of this product. In the normal operation
mode, 1n case of the above temperature compensation, the
current temperature 1s measured, and a compensation value
corresponding to that temperature 1s read so as to compen-
sate for any output error of the sensor body due to tempera-
ture changes by outputting the compensation value to the
signal adder.

Second Exemplary Embodiment

FIG. 3 shows an automatic compensation sensor in a sec-
ond exemplary embodiment of the present invention. In FIG.
3, the sensor body 1, microcomputer and 1ts peripheral cir-
cuit 2, signal adder 3, signal output circuit 4, and signal
output terminal 5 have the same configuration as those of the
automatic compensation sensor in the first exemplary
embodiment. However, the output resistance 1s not necessar-
ily required in the signal output circuit 4. In addition, an
output terminal of a diagnosis output circuit, described later,
1s connected to the digital mput terminal 23 of the micro-
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computer 2. Reference numeral 7 1s the diagnosis output
circuit, and signals from each diagnosis signal terminal of
the sensor body 1 and microcomputer 2 are mput to the
diagnosis output circuit 7. Reference numeral 8 1s a diagno-
s1s output terminal which 1s connected to the output of the
diagnosis output circuit. During compensation, an external
signal source for sending the compensation mode signal 1s
connected to the diagnosis output terminal 8.

The operation of this automatic compensation sensor 1s
explained next. During compensation, the external signal
source sends a predetermined compensation signal through
the diagnosis output terminal 8. This signal needs to be sul-
ficiently complicated in comparison with the signal which 1
the sensor 1s itrinsically capable of outputting. Since the
diagnosis output terminal 8 1s originally an output terminal,
its output impedance 1s relatively low. The external signal
source connected may need to be capable of driving the
output resistance imncluded 1n the diagnosis output circuit 7 as
a load resistance. This enables the microcomputer 2 to
receive an external signal at the output section of the diagno-
s1s output circuit 7 by reading 1t through the digital input
terminal 23. Here, the digital input terminal 23 of the micro-
computer 2 can recerve the external signal without 2 being
alfected by any kind of signal output from the diagnosis
output circuit 7.

The compensation signal used here 1s the same as that
described 1n the automatic compensation sensor in the first
exemplary embodiment. The microcomputer 2 has the com-
pensation mode and normal operation mode which operate
in the same way as 1n the first exemplary embodiment.

In general, the diagnosis output 1s not needed to be oper-
ated 1n the compensation mode. Accordingly, external signal
can be sent to the microcomputer 2 throughout the compen-
sation mode.

Third Exemplary Embodiment

FIG. 4 shows an automatic compensation sensor in a third
exemplary embodiment of the present invention. In FIG. 4,
the sensor body 1, microcomputer and 1ts peripheral circuit
2, signal adder 3, signal output circuit 4, signal output termi-
nal 5, diagnosis output circuit 7, and diagnosis output termi-
nal 8 have the same configuration as those of the automatic
compensation sensor in the second exemplary embodiment.
However, the microcomputer 2 has two digital input termi-
nals 22 and 23. The terminal 22 1s connected to the output of
the signal output circuit 4, and the terminal 23 1s connected
to the output of the diagnosis output circuit 7. During
compensation, an external signal source for sending the
compensation mode signal 1s respectively connected to the
signal output terminal 5 and diagnosis output terminal 8.

The operation of this automatic compensation sensor 1s
explained next. During compensation, one external signal
source sends a predetermined compensation signal through
the signal output terminal 5, and another external signal
source sends a predetermined compensation signal through
the diagnosis output terminal 8. Each of these signals needs
to be sufficiently complicated in comparison with the signal
which the sensor 1s intrinsically capable of outputting. Since
the signal output terminal 5 and diagnosis output terminal 8
are originally output terminals, their output impedance 1is
relatively low. The external signal source respectively con-
nected may need to be capable of driving the output resis-
tance included 1n the signal output circuit 4 and diagnosis
output circuit 7 as a load resistance. This enables the micro-
computer 2 to receive an external signal by reading it
through the digital input terminal 22 at the output section of
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the signal output circuit 4 and the digital input terminal 23 at
the output section of the diagnosis output circuit 7. Here, the
digital input terminals 22 and 23 of the microcomputer 2 can
receive the external signal without being affected by any
kind of signal output from the signal output circuit 4 and
diagnosis output circuit 7.

The compensation signal used 1s the same as that
described 1n the automatic compensation sensor in the first
exemplary embodiment. The microcomputer 2 has the com-
pensation mode and normal operation mode which operate
in the same way as 1n the first exemplary embodiment.

With the configuration of the third exemplary
embodiment, two external signals can be sent. Accordingly
the third exemplary embodiment of the present invention 1s
turther effective 1n reducing probability of erroneous opera-
tion compared to the first and second exemplary embodi-
ments.

Fourth Exemplary Embodiment

FIG. 5 shows an automatic compensation sensor i1n a
fourth exemplary embodiment of the present invention. In
FIG. 5, reference numeral 1 1s a sensor body, and reference
numeral 2 1s a microcomputer and 1ts peripheral circuits
which have the function to control signals of the sensor body
1. Reference numeral 9 1s an AC component separator
(1indicated as an AC separator in FIG. 5). This 1s inserted nto
the power line, and outputs AC components signed as high
or low digital signals through a circuit such as Schmitt trig-
ger circuit. The AC component separator 1s connected to the
digital input terminal 24 of the microcomputer 2. Reference
numeral 10 1s a power terminal, and reference numeral 11 1s
a ground terminal for the power terminal 10. During
compensation, power 1s connected to the power terminal 10,
and an external signal source for sending the compensation
mode signal 1s connected to the power line through the AC

component mixer.

Next, operation of the above automatic compensation sen-
sor 1s explained. During compensation, the external signal
source sends a predetermined compensation signal through
the power terminal 19. This signal needs to be suiliciently
complicated 1in comparison with power supply variation.
Signals sent from the external signal source are input to the
AC component separator 9 through the power line, and its
output 1s input to the digital input terminal 24 of the micro-
computer 2. This enables the microcomputer 2 to recerve an
external signal by reading the digital input terminal 24. The
compensation signal used here 1s the same as that described
in the automatic compensation sensor 1n the first exemplary
embodiment. However, if noise 1s applied to the power line
when sending the compensation signal, the compensation
signal may not be received properly. Accordingly, 1t 1s prei-
erable to execute the compensation mode only when a cor-
rect signal 1s received in least two out of three transmissions,
for example, as 1n the automatic compensation sensor in the
first exemplary embodiment. Furthermore, the microcom-
puter 2 has a compensation 1 mode and a normal operation
mode, and these modes are operated in the same way as
described in the first exemplary embodiment.

As explained in the first to fourth exemplary
embodiments, the exclusive input terminal for the compen-
sation mode signal can be eliminated by sending the com-
pensation mode signal using the signal output terminal to the
digital input terminal of the microcomputer. Thus the advan-
tage ol a simplified terminal structure 1s achieved. This
reduces cost and improves reliability because the present
invention eliminates the need for making the exclusive mput
terminal for the compensation mode signal unusable after
adjustment. 5
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Fifth Exemplary Embodiment

A fifth exemplary embodiment of the present invention 1s
explained with reference to FIGS. 6 to 8. FIG. 6 shows an
automatic compensation sensor in the fifth exemplary 10
embodiment of the present mvention. In FIG. 6, reference
numeral 30 1s a sensor body which comprises a sensing unit
31, signal output stage 32, and adder 33. The adder 33 1is
inserted between the sensing unit 31 and the signal output
stage 32 so that intrinsic sensor signals can be adjusted by
inputting the compensation signal. Reference numeral 40 1s
a microcomputer which acts as a controller. The microcom-
puter 40 has the additional functions of an A/D converter 41,
D/A converter 42, and rewritable memory 43. These addi-
tional fTunctions are built into the microcomputer 40 or exter-
nally attached as peripherals. If they are externally attached,
the microcomputer 40 includes such externally attached
units. The output of the D/A converter 42 of the microcom-
puter 40 1s connected to the adder 33 of the sensor body 30.
Reference numeral 50 1s a temperature sensor, which 1s con-
nected to the A/D converter 41 of the microcomputer 40.
Reference numeral 60 1s a compensation value input
terminal, which 1s connected to the A/D converter 41 of the
microcomputer 40.

Operation of the above automatic compensation sensor 1s
described next. The sensor body 30 executes intrinsic opera-
tions of the sensor regardless of the operations of other com-
ponents. However, the output of the sensor body 30 1s
adjusted externally by the adder 33.

The microcomputer 40 has two main modes of operation.
One 1s the compensation value setting mode and the other 1s
the normal operation mode. If no compensation value 1s set,
the microcomputer 40 operates 1n the compensation value
setting mode, and if the compensation value 1s set, 1t oper-
ates 1n the normal operation mode.

First, the compensation value setting mode 1s explained.
To set the compensation value, the automatic compensation
sensor 1s attached to a temperature controllable device such
as a constant temperature chamber (hereafter referred to as
the constant temperature chamber). The error signal between
the sensor output and sensor output reference value 1s input
to the compensation value mput terminal 60. When execut-
ing the compensation value setting mode, the constant tem-
perature chamber controls the temperature and traces all the
operating temperatures of the automatic compensation sen-
SOF.

Here, let’s say that temperature 1s controlled from a mini-
mum operating temperature T1 to a maximum operating
temperature Th. FIG. 7 1s a flow chart illustrating control
procedures of the microcomputer 40. A temperature resolu-
tion for setting the compensation value 1s also determined.
The compensation value 1s set for every temperature deter-
mined based on this temperature resolution.

The microcomputer 40 sets the input of the A/D converter
41 to the temperature sensor 50, and temperature informa-
tion 1s converted from analog to digital 1n step S10. Since the
temperature 1s controlled to increase from the minimum
operating temperature, the temperature increase from the
current temperature to the next compensated temperature 1s
continuously detected in step S11. After detecting the tem-
perature icrease, the microcomputer 40 checks whether the
temperature 1s the maximum operating temperature 1n step
S12. If the temperature exceeds the maximum operating
temperature, the compensation value setting mode 1s com-
pleted 1n step S13. If it does not exceed the maximum oper-
ating temperature, the A/D input terminal 1s set to the com-
pensation value mput terminal 60 1n step S14 to execute
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analog to digital conversion. This value indicates the offset
error of the sensor output. Based on this A/D converted
value, the compensation value 1s output from the D/A con-
verter 42 1n step S15. In steps S16, S17, and S18, this value
1s put to the adder 33 of the sensor body 30 to adjust the
sensor output. The microcomputer 40 executes A/D conver-
sion of the signal from the compensation value 1nput termi-
nal 60 again, and then 1n step S17, 1t 1s checked whether this
value 1s within predetermined compensation error.
Normally, the predetermined range i1s set within approxi-
mately £1 A/D conversion bits. If this value 1s within the
predetermined range, the value 1s set to the rewritable
memory 43 as the compensation value for that temperature,
and then the temperature increase 1s again detected. If the
value 1s not within the predetermined range, the compensa-
tion value 1s finely adjusted 1n step S18 until the value falls
within the predetermined range.

Next, the normal operation mode 1s explained with refer-
ence to the flow chart illustrated 1n FIG. 8. The microcom-
puter 40 sets the mput of the A/D converter 41 to the tem-
perature sensor 50, and 1n step S20, A/D conversion of the
temperature 1s executed. Next, 1in step S21, the compensation
value for this temperature 1s read out from the rewritable
memory 43. In step S22, this value 1s output from the D/A
converter 42. This value 1s then mnput to the adder 33 of the
sensor body 30 to compensate the sensor output. The above
operation 1s repeated.

With the above configuration, the offset for each tempera-
ture can be reduced, resulting 1n effectively enabling preven-
tion of temperature offset drift, even if the sensor shows
complicated characteristics as a temperature function. Sup-
pose that 1f there 1s no temperature hysteresis in the tempera-
ture characteristics of the output of the sensor body 30 and
the temperature sensor 30, the temperature resolution for
setting the compensation value needs to be suificiently pre-
cise to counteract any oflset temperature changes caused by
the sensor body 30. Compensation error at this point
depends on the compensation resolution of the sensor which
1s determined by the resolution of the D/A converter 42 of
the microcomputer 40. For example, if a change 1n the sen-
sor output 1s X mV when one bit of the D/A converter 42
changes, and the accuracy of the D/A converter 42 1s +1 bat,
the maximum compensation error will be £X mV,

It will be possible to operate the compensation value set-
ting mode again, even when the compensation value 1s
already set, by providing the compensation instruction input
terminal to the microcomputer 40 for starting the compensa-
tion value setting mode.

Furthermore, if greater accuracy of compensation value 1s
required, 1t 1s preferable to use the next method in the com-
pensation value setting mode. In general, in the relation
between the temperature and sensor output, temperature
hysteresis unique to the sensor body 30 and difference in
temperature change between the attachment position of the
temperature sensor 30 and the sensor body 30 produces tem-
perature hysteresis. This hysteresis causes compensation
errors during temperature rise and decrease. If the compen-
sation value 1s set by changing from low temperature to high
temperature as described above, compensation error
becomes greater when temperature decreases in the normal
operation mode.

Accordingly, the temperature i1s changed between the
minimum and maximum operating temperature once or
more to determine the compensation value for a certain tem-
perature based on the mean value between values at the tem-
perature rise and temperature decrease. This enables reduc-



US RE41,347 E

9

tion of the maximum value 1n the compensation error in the
normal operation mode.

Sixth Exemplary Embodiment

FIG. 9 shows a sixth exemplary embodiment of an auto-
matic compensation sensor of the present invention. In FIG.
9, the configuration of the automatic compensation sensor 1s
basically the same as that of the fifth exemplary embodiment
in FIG. 6. The same reference numerals are given to the
same parts, thus omitting a detailed explanation.

In FIG. 9, reference numeral 70 1s an error amplifier, to
which the sensor output and the output of a power supply for
reference output 80, described later, are input, and the output
of the error amplifier 70 1s connected to the input terminal
the A/D converter 41 of the microcomputer 40.

Operation of the above automatic compensation sensor 1s
explained next. It 1s basically the same as that in the fifth
exemplary embodiment, and thus only the different parts are
explained below.

The sensor body 30 only executes its intrinsic operations.
The microcomputer 40 has a compensation value setting
mode and normal operation mode, and operates in the same
way as that 1n the fifth exemplary embodiment However, the
part which executes A/D conversion of the value of the com-
pensation value mput terminal 60 1n the compensation value
setting mode of the fifth exemplary embodiment 1s replaced
with A/D conversion of the output of the error amplifier 70.
The output from the error amplifier 70 1s the same as the
input from the compensation value mput terminal 60 1n the

fifth exemplary embodiment.

The reference value output power supply 80 always out-
puts the center value of the sensor offset and this value may
be required to be sulficiently stable with regard to tempera-
ture and secular changes 1n comparison to that of the sensor.

With the above configuration, the automatic compensa-
tion sensor 1n this exemplary embodiment achieves the same
cifect as that 1n the fifth exemplary embodiment, and also
has the following etlect. There 1s no need to externally input
an error signal between the sensor output and reference
value of the sensor output during the setting of the compen-
sation value. This 1s a significant advantage with respect to
equipment used 1n a manufacturing process.

1

However, 1t 1s necessary to sulliciently reduce the tem-
perature and secular output changes of the reference value
output power supply 80 and error amplifier 70, compared to
the resolution of the A/D converter 41 of the microcomputer

40.

The control procedures of the microcomputer 40 allow the
sensor output to be momtored by executing A/D conversion
of the output of the error amplifier 70 while 1n the normal
operation mode. This feature can be used in diagnosis of
failures.

Seventh Exemplary Embodiment

FIG. 10 shows an automatic compensation sensor in a
seventh exemplary embodiment of the present invention.
The configuration of the automatic compensation sensor
shown 1 FIG. 10 1s 1dentical to that of the sixth exemplary
embodiment shown 1n FIG. 9. Only the control procedures
ol the microcomputer 40 are different. Explanation of other
configurations 1s thus omitted here.

The operation of the automatic compensation sensor in
the seventh exemplary embodiment 1s explained next- As
described in the sixth exemplary embodiment the automatic
compensation sensor operates in both the compensation
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value setting mode and normal operation mode. In the com-
pensation value setting mode, the offset drift of the sensor by
temperature 1s compensated by employing the same proce-
dures as described in the compensation value setting mode
of the sixth exemplary embodiment. Explanation 1s thus
omitted here. Next operation in the normal operation mode
1s explained with reference to flow charts shown 1n FIGS. 11

and 12.

In the normal operation mode, the automatic compensa-
tion sensor 1s considered to be built into some kind of system
for operation. The microcomputer 40 operates according to
the flow chart shown 1n FIG. 8, which 1s the same as 1n the
sixth exemplary embodiment. In addition, the microcom-
puter 40 operates according to the flow chart shown in FIG.
11. Thais 1s executed 1n a relatively short cycle. Although the
cycle depends on the characteristics of the sensor and the
usage conditions of the system that the sensor 1s built 1nto, a
one-minute cycle 1s considered approprate. In the following
explanation, the cycle is set to one minute.

The microcomputer 40 first switches the mput of the A/D
converter 41 to the temperature sensor 30. In step S30, the
temperature T at that time 1s measured. ““1”” 1s the value for
every compensation value setting temperature determined
by temperature resolution used 1n the compensation value
setting mode. Next the mput of the A/D converter 41 1s
switched to the error amplifier 70. In step S31, the error X1
(T) from the sensor reference value 1s measured. This value
includes secular drift of the sensor offset and the normal
output of displacement detected by the sensor. In general,
the sensor operates without displacement and thus a state
where a displacement 1s generated 1s considered very rare
time-wise. Accordingly, this value 1s periodically measured
and the mean value of numerous values 1s calculated to
counteract the normal displacement output so that only the

secular offset remains. In step S32, the following processing
1s executed.

From the sensor reference value at every temperature T,
there 1s a mean value X (1) of the error X1 (1). This error Xi
(T) 1s added to the mean value every time 1t 1s measured. For

example, the following formula 1s for updating the mean
value X (T):

X (T)=(N-1)xXi (T)/N+Xi (T)/N

Here, N 1s the number of pieces of data used for taking the
average, which must be suificiently numerous.

The mitial value of the mean value X (1) at the time the
automatic compensation sensor 1s mcorporated into the sys-
tem 1s set as the sensor reference value.

Next the operation for updating the compensation value,
when the microcomputer 40 evaluates secular changes 1n the
offset drift, 1s explained with reference to the flow chart
shown 1n FIG. 12.

Updating the compensation value needs to take suill-
ciently longer time than updating a mean value. Although
the update interval may vary depending on the size of the
sensor offset drift and the displacement detection frequency
of the system, a one-week cycle 1s generally considered
appropriate. In the following explanation, the interval 1s set
to one week.

The microcomputer 40 calculates a mean value of all tem-
peratures with regard to a mean value X (T) of error from a
sensor reference value at each temperature T. More
specifically, it can be shown using the following formula:

X=X (T)M

Whereas M 1s the number of compensation value setting,
temperatures 1.
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Then, 1n step S34, the above error mean value X (T) 1s
added to a compensation value F ('T) at each temperature for
all temperatures to create a new compensation value.

F (T)<F (T)+X

In the remaining processes, this new value 1s used as the
output of the compensation value.

The above configuration enables temperature and secular
offset drift of the sensor to be reduced. With respect to secu-
lar offset drift, the configuration of this exemplary embodi-
ment 1s particularly effective when the characteristics unique
to the sensor tend to shift with voltage changes.

10

Eighth Exemplary Embodiment

15
FIG. 13 shows an automatic compensation sensor in an

cighth exemplary embodiment of the present invention. In
FIG. 13, the configuration of the automatic compensation
sensor 1s 1dentical to that of the sixth exemplary embodiment
shown 1n FIG. 9. Only the control procedures of the micro- 5,
computer 40 are different. Explanation of other configura-
tions 1s thus omitted here.

The operation of this automatic compensation sensor 1s
explained next. As described i1n the sixth exemplary
embodiment) the automatic compensation sensor operates 1n 25
the compensation value setting mode and normal operation
mode. In the compensation value setting mode, the offset
drift of the sensor by temperature 1s compensated by
employing the same operation as described 1n the compensa-
tion value setting mode of the sixth exemplary embodiment. 30
Explanation 1s thus omitted here. Next, operation in the nor-

mal operation mode 1s explained with reference to a flow
chart shown 1n FIG. 14.

In the normal operation mode, the automatic compensa-
tion sensor 1s considered to be built into some kind of system 35
for operation. The microcomputer 40 operates according to
the flow chart shown 1n FIG. 8, which 1s the same as 1n the
sixth exemplary embodiment. In addition, the microcom-
puter 40 operates according to the flow chart shown 1n FIG.
11, which 1s the same as 1n the seventh exemplary embodi- 40
ment.

Next, the operation of the microcomputer 40 for updating
a compensation value taking into account secular changes of
the offset drift 1s explaimned with reference to a tlow chart

shown 1n FIG. 14. 4

Updating the compensation value needs to take sudfi-
ciently longer time than updating a mean value. It 1s further
necessary to be set longer than that 1n the sixth exemplary
embodiment. Although the update interval may vary depend-
ing on the size of the sensor offset drift and displacement
detection frequency of the system, one-month interval 1is
generally appropriate. In the following explanation, the
interval 1s set to one month.

50

The microcomputer 40, 1n step S35, 1s provided with sev- <4
eral temperature zones between the minimum operating tem-
perature and maximum operating temperature, and each
temperature zone 1s called Ri. For all temperatures T
included 1n each temperature zone Ri, zone displacement
(R1) 1s calculated based on a mean X (T) of error against the
reference value of the sensor output at each temperature.
More specifically:

X (Ri)==X (T)

Whereas, T 1s included 1n Ri. 65
The above calculation 1s implemented for all zones Ru.
Then, 1 step S36, each compensation value 1s updated.

12

Here, zone displacement 1s smoothed while each compensa-
tion value 1s updated. Zone smoothing 1s applied to eliminate
a gap 1n compensation amount between a zone R1 and a zone
Ri+1. For example, next method can be applied.

First the lowest temperature zone R0 and the next zone R1
are compared. I they are diflerent zone displacement X (R0)
in the zone R0 and a value in the zone X (R1) are used for the
MO number of compensation value included 1n the zone RO.
In the zone R0, a value consistent with the zone displace-
ment X (R0) for the lowest temperature, and the zone dis-
placement X (R1) for the highest temperature are added to
update a compensation value F (1) at each temperature T
included 1n the zone R0. More specifically:

F (T)«F (T)+X (RO)}+(X (RO)-X(R1))[T-TRO}M

Whereas TR0 1s a starting temperature in the zone R0. In
the same way, the same calculation as the above 1s executed
sequentially for all zones Ri.

With the above configuration, temperature and secular
offset drift of the sensor can be reduced. With respect to
secular offset drift, the configuration of this exemplary
embodiment 1s particularly effective when there 1s no con-
stant trend 1n characteristics unique to the sensor, which may
be difficult to improve accuracy of the offset compensation
using the configuration of the sixth exemplary embodiment.
However, compared to the configuration of the sixth exem-
plary embodiment, compensation value update cycle may
need to be set sufliciently longer. Thus compensation accu-
racy may degrade in temperature zones which are not ire-
quently used.

Ninth Exemplary Embodiment

FIG. 15 shows an automatic compensation sensor in a
ninth exemplary embodiment. In FIG. 15, the basic configu-
ration of this exemplary embodiment 1s the same as that in
the fifth exemplary embodiment shown in FIG. 7. The same
reference numerals are given to same components, and thus
omitting the need for a detailed explanation.

In FIG. 15, reference numeral 90 1s an abnormal value
detection output terminal, which 1s connected to the micro-
computer 40. The output of the D/A converter 42 connected
to the adder 33 1s also connected to the A/D converter 41.

The operation of the above automatic compensation sen-
sor 1s explained next. This 1s basically the same as that 1n the
sixth exemplary embodiment. Only the parts which are dif-
ferent are explained 1n details.

The sensor body 30 only executes its intrinsic operations.
The microcomputer 40 has the compensation value setting
mode and normal operation mode. These modes operate in
the same way as in the sixth exemplary embodiment.
However, at executing the following operation, abnormality
1s judged as shown 1n a flow chart i FIG. 16.

More specifically, as shown in FIG. 16 A, the output of the
temperature sensor 50 1s converted from analog to digital in
step S41. At reading the output of the temperature sensor 50,
in steps S42 and S43, whether the output 1s the maximum
temperature value or the minimum temperature value 1s
checked. If the A/D converter 41 detects voltage generated
from other than the temperature sensor 30, it 1s considered
abnormal. In this case, in step S44, the abnormal detection
output terminal 90 1s activated.

In step S45 shown in FIG. 16B, D/A conversion 1s

executed, and the output of the D/A converter 42 1s read by
the A/D converter 41. In step S46, A/D conversion 1s
executed. In step S47, matching of DA value and AD value 1s
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checked. If the value 1s out of the allowable error range, it 1s
judged abnormal, making the abnormal value detection out-
put terminal 90 activated 1n step S48.

Next, as shown 1n FIG. 16C, the output of the error ampli-
fier 70 1s converted from analog to digital 1n step S49. At
reading the sensor output in steps S50 and S51, whether the
output 1s above the maximum error value or below a mini-
mum error value 1s checked. If a value out of the sensor
output range 1s detected, it 1s considered abnormal. In step
552, the abnormal value detection output terminal 90 1s acti-
vated.

With the above configuration, abnormality occurred in the
automatic compensation sensor can be mformed to the
outside, thus improving the reliability.

As explained i the fifth to minth exemplary embodiments,
the microcomputer used as a controller has a function to
compensate for the sensor output. This enables the reduction
of offset drift against temperature and secular changes even
for a sensor which intrinsically has large offset drift and
shows complicated temperature and secular changes.

INDUSTRIAL APPLICABILITY

As described above, the present invention has a control
means for compensating the output signal from the signal
output terminal. This enables the elimination of the exclu-
stve input terminal normally required for the compensation
mode signal.

What 1s claimed 1s:

1. An automatic compensation sensor comprising;

[a] at least one signal Joutput] terminal for outputting a
compensated sensor signal in a normal mode and for
[receiving] inputting an external compensation signal
1n a compensation mode;

a sensing unit for outputting a sensor signal responsive to
a condition which is sensed by said sensing unit;

compensation value [means] processor coupled to the sig-
nal terminal for [determining] selecting and outputting
based on a further condition, one of a plurality of com-
pensation [value] values in the normal mode and for
[setting] storing the plurality of compensation [value]
values in the compensation mode [based on] when the
external compensation signal is input to the signal ter-
minal and received by the compensation value proces-
sor;, and

an adder for summing the sensor signal and the selected
one of the plurality of compensation [value] values and
for producing the compensated sensor signal.

2. The automatic compensation sensor of claim 1, wherein
the compensation value [means] processor receives the com-
pensated sensor signal in the compensation mode and sets
the one of a plurality of compensation [value] values based
on the compensated sensor signal and the external compen-
sation signal.

3. The automatic compensation sensor of claim 1, further
comprising;

a diagnosis circuit responsive to the sensing unit and to
the compensation value [means] processor for output-
ting a diagnosis signal, wherein the compensation value
[means] processor receives the [compensation signal]
diagnosis signal.
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4. [An] The automatic compensation sensor according to
claim 1, further comprising;:

[a sensing unit for outputting a sensor signal;]

an Alternating Current (AC) component separator for out-
putting said external compensation signal which is an
AC component signall;

compensation value means for determiming and outputting
a compensation value 1n a normal mode and for setting
the compensation value 1n a compensation mode based
on the AC component signal; and

an adder for summing the sensor signal and the compen-
sation value and for producing the compensated sensor
signal].
5. [An] The automatic compensation sensor according to
claim 1, further comprising;:

[a sensor body having an analog input for receiving an
analog signal, the sensor body including:

a sensing unmt for producing a first sensor signal,

an adder for summing the analog signal with the first sen-
sor signal and for producing a compensated sensor
signal, and

a signal output stage for adjusting and outputting the com-
pensated sensor signal;

a sensor for producing a second sensor signal;]

an error amplifier for generating an error signal based on
the compensated sensor signal and a predetermined ret-
erence value[; and], wherein the

compensation value [means, having a memory for storing
a plurality of compensation values, for generating] pro-
cessor generates the [analog] external compensation
signal based on at least one of the plurality of compen-
sation values, the [second] sensor signal, and the error
signal.

6. The automatic compensation sensor of claim 5, wherein
the sensor 1s a temperature sensor.

7. The automatic compensation sensor of claim 6, wherein
the compensation value [means] processor calculates a mean
value of a plurality of error signal measurements for each of
a plurality of temperatures, and wherein the compensation
value [means] processor updates each of the plurality of
compensation values based on the mean value.

8. The automatic compensation sensor of claim 6, wherein
the compensation value [means] processor calculates a plu-
rality of mean values each associated with a plurality of error
signal measurements taken in one of a plurality of tempera-
ture zones, and wherein the compensation value [means]
processor updates each of the plurality of compensation val-
ues based on the mean value.

9. The automatic compensation sensor of claim 5, wherein
the compensation value [means] processor further includes
an abnormal value detection output which 1s activated by the
detection of an abnormality.

10. The automatic compensation sensor of claim I,
wherein each of said plurality of compensation values corre-
sponds to a respective temperature.

11. The automatic compensation sensor according to
claim 1, wherein said further condition includes temperature
information.
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