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Sensor with a Resonance Structure, Especially Acceleration or Angular Rate Sensor,

and a Device and Method for a Self-Test

The present invention concerns a sensor according to the preamble of patent claim 1 and
a device and method for a sensor self-test according to the preambles of claims 10 and
15. Furthermore, the invention concerns an acceleration sensor according to the preamble

of patent claim 22.

In general, sensors are used in systems to detect measured quantities. In the field of iner-
tial sensors, angular rate sensors and acceleration sensors are, for example, used to de-
termine quantities of motion. Since these applications usually influence safety, the sensors

must be extremely reliable and securely determine measured quantities.

in DE 195 28 961, an angular rate sensor is described based on the tuning fork principle
that is made of silicon. During operation, the tuning forks are excited to vibrate, and a sen-
sor element registers the torsion of the tuning fork suspension that arises when the sensor

rotates around an axis parallel to the tuning fork suspension.

To recognize sensor disturbance or drift, the sensor must undergo tests during operation.

This increases the reliability and precision of the determined measured quantities.

In EP 0708 925, a device is described to recognize errors in an impact sensor system in
which a test reaction is generated when a sensor elément is actuated, and the results are
compared with the results of an expected reaction. In U.S. 5,060,504, a method is dis-
closed for the self-calibration of an acceleration sensor where a sensor mass is moved
relative to a frame, and the movement corresponds to be known acceleration. The initial
value is used as a reference value for subsequent calibration. In the self-testing accelera-
tion sensor described in U.S. 5,103,667, a mass is moved in a specific manner to test or

calibrate the sensor, and the movement is measured.
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The prior-art systems have the disadvantage, however, that the actual measuring must be
interrupted during the sensor test. Measuring and testing alternate, and the measuring
signal is not continuous over time. Furthermore, only a specific, predefined measured
quantity is generated for the comparison, i.e., the overall measuring range of the sensor is

not tested.

Acceleration sensors are, for example, used in vehicles to control the chassis and for navi-

gational systems, handling dynamic systems, and passive safety systems (air bags). The

continuously increasing number of sensors makes reliability a maximum priority. In the
future, an increasing number of systems will actively influence driving, and rigid mechani-
cal couplings will be replaced by electronic signals {drive-by-wire). A suitable signal control
or the ability of sensors to test themselves is essential. Furthermore, acceleration sensors

are being increasingly used in navigation systems for civil and military air travel.

Particularly in automobiles, capacitive acceleration sensors are frequently used as, for ex-
ample, described by C. Lemaire and B. Sulouff in the article: “Surface Micromachined Sen-
sors for Vehicle Navigation Systems in Advanced Microsystems for Automotive Applica-
tions (D. E. Ricken and W. Gessner, editors, Springer, Berlin 1998, p. 103-1 12). These sys-
tems can also use the electrodes for capacitive readout to displace mass. This can be

done at discrete intervals, but not continuously.

In U.S. patent 5,834,646, a resonant acceleration sensor is presented that essentially
consists of a plate clamped several times. The plate serves as a resonator whose reso-
nance frequency is disturbed from external acceleration, as well as a seismic mass. This
arrangement can test the integrity of the mass/spring system, but cannot simulate the

effect of acceleration.

Another resonant acceleration sensor is described in the document DE 198 12 773 A1l. It
has a resonator structure that is excited to vibrate by initial electrical signals, and it emits

secondary electrical signals depending on the measured quantity.
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A permanent self-test has not been possible for the above-cited capacitive sensors as well.
It is, however, conceivable to use additional structures such as additional capacitor combs
to provide excitation, but they would require more space and cost more. Prior-art capaci-

tive sensors can therefore at most only run a static self-test at discrete intervals.

A sensor is required, especially a rate of rotation or acceleration sensor with a precise,

resonant signal evaluation that can run a permanent or ongoing self-test.

It is therefore the problem of the present invention to create a sensor and offer a device
and method for a sensor self-test in which measurement is uninterrupted during the test
and the measuring signal is not impaired, and the self-test can run continuously during

measuring.

This problem is solved by the sensor according to patent claim 1, the sensor self-testing
device according to patent claim 10, the method for sensor self-testing according to pat-

ent claim 15, and the acceleration sensor according to patent claim 22.

Other advantageous features, aspects and details of the invention are found in the de-

pendent claims, the description, and the drawings.

The sensor according to the invention comprises a resonant structure to detect a meas-
ured quantity, an actor unit to excite the structure to cause an initial, periodic oscillation,
an element to generate an output signal that depends on the measured quantity, and
means to detect or isolate the test signal from the output signal that is generated by a
second periodic vibration of the structure that is superposed on the first vibration. The
sensor can test itself and is able to simultaneously provide a continuous measuring signal
and a test signal that provides information on the functioning of the sensor. The measure-

ment is not interrupted, and the measuring signal is not impaired.

The sensor preferably also comprises means or actor elements to generate the second

periodic vibration of the structure, and the first and second periodic vibration can be gen-
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erated e.g. by the same actor elements. The second vibration can also be generated by
mechanical crosstalk. In operation, the vibrations of the structure are detected to generate

the output signal.

According to another feature of the invention, a device is created for sensor self-testing,
and the sensor determines a measured quantity via a resonant structure and generates a
periodic output signal depending on the measured quantity. The self-testing device has
means to isolate a test signal component superposed on a useful signal component from
the periodic output signal of the sensor, and preferably also has comparison means to
compare the test signal component with a predefined value or with a test signal fed to the
sensor. A sensor seif-test can be run with a device that is continuous and can cover the
entire measuring and dynamic range of the sensor without influencing the actual measur-

ing.

The sensor or device advantageously comprises a device to modulate a test signal on a
signal for exciting the resonant structure. This allows the self-test to be adjusted over the

entire measuring range of the sensor.

The sensor can have a mechanical unbalance or crosstalk that generates the test signal
component which is used to test the sensor. This reduces the number of components and

permits economical manufacture. The sensor advantageously has an actor element to

‘generate the second vibration that causes the test signal component, and the device pref-

erably has means to excite the structure to a second vibration mode that is superposed on
a first vibration mode which serves to detect the measured quantity. This allows specific
test signals to be modulated onto the useful signal, and the sensor output signal can be
evaluated according to the measured quantity and response of the system to the test sig-

nal.

The output signal is preferably analyzed by a device for frequency and/or phase analysis.

The test can cover the entire measuring and/or dynamic range of the sensor using means



B
)

-

10

15

20

25

30

P609478 PCT

for periodically changing the amplitude and/or frequency of the test signal. In particular,

the sensor can be an angular rate sensor, acceleration sensor or pressure sensor.

The sensor according to the invention has e.g. a resonator as the resonant structure and a
linked resonant mass that changes that the resonance frequency of the resonator when it
is displaced. The mass can be caused to vibrate during measurement to generate the test

signal component.
It is particularly advantageous to use the test signal component to calibrate the sensor.

During operation, the actor unit e.g. preferably vibrates a resonator and a linked mass in
different modes, whereby the resonant mass periodically changes the resonance fre-

quency of the resonator to generate the test signal component.

The sensor e.g. comprises means to demodulate the measuring signal, whereby the signal

can be amplitude modulated or frequency modulated.

The method according to the invention for self-testing a sensor with a resonant structure

comprises the following steps:

A second periodic vibration is superposed on a first vibration of the structure that is used
to detect a measured quantity; an output signal is determined that contains information on
the measured quantity linked to the resonant structure; and a test signal component con-
tained in the output signal is monitored that is generated by the second periodic vibration

of the structure.

The amplitude of an excitation signal is preferably modulated by a test signal to generate
the first vibration of the structure, and the frequency and/or amplitude of the test signal
can be varied while the sensor is measured. In the method according to the invention, the

entire functioning of the sensor including its electronics can be verified over its entire dy-
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namic range. The method greatly increases the intrinsic safety of the sensor, which is par-

ticularly important for applications that influence safety.

The frequency of the excitation signal can also be modulated by a test signal to run the

self-test during measurement.

In particular, the test signal component in the output signal can be used to calibrate the
sensor. The structure is preferably excited to vibrate at a minimum of two frequencies or
modes. The first frequency or mode represents the quantity to be measured, and a second

frequency or mode represents a test signal.

The acceleration sensor according to the invention comprises a resonator coupled to a
mass so that its resonance frequency changes when the mass is displaced, an actor unit
to excite the resonator, and a detector to generate an output signal that depends on the
resonance frequency, as well as a control unit to generate an excitation signal that con-
tains at least two frequencies to simultaneously excite the resonator and mass, and an |
evaluation step that separates from the output signal the vibration mode of the mass as a

test signal component.

The sensor according to the invention allows all relevant components of the evaluation

electronics to be tested during the self-test. Recalibration can also occur at set intervals.

An example of the invention will be described in the following with reference to the figures.

Shown are:

Fig. 1 a view of a micromechanical angular rate sensor as a preferred embodiment of the
invention; |

Fig. 2 a circuit for self-testing by simulating an unbalance;

Fig. 3 a circuit for self-testing by simulating an angular rate;

Fig. 4 an acceleration sensor in another embodiment of the invention;
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Fig. 5 a block diagram of a self-testable resonant acceleration sensor as a particularly
preferred embodiment of the invention;
Fig. 6 a control or evaluation circuit for self-testing the acceleration sensor in Fig. 5; and

Fig. 7 a Fourier analysis of the output signal of the acceleration sensor in Fig. 5.

The sensor 1 shown in Fig. 1is an angular rate sensor that obl:rates according to the tun-
ing fork principle and is made of silicon. Two parallel prongs 2a, 2b form a resonant struc-
ture that serves to detect the angular rate. On the top prong 2a is a dual electrode 3a, 3b
that, among other things, is used to excite the prongs 2a, 2b to periodic vibration in the Z
direction. The tuning fork suspension 4 is designed as a torsion bar to which is attached a
piezoresistive element 5. The piezoresistive element 5 serves to generate an output signal
that is created when the tuning fork suspension 4 experiences torsion. The torsion is peri-
odically generated from the Coriolis force when the angular rate sensor rotates around the
X-axis running through the tuning fork suspension while the prongs 2a, 2b vibrate in the Z
direction. The piezoresistive element 5 together with a down-stream electronic unit also
serve to detect and isolate a test signal component from the output signal that is gener-

ated by another periodic vibration of the prongs.

The other periodic vibration superposed on the first vibration can e.g. arise from an unbal-
ance in the sensor 1 e.g. due to asymmetry of the vibrating masses. In this case, the sen-
sor 1 has mechanical crosstalk whose signal component in the output signal is superposed

on the actual useful signal or angular rate signal, and is used as a test signal.

On the other hand, the prongs 2a, 2b can also be excited by the dual electrode 33, 3bto a
different vibration or torsional vibration that is superposed on the excitation vibration in
the Z direction and that produces the test signal component in the output signal. Close to
the torsion bar 4 is another piezoresistive element 6 on the top prong 2a that monitors the

prong vibration in the Z direction or monitors the amplitude of this vibration.

While measuring, the prongs 2a, 2b vibrate in phase opposition in the Z direction. When

the system rotates around the X-axis, torsion vibration is registered by the piezoresistive
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element 5 on the torsion bar that is phase;shifted 90° from the prong amplitude. Due to
the manufacturing tolerances or intentional asymmetry, another measuring signal is gen-
erated by the piezoresistive element 5 that is independent of the angular rate, and is
phase-shifted 90° from the actual measuring signal or angular rate signal with sensors that
have sufficient distance between the intrinsic frequency of the torsion and the intrinsic
frequency of the excitation. This signal component that is ger};erated by the mechanical
crosstalk is used in an embodiment of the present invention as a test signal component

and evaluated in the sensor self-test.

Since the test signal component is phase-shifted, i.e. the component in the output signal
that is generated by mechanical crosstalk, the test signal component from the output sig-
nal can be isolated and evaluated or monitored. When the test signal component deviates

from a specific value that is characteristic for the sensor, and error message is generated.

Such mechanical crosstalk in the sensor 1 can also be simulated without the sensor being
asymmetrical. The dual electrode 3a, 3b is controlled in phase opposition by another signal
so that the prongs 2a, 2b vibrate under torsion around the X axis, and this vibration is su-
perposed on the prong vibration in the Z direction. The dual electrode 3a, 3b is hence con-
trolled with an additional periodic signal that is superposed on the excitation signal to
generate the prong vibration in the Z direction, whereby both signals are in phase. The
prong are excited by the additional signal in that its component in the output signal of the
piezoresistive element 5 is phase-shifted 90° from the useful signal generated at an an-
gular rate. A test signal is accordingly modulated onto the signal to excite the prong vibra-
tion in the Z direction, the results are added to the excitation signal, and the sensor output
signal is evaluated in regard to the response of the system to the test signal and the

measured quantity.

When simulated crosstalk is used, the method exploits the fact that the test signal compo-
nent contained in the output signal is phase-shifted 90° from the useful signal component
contained in the output signal. This self-testing method has the advantage that there can

be no overiapping with the measuring signal because of the phase selectivity to the angu-
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lar rate in the frequency range of the test signal. By changing the amplitude of the test
signal, the self-test can be run over the entire measuring range of the sensor while the

sensor supplies a measuring signal or angular rate signal.

A different self test can be run using the tuning fork angular rate sensor shown in Fig. 1in
which an angular rate is simulated by the test signal, i.e., the excntatnon vibration is modu-
lated with a signal that corresponds to an angular rate. Modulation using the angular rate
equivalent signal can be attained by measuring the output signal from monitoring the am-
plitude of the prongs 2a, 2b vibrating in the Z direction using the piezoresistive element 6
with which the amplitude of the periodic test signal is modulated. The amplitude-
modulated signal is then added to the periodic control signal to vibrate the prongs 2a, 2b
in the Z direction. Both signals are 90° out of phase from other. In the sensor 1, this re-
sults in torque being exerted on the torsion bar 4 which corresponds to an angular rate
that changes with the fest frequency of the test signal. In this case, a bandpass filter re-
constructs the test signal component in the output signal of the piezoresistive element 5.
As is the case when simulating the mechanical crosstalk, the test signal component in the
output signal is compared with the test signal fed to the sensor via the dual electrode 3a,
3b when the angular rate is simulated. In the sensor output signal, the measured quantity
(in this case, the angular rate to be determined) and the response of the system to the test

signal are evaluated.

By varying the amplitude of the test signal modulated onto the useful signal and comparing
it with the reconstructed test signal component in the output signal, a self-test of the en-
tire sensor can be run that extends the entire measuring range. For example, at a low am-
plitude of the torsion vibration generated with the dual electrode 3a, 3b, the sensor can be
tested within a measuring range of small angular rates, and the sensor can run a self-test
within a measuring range of relatively high angular rates when the amplitude of the artifi-
cially-generated torsion vibration is high. By modulating the amplitude of the signal that
generates the torsional vibration of the prongs 2a, 2b via the dual electrode 3a, 3b that is
superposed on the excitation vibration of the prongs 2a, 2b in the Z direction, you can con-

tinuously run through the sensor measuring range.
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By varying the test frequency of the test signal modulated onto the useful signal, you can
also run through the entire dynamic range of the sensor in the self-test. When modulating
the signal with an angular-rate-equivalent signal, note that the frequency of the test signal
modulated onto the useful signal, i.e., the test frequency, lies outside of the frequency
spectrum of the angular rate to be measured. If the frequency;' spectrum of the angular rate
is not known or if it is not possible to select a test signal that has a different frequency
from the angular rate to be measured, mechanical crosstalk can be simulated as described

above.

Fig. 2 shows a circuit for a tuning fork angular rate sensor that simulates the unbalance of
the sensor for the self-test. The amplitude of the vibration of the prongs 2a, 2b is meas-
ured by the piezoresistive element 6 on the top prong 2a and fed via a preamplifier 17 and
a 90° phase shifter 13 to the dual electrode 3a, 3b to generate a resonant vibration of the
prongs 2a, 2b in the Z direction. An amplitude controller 14 downstream from a bandpass
filter 16 controls the amplitude of the excitation vibration where the two prongs 2a, 2b are
parallel. The output signal generated by the piezoresistive element 5 on the torsion bar 4 is
fed to a multiplier 21 after passing through a preamplifier 26 and a bandpass filter 27; tﬁe
multiplier filters out the useful signal component, i.e. the component of the measuring
signal that is generated by rotating the system on the X axis. This useful signal component
is 90° out of phase from the prong vibration in the Z direction. The phase shifter 22 and
multiplier 21 accordingly provide the useful signal component from the output signat of the

sensor.

A signal generator 30 generates a periodic test signal at frequency f.« that is modulated by

a multiplier 31 onto the signal to excite the prong vibration in the Z direction. By means of
an amplifier 32, signals in phase opposition are generated that are added by an adder 33a,
33b to the signals to excite the prong vibration in the Z direction and are fed to the dual
electrode 33, 3b. This produces a vibration of the prongs 2a, 2b with a constant amplitude
in the Z direction, and a torsion vibration of the prongs around the X-axis is superimposed

on this vibration. The torsion vibration generated in this manner has the same frequency
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as the excitation vibration in the Z direction and an amplitude that changes periodically
with the test frequency fus. The test frequency can also be zero so that the amplitude of

the additional torsion vibration remains constant.

The torsional vibration (generated by controlling in phase oppgsition the dual electrode 3a,
3b) is excited with a signal that is in phase with the signal to excite the prong vibration in
the Z direction. The test signal component contained in the output signal of the piezoresis-
tive element 5 is therefore 90° out of phase with the useful signal component based on
the measured angular rate, and it is in-phase with the excitation vibration of the prongs 2a,
2b in the Z direction that is measured with the piezoresistive element 6. For this reason, a
multiplier 41 is used to filter out the component from the output signal of the sensor that
is in-phase with the prong vibration. This componenf of the output signal that represents a
simulated unbalance of the sensor is fed via a bandpass filter 45 to the self-test arbiter 43
that compares the amplitude of the test signal with the amplitude of the test signal com-
ponent in the output signal of the sensor. These amplitudes are at a fixed relationship with
each other that e.g. can be determined in a laboratory and represents a set function for a
functioning sensor. If the sensor or a part of the electronics is faulty, the amplitude ratio

deviates from the setpoint, and an error messages is generated.

The amplitude of the periodic test signal is also periodically changed in a saw-toothed pat-
tern by the element 37. This yields particularly precise error recognition over the entire

measuring range since the self-test amplitude is adapted over the entire measuring range.

Fig 3 shows a circuit by means of which an angular rate is simulated to run the self-test.
Elements with the same function are identified with the same reference numbers as in Fig.
2. The prong vibration is generated by means of the preamplifier 17, the phase shifter 13,
the amplitude controller 14, and the adder 33a, 33b as in the circuit shown in Fig. 2. The
signal to excite the prong vibration in the Z direction precedes the prong vibration by 90°.
The torsion of the torsion bar 4 determined with the piezoresistive element 5 arises when
the system is rotated 90° out of phase with the prong amplitude. The component of the
output signal shifted 90° from the prong amplitude is filtered out by the phase shifter 22
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and the multiplier 21, and yields a measure for the angular rate of the system after passing

through the lowpass 23.

The signal generator 30 generates the test signal at frequency fu« that is modulated onto

the amplitude-monitoring signal measured by the piezoresistive element 6 with the aid of

- the multiplier or AM modulator 31. In contrast to the circuit shown above in Fig. 2, the

non-phase-shifted signal of the prong vibration is modulated with the test signal. Anti-
phase signals are generated with the other multiplier 36 that are added by the adder 33a,
33b to the amplitude control signal to excite the prong vibration in the Z direction, and are
fed to the two electrodes 3a, 3b. This simulates the effect of an angular rate. The output
signal of the sensor is checked for the test signal at frequency f.. modulated onto the am-
plitude-monitoring signal. A component of the output signal runs through a bandpass filter
45 and is then fed to a self-test arbiter 43. To isolate the test signal component in the out-
put signal from the useful signal component when a simulated angular rate is used, the
test frequency f.. must lie outside of the frequency range of thé measured quantity or an-

gular rate.

The second vibrationél mode of the sensor, i.e. the amplitude of the artificially-generated
torsional vibration of the prongs 2a, 2b is modulated corresponding to the measuring
range of the sensor. By means of the element 37, the amplitude of the superposed peri-
odic test signal is periodically changed in a saw-toothed pattern to obtain a highly precise
self-test for the various measuring ranges. As with Fig. 2, the amplitude of the test signal
component is compared with the self-test amplitude to determine flaws in the sensor or

downstream electronics.

In addition, unbalance compensation 61 can be provided in sensor 1 that uses an amplifier
62 and multiplier 63 to ensure that any arising error tolerances do not generate additional

vibration modes.

The tuning fork angular rate sensor portrayed here is a particularly preferred embodiment

of invention. In general, the invention can be used for systems in which a measured quan-
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tity is to be determined via a resonant structure. There are numerous applications such as

acceleration sensors, pressure sensors or Gimbal angular rate sensors,

Fig. 4 shows a schematic example of an acceleration sensor 10 in which a mass 11 is at-
tached to a bar 12. To measure the acceleration of the sensor 10 in the X direction, the
bar 12 is excited to vibrate in the Z direction. When accelerati!:on arises in the X direction,
the tension of the bar 12 changes so that the frequency of the vibration of the mass in the
Zdirection also changes and hence represents a measure of acceleration. To run a sensor
self-test, a second vibrational mode is generated in the bar 12 that is superposed on the
first vibration mode that serves to determine acceleration. The bar 12 is excited to experi-
ence flexural vibration in the Y direction. Both vibration modes of the bar 12 are deter-
mined by a piezoresistive element 15. The useful signal component is isolated from the
test signal component that causes the second vibration mode by means of a frequency
and/or phase analysis. The test signal component in the output signal can be monitored

while the acceleration sensor is working or registering acceleration.

In another embodiment of the invention (not shown), the self-testing sensor can be a pres-
sure sensor. In this pressure sensor, a membrane is excited to vibrate to measure pres-
sure acting on the membrane. The membrane tension depends on the pressure and influ-
ences the frequency of the resonant vibration. Pressure can accordingly be measured us-
ing the resonant membrane. To run the self-test, the membrane is modulated onto another
vibration by means of an actor unit, i.e. two vibrational modes of the membrane overlap.
The frequency and/or phase of the output signal of the membrane vibration are analyzed
to isofate the component from the output signal that is generated by the superposed sec-
ond vibrational mode of the membrane. In this case as well, a sensor self-test can be run
by comparing the amplitude of the test signal with the amplitude of the test signal compo-

nent contained in the output signal without interrupting the measuring signal.

The actor elements to generate the vibrations are not limited to electrodes. The excitation
can be provided in many ways, especially e.g. by electrostatic, piezoelectric or thermal

elements. Likewise, piezoresistive elements are only one option for determining the vari-



10

15

20

25

30

P609478 PCT

14

ous vibrational modes of the sensors, In this case as well, the vibration can be interpreted
by electrostatic, capacitive or inductive means. The self-testing sensor or the device and
the method for sensor self-testing enable ongoing self-testing without interrupting or im-
pairing the measuring signal, and the test can be run over the entire measuring and/or
dynamic range of the sensor by varying the amplitude and/or frequency of the test sighal

modulated onto the useful signal.

In general, the invention can also be implemented e.g. using an angular rate sensor as fol-

lows:

While the angular rate sensor is working, the second mode of the system is directly excited
in addition to the first mode by using a signal that is coupled to the excursion of the first

mode and is additionally amplitude-modulated with an alternating test signal.

The signal for the system movement in the second mode contains a component that is
generated by the test signal in addition to the actual measuring signal based on the Corio-
lis effect. The measuring component and the test component of the signal for the move-
ment of the system in the second mode can then be isolated from each other by using a
frequency and/or phase analysis. Then it is tested whether the relationship between the
test signal component in the second mode and the test signal itself fulfill the predeter-

mined conditions. If this is not the case, the sensor generates and error message.

The excitation of the second mode in phase with the movement of the first mode is re-
corded e.g. by sensors on springs. The Coriolis component of the second mode is con-

trastingly 90° out of phase from the movement of the first mode..

Fig. 5 schematically portrays a section of an acceleration sensor according to the inven-
tion. The acceleration sensor consists of an excitation structure 7 that functions as an
actor unit, and a resonant structure 100 that comprises a resonator or resonator bar 110
and a linked seismic mass 120. The resonator 110 and the resonant mass 120 are con-

nected by another bar 125, i.e. they are not combined into a single element. A detector
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element 25 provides piezoresistive detection of the basic mode of the resonator bar 110
that is excited thermally to vibrate by the excitation structure 7. In a preferred embodi-
ment, the basic mode of the resonator bar 110 is 400-500 kHz. When acceleration arises
in the X direction, the mass is displaced due to its inertia, and the resonator 110 experi-
ences tension or pressure. This changes the resonance frequency and can be detected as
a measuring signal. The described excitation structure 7 is dééigned so that it can excite
the intrinsic modes of the seismic mass 120. The basic mode of the system is the lateral
vibration of mass 120 that has a frequency of approximately 16 kHz in the preferred em-
bodiment. The vibration of this mode corresponds to a periodic, sinusoidal acceleration in
the X direction. A permanent self-test is achieved by permanently superposing the excita-
tion signals of the resonator bar and the lateral vibration mode of the mass 120. The sig-
nals generated by the detector 25 are subjected to an analysis or Fourier analysis by
means of suitable evaluation electronics to isolate the test signal (generated by the vi-
brating mass 120 at a frequency of 16 kHz in a preferred embodiment} from the measuring

signal.

The excitation structure or actor unit 7 can e.g. be thermal, capacitive or piezoelectric. To
save space and money, only one actor is used to excite the resonator bar 110 and the

mass 120. It is, however, also possible to excite the resonator bar 110 and the mass 120
with two separate actor elements. Any combination of the two actor elements using ther-

mal, capacitive and piezoelectric actors is possible.

The detection unit 25 serves to monitor both vibrations or vibration modes and can be
capacitive, piezoelectric or piezoresistive. Two separate detection units can also be used
to monitor the two vibrations or vibration modes, whereby any combination of capacitive,

piezoelectric and piezoresistive detection is possible.

These elements can also be combined to form a single element to excite and detect both

signals instead of using two different elements for excitation and signal detection.
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Fig. 6 shows the basic design of the control and evaluation circuit as a block diagram. The
accelerometer 90 comprises a thermal excitation step 91 to excite a resonator 110 to
vibrate, a coupling step 92 to couple the physical quantity or acceleration to be measured
to the resonant system, and a detection step or a piezosensor 93 to detect the vibrations
of the resonator 110. A PLL circuit 95 represents the heart of the evaluation circuit. It
comprises a voltage-controlled oscillator 95a, a phase compa?ator 95b and a lowpass 95¢.
The voltage-controlled oscillator generates the excitation signal during operation that is
fed to the excitation step 91. The phase comparator 95b compares the phase of the exci-
tation signal with that of the detection signal Which is generated by the piezosensor 93, As
a result, the phase comparator 95b produces a voltage to track the excitation frequency of
the voltage-controlled oscillator 95a so that the resonator bar continuously resonates. This

controf voltage is also used as measuring signal in the preferred embodiment shown here.

An adder 51 serves to superpose an additional excitation voltage on the excitation signal
that is supplied from the voltage-control oscillator 95a and thereby generate a lateral vi-
bration of the seismic mass 120. This lateral vibration is in the X direction, i.e. in the
tengthwise direction of the resonator bar 110 (see Fig. 2). An oscillator 50 generates the
additional excitation voltage, whereby the frequency and amplitude of the additional exci-
tation voltage can be adjusted. At the output of the adder 51, a self-test signal is obtained
e.g. at a frequency of approximately 16 kHz in addition to the signal to excite the basic

mode of the resonator 110.

The modulated excitation signal is fed to the accelerometer 90 and excites the resonator
110 to vibrate at its intrinsic frequency like the seismic mass 120, and this produces vibra-
tions at a different frequency. In the present case, the basic mode of the resonator bar
110 has a frequency of approximately 400-500 kHz while the seismic mass vibrates at a
frequency of approximately 16 kHz. The vibration of the mass 120 corresponds to an in-

ternally applied periodic acceleration.

The output signal coming from the piezosensor 93 of the accelerometer 90 passes through

an amplifier 96 and a bandpass 97 to an adder 98. Other signals 99a, 99b are fed to the
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adder 98 that serve to eliminate the thermal crosstalk (signal 99a) and electrical crosstalk
{signal 99b). After the adder 98, the measuring signal passes through a sine-to-square-

wave converter and enters the PLL circuit 95 described above.

The output signal of the PLL circuit 95 is amplified by a controllable amplifier 60a. Then

the signal is subjected to a frequency analysis. By means of é'lowpass 60c, the signal
originating from external acceleration is filtered out. The acceleration signal Usis accord-

ingly available at the output of the lowpass 60c.

The self-test signal at a frequency of approximately 16 kHz in the present case is isolated
using a bandpass 60b. Then the difference between the self-test signal and the test excita-

tion signal is determined in switching element 60d to produce a voltage Uae. If the voltage

Uar exceeds a specific threshold, there is an error. The entire sensor is tested including

the electronic circuit. The test hence covers not just the sensor but also the main compo-

nents of the evaluation electronics.

Since the voltage U is @ measure of sensitivity, it can be used to self-calibrate the sen-

sor. The voltage is controlled to a constant, set value using a controllable amplifier 60a.

The circuit is represented in Fig. 6 by the dashed line.

Fig. 7 shows a Fourier analysis of the output signal of the above-described evaluation elec-
tronics. In this case, the basic mode of the resonator bar is thermally excited at a fre-
quency of 400-500 kHz, and the intrinsic modes of the seismic mass 120 are also excited.
The basic mode of the system is a lateral vibration of the mass 120 at a frequency of 16
kHz. The vibration of this mode corresponds to a periodic, sinusoidal acceleration in the X
direction {see Fig. 5). A permanent self-test was run in this case by permanently super-
posing the excitation signals of the resonator bar 110 and the lateral vibration mode of the
mass 120. Using a vibrator, a sinusoidal acceleration of 1 kHz was generated in the X di-

rection while the sensor was also operated in self-test mode. The Fourier analysis of the
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output signal shown in Fig. 7 shows the signal of external acceleration at 1 kHz, and the

signal of induced acceleration or the self-test at approximately 16 kHz.

When correspondingly modified, the self-testing acceleration sensor shown here can also
be used to measure other quantities that exert force on the mass 120. The acceleration

sensor functions according to a resonant readout principal, a'rir:d é permanent self-test can
be run during measurement. A test acceleration is applied using a continuous test signal,

and the associated acceleration signal is accordingly permanently available at the output.

Overall, the invention creates sensors that test themselves without interrupting the actual
measurement. Expensive additional components are not necessary, so that the self-testing

sensor can be manufactured with a small and economic design.
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Patent Claims

A sensor with a resonant structure (2a, 2b; 11; 100) to detect a measured quantity,
an actor unit (3a, 3b; 7) to excite the structure (2a, 2b; 11; 100} to a first periodic
vibration, and an element (5; 15; 25) to generate an output signal that depends on
the measured quantity, characterized by means (41, 4.5; 60a, 60b) to determine
and/or isolate a test signal component from the output signal that is generated by
a second periodic vibration of the structure (2a, 2b; 11; 100) superposed on the

first vibrations.

A sensor according to claim 1, characterized by a device {30, 31; 50, 51) to modu-

late a test signal on a signal to excite the structure (2a, 2b; 11; 100).

A sensor according to claim 1 or 2, characterized in that the structure (2a, 2b) has
an actor unit (3a, 3b; 7) and/or a mechanical unbalance to generate the second

periodic vibration.

A sensor according to one of the prior claih'ts, characterized in that the means to
isolate the test signal component (41, 45; 60a, 60b) comprise a device to analyze

the frequency and/or phase of the output signal.

A sensor according to one of the prior claims, further characterized by means (30,

37} to periodically change the amplitude and/or frequency of the test signal.

A sensor according to one of the prior claims, characterized in that it is an angular

rate sensor, and acceleration sensor or a pressure sensor.

A sensor according to one of the prior claims, characterized in that the resonant
structure (100) has a resonator (110) and a linked resonant mass (120) that

changes the resonance frequency of the resonator (110) when displaced, whereby
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11.

12,

13.

20
the mass (120) can be vibrated to generate the test signal component while

performing the measurement.

A sensor according to one of the prior claims, characterized in that the test signal

component serves to calibrate the sensor.

A sensor according to one of the prior claims, characterized in that the actor unit
(7) causes a resonator (110) and a linked mass (120) to vibrate in different modes,
whereby the vibrating mass (120) periodically changes the resonance frequency of

the resonator (110) to generate the test signal component.

A device to self-test a sensor that determines a measured quantity using a resonant
structure (2a, 2b; 11; 100) and generates a periodic output signal depending on the
measured quantity, characterized by means to isolate (41; 45; 60a, 60b) a test
signal component that is superposed on a useful signal component from the
periodic output signal of the sensor, and comparative means (43; 60d) to compare
the test signal component with a predefined value, or with a test signal sent to the

SENSOr.

A device according to claim 10, further characterized by a device (30, 31; 50, 51)
to modulate a test signal onto a signal to excite the structure (2a, 2b; 11, 100).

A device according to claim 10 or 11, further characterized by means (3a, 3b, 33a,
33b; 7, 50, 51) to excite the structure (2a, 2b; 11; 100) to a second vibration mode
that is superposed on a first vibration mode which serves to detect the measured

quantity.

A device according to one of claims 10 to 12, characterized in that the isolating
means (41, 45; 60a, 60b) have a device to analyze the frequency and/or phase of
the output signal.
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14. A device according to one of claims 10 to 13, further characterized by means (30,

37; 50) to periodically change the amplitude and/or frequency of the test signal.

15, A method for self-testing a sensor with a resonant structure (2a, 2b; 11; 100),
5 characterized by the following steps:
superposing a second periodic vibration onto a first vigration of the structure (2a,
2b; 11; 100) that in serves to detect a measured quantity;
detection of an output signal that contains information on the measured quantity
which is coupled to the resonant structure (2a, 2b; 11; 100), and
10 monitoring of a test signal component in the output signal that is generated by the

second periodic vibration of the structure {2a, 2b; 11; 100}.

16. A method according to claim 15, characterized in that an excitation signal for the

structure (2a, 2b; 11; 100) is modulated by a test signal.

15
17. A method according to claim 15 or 16, characterized in that the second periodic
vibration of the structure (2a, 2b; 11; 100} is generated by a mechanical coupling
or mechanical crosstalk of the sensor.
20 18. A method according to one of claims 15 to 17, characterized in that the output
signal is subject to a frequency and/or phase analysis.
19. A method according to one of claims 15 to 18, characterized in that the frequency
and/or amplitude of the test signal is varied while the sensor is being used for
25 measurement.
20. A method according to one of claims 15 to 19, characterized in that the test signal
component in the output signal is used to calibrate the sensor.
30 21. A method according to one of claims 15 to 20, characterized in that the structure is

excited to vibrate with at least two frequencies, whereby the first frequency repre-
-
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22.

23.

sents the quantity to be measured, and the second frequency represents a test

signal.

An acceleration sensor, especially according to one of claims 1 to 9 with a resona-
tor (110) that is coupled to a resonant mass {120) so that its resonance frequency
changes when the mass (120) is displaced; -

an actor unit {7) to excite the resonator; and

a detector (25) to generate an output signal that depends on the resonance fre-
quency of the resonator {110}, characterized by

a control to generate an excitation signal that contains at least two frequencies to
simultaneously excite the resonator (110} and the mass (120) to vibrate in different
modes, and

an evaluation step that separates the vibration mode of the mass (120) as a test

signal component from the output signal.

An acceleration sensor according to claim 22, characterized by a self-testing device

according to one of ¢claims 10 to 14.
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