US 20110259100A1

a2 Patent Application Publication (o) Pub. No.: US 2011/0259100 A1

a9y United States

CHEN et al.

(43) Pub. Date: Oct. 27,2011

(54) MEMS GYROSCOPE

(76) Inventors: Tsung-Lin CHEN, Taipei City
(TW); Chien-Yu Chi, Wuri
Township (TW); Chia-Wei Lee,

Hsinchu City (TW)

(21) Appl.No.:  12/845,370

(22) Filed: Jul. 28, 2010
(30) Foreign Application Priority Data
Apr. 27,2010 (TW) .o 099113261
Publication Classification
(51) Int.CL
GOIC 19/56 (2006.01)

(52) US.CL ..o, 73/504.12

(57) ABSTRACT

An MEMS gyroscope is disclosed, capable of computing the
rotating angle of a DUT being attached thereto without the
need to execute an off-line calibration process, of precluding
the execution of an integration process, and of executing an
on-line compensation process for the error introduced by the
sensing circuit defect and by the mechanical structure defect
of its gyroscope module. The disclosed MEMS gyroscope
comprises: a gyroscope module, a sensing module coupled
with the gyroscope module, and a control module couple with
the gyroscope module and the sensing module, respectively.
The control module receives the system dynamic of the gyro-
scope module sensed by the sensing module, and applies a
gyroscope control method for controlling the gyroscope mod-
ule and computing the rotating angle of the DUT. Moreover,
the control module outputs a control signal including two
extra frequency signals, to the gyroscope module, for driving
the gyroscope module into operation.
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MEMS GYROSCOPE

BACKGROUND OF THE INVENTION

[0001] 1. Field of the Invention

[0002] The present invention relates to an MEMS gyro-
scope and, more particularly to the MEMS gyroscope capable
of precluding the execution of an off-line calibration process
for the error introduced by the sensing circuit defect and by
the mechanical structure defect of its gyroscope module. By
attaching the MEMS gyroscope to a DUT, the rotating angle
of the DUT can be computed without the execution of an
integration process.

[0003] 2. Description of Related Art

[0004] In recent years, the application field of the MEMS
gyroscope has been enlarged dramatically, such as being used
as the angle measuring unit of a motion sensor of a handheld
device. However, due to the intrinsic limitation thereof, such
as the sensing circuit defect and mechanical structure defect
introduced by the MEMS manufacturing process, the preci-
sion range of the angle measurement of the MEMS gyroscope
still needs to be improved dramatically. As a result, an off-line
calibration is required to be executed, after the conventional
MEMS gyroscope has been used for measuring angle for a
certain amount of times, for limiting the error to be within an
acceptable range.

[0005] For eliminating the influence of the mechanical
structure defect on the precision range of the angle measure-
ment, the industry has promoted several approaches. For
example, adopting complex designs on the element of the
MEMS gyroscope, executing specially-designed MEMS
manufacturing processes, or applying additional post manu-
facturing processes. However, these approaches will increase
the manufacturing cost of the conventional MEMS gyro-
scope. Moreover, the complex design of the element of the
MEMS gyroscope will lower the yield rate of the overall
manufacturing process of the conventional MEMS gyro-
scope. Therefore, further improvement on these approaches is
required.

[0006] Besides, for eliminating the influence of the sensing
circuit defect on the precision range of the angle measure-
ment, the industry has promoted several approaches. For
example, modulation, switch capacitor architecture, or corre-
lated double sampling (CDS). These approaches have been
applied for eliminating the non-ideal factor (i.e. the sensing
circuit defect) commonly seen in the sensing circuit (i.e. the
circuit including a variable capacitance capacitor and a
charge amplifier), parasitic capacitance produced by the con-
ductive wire, amount of the output signal drift of the opera-
tional amplifier, uncertainty of the bias voltage, asymmetry of
the differential variable capacitance capacitor. However,
these approaches are not only too complex, but also require
the additional installation of a related circuit. Thus, these
approaches are not favorable to the miniaturizing MEMS
gyroscope.

[0007] Moreover, in the angle measuring process of the
conventional MEMS gyroscope, the angular velocity of the
gyroscope module of the MENS gyroscope must be measured
first. Then, the rotating angle is obtained after executing an
integration process on the measured angular velocity. How-
ever, not only the measurement signal is integrated, but also
the noise signal, resulting in the error of the measurement of
the rotating angle of the conventional MEMS gyroscope
always increasing with the duration of the integration pro-
cess.
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[0008] Therefore,an MEMS gyroscope capable of preclud-
ing the execution of an off-line calibration process for the
error introduced by the sensing circuit defect and the
mechanical structure defect of its gyroscope module, and of
calculating the rotating angle of the DUT without the execu-
tion of an integration process is required by the industry.

SUMMARY OF THE INVENTION

[0009] The object of the present invention is to provide an
MEMS gyroscope capable of precluding the execution of an
off-line calibration process for the error introduced by the
sensing circuit defect and by the mechanical structure defect
ofits gyroscope module, and calculating the rotating angle of
the DUT being attached thereto.

[0010] The object of the present invention is to provide an
MEMS gyroscope capable of precluding the execution of an
integration process, and calculating the rotating angle of the
DUT being attached thereto.

[0011] To achieve the object, the MEMS gyroscope of the
present invention associated with a DUT, comprises a gyro-
scope module, having a plurality of system parameters; a
sensing module, coupled with the gyroscope module for sens-
ing a system dynamic of the gyroscope module; and a control
module, coupled with the gyroscope module and the sensing
module for receiving the system dynamic sensed by the sens-
ing module, applying a gyroscope control method to control
the gyroscope module, and calculating the rotating angle of
the DUT which the MEMS gyroscope being attached thereto.
Wherein, the gyroscope control method comprises the steps
of: outputting a preliminary control signal including a first
extra frequency signal and a second extra frequency signal to
the gyroscope module, for driving the gyroscope module;
estimating estimated value of the plurality of system param-
eters based on the received system dynamic, then calculating
afirst compensation signal based on the estimated value of the
plurality of system parameters, wherein the first compensa-
tion signal includes the first extra frequency signal and the
second extra frequency signal; outputting the first compensa-
tion signal to the gyroscope module; estimating another esti-
mated value of the plurality of system parameters based on
another received system dynamic, then calculating a second
compensation signal based on the another estimated value of
the plurality of system parameters, wherein the second com-
pensation signal includes the first extra frequency signal and
the second extra frequency signal. Applying a filter unit and
an angle calculating unit to calculate the rotating angle of the
DUT based on the estimated system dynamic at the time.
[0012] Therefore, since the control module of the MEMS
gyroscope of the present invention applies a gyroscope con-
trol method to control the gyroscope module and to calculate
the rotating angle of a DUT, to which the MEMS gyroscope
of the present invention is attached, wherein the control mod-
ule outputs the control signal to the gyroscope module and the
estimated gyroscope dynamics to calculate the rotation angle,
based on the gyroscope control method. The control signal,
such as a preliminary control signal, a first compensation
signal, a second compensation signal, and the continued con-
trol signal hereinafter, includes a first extra frequency signal
and a second extra frequency signal, wherein the first extra
frequency signal and the second extra frequency signal are
both different from the characteristic frequency of the gyro-
scope module. The MEMS gyroscope of the present invention
can on-line compensate the error introduced by the sensing
circuit defect and by the mechanical structure defect of its
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gyroscope module. Thus, the MEMS gyroscope of the
present invention can calculate the rotating angle of the DUT,
to which the MEMS gyroscope of the present invention is
attached, without the execution of an off-line calibration pro-
cess. and the execution of an integration process.

[0013] Other objects, advantages, and novel features of the
invention will become more apparent from the following
detailed description when taken in conjunction with the
accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] FIG.1displays theelement ofthe MEMS gyroscope
according to the first embodiment of the present invention.
[0015] FIG. 2 displays the flowchart of the gyroscope con-
trol method applied by the control module of the MEMS
gyroscope according to the first embodiment of the present
invention.

[0016] FIG. 3 is a perspective view of the MEMS gyro-
scope according to the first embodiment of the present inven-
tion.

[0017] FIG. 4 displays the variation trend of the estimated
value of the system dynamic of the gyroscope module of the
MEMS gyroscope according to the first embodiment of the
present invention.

[0018] FIG. 5 displays the variation trend of the estimated
value of the 8 system parameters of the gyroscope module of
the MEMS gyroscope according to the first embodiment of
the present invention.

[0019] FIG. 6 displays the frequency response of the filter
unit of the MEMS gyroscope according to the first embodi-
ment of the present invention.

[0020] FIG. 7 displays the comparison between the rotating
angle (¢) of the DUT calculated by the control module of the
MEMS gyroscope according to the first embodiment of the
present invention, and the actual rotating angle of the DUT.
[0021] FIG. 8 displays the variation trend of the estimated
value of the system dynamic of the gyroscope module of the
MEMS gyroscope according to the second embodiment of
the present invention.

[0022] FIG. 9 displays the frequency response of the filter
unit of the MEMS gyroscope according to the second
embodiment of the present invention.

[0023] FIG. 10 displays the comparison between the rotat-
ing angle (¢) of the DUT calculated by the control module of
the MEMS gyroscope according to the second embodiment
of the present invention, and the actual rotating angle of the
DUT.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

[0024]  As shown in FIG. 1, the MEMS gyroscope accord-
ing to the first embodiment of the present invention, associ-
ated with a device under test (abbreviated as DUT), which is
not shown in the figure, comprises: a gyroscope module 11, a
sensing module 12 and a control module 13, wherein the
gyroscope module 11 has a plurality of system parameters
(not shown in the figure), the sensing module 12 is coupled
with the gyroscope module 11 for sensing a system dynamic
(not shown in the figure) of the gyroscope module 11.
Besides, the control module 13 is coupled with the gyroscope
module 11 and the sensing module 12 for receiving the sys-
tem dynamic (not shown in the figure) sensed by the sensing
module 12, applying a gyroscope control method to control

Oct. 27, 2011

the gyroscope module 11, and calculating the rotating angle
of the DUT (not shown in the figure) which the MEMS
gyroscope according to the first embodiment of the present
invention is attached thereto. Detailed description on the
“system parameters” and the “system dynamic” will be pro-
vided thereinafter.

[0025] As shown in FIG. 2, the gyroscope control method
applied by the control module of the MEMS gyroscope
according to the first embodiment of the present invention
comprises the following steps of outputting a preliminary
control signal (U,) including a first extra frequency signal (
e,) and a second extra frequency signal (e, to the gyroscope
module, for driving the gyroscope module;

[0026] estimating estimated value of the plurality of system
parameters based on the received system dynamic, then cal-
culating a first compensation signal (U, ) based on the esti-
mated value of the plurality of system parameters, wherein
the first compensation signal (U,) includes the first extra
frequency signal (&) and the second extra frequency signal (
,.);

[0027] outputting the first compensation signal (U)) to the
gyroscope module;

[0028] estimating another estimated value of the plurality
of system parameters based on another received system
dynamic, then calculating a second compensation signal (U,)
based on the another estimated value of the plurality of sys-
tem parameters, wherein the second compensation signal
(U,) includes the first extra frequency signal (e,) and the
second extra frequency signal (e,); and

[0029] comparing the estimated value of the plurality of
system parameters with the previously estimated value of the
plurality of system parameters, and when the estimated value
of the plurality of system parameters are the same with the
previously estimated value of the plurality of system param-
eters, i.e. while the estimated states converge to their correct
values, applying a filter unit and an angle calculating unit to
calculate the rotating angle of the DUT which the MEMS
gyroscope according to the first embodiment of the present
invention is attached thereto, based on the system dynamic at
the time.

[0030] In the following, the process for calculating the
rotating angle of the DUT, which the MEMS gyroscope
according to the first embodiment of the present invention is
attached thereto, will be described below in company with the
figures:

[0031] FIG. 3 is a perspective view of the MEMS gyro-
scope according to the first embodiment of the present inven-
tion. In the present embodiment, the gyroscope module 11 is
a single-axis vibrating MEMS gyroscope. The sensing mod-
ule 12 is a position sensor device or a velocity sensor device.
Besides, the dynamic of the proof mass 111 of the gyroscope
module 11 is limited on an X-Y plane, for measuring the
rotating angular velocity (€2,) and the rotating angle of the
proof mass 111 along the Z-axis. Therefore, the dynamic of
the proof mass 111 along the X-axis and the Y-axis can be
described by the following formulas:

mi+d Frd, prkxrk g y=u+2med

M S Pk Xk =0 - 2mQ R formula (1)

[0032] Wherein, mis the mass of the proof mass; d,,d,, are
the damping coefficients of the gyroscope module along the
X-axis and the Y-axis, respectively; k., k,,, are the stiffness

coefficients of the gyroscope module along the X-axis and the
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Y-axis, respectively; d, , is the cross axis damping coefficient;
and k_ is the cross axis stiffness coefficient.

[0033] Then, after organization, the aforementioned for-
mula (1) can be expressed as:

Tt (d o/ m)EH(d, M)y (o mix (e /m)y=u/m 2.

o /mig(d,, /mp+ ke /mywt (e, /m)y=u /m=-2Q.5% formula (2)

[0034] However, due to the mechanical structure defect of
the gyroscope module 11 of the MEMS gyroscope according
to the first embodiment of the present invention, the value of
the system parameters may be different from the design value
of the system parameters. As a result, there are 8 system
parameters in the present embodiment, i.e. k. k. k , d,,
d,., d_, £, (the angular velocity of the gyroscope module),
and m (the mass of the proof mass of the gyroscope module),
wherein the actual value of these 8 system parameters are
unknown, and the actual value of these 8 system parameters
will be estimated by the control module 13 later.

[0035] For computing the value of these 8 system param-
eters, the control module of the MEMS gyroscope according
to the first embodiment of the present invention estimates the
estimated value of these 8 system parameters, by means of
building up a state observer and based on the system dynamic
ofthe gyroscope module 11 sensed by the sensing module 12.
In the present embodiment, the system dynamic of the gyro-
scope module 11 includes at least one of the position of the
proof mass 111 of the gyroscope module 11 (X, y), and/or the
velocity of the proof mass (X, ).

[0036] For building up the aforementioned state observer,
the formula (2) can be re-written into the form below:

X=fx)+BU
Z=HX+n

[0037] Wherein,

formula (3)

X=[x Xy 3y Q ka kyy ky du dy dy m]

BOIOOO r
—[0001[]%8}

x

= (ke fm)x = (ke [ )y — (A [ m)E = (doy /) + 200
y

S0 = | =y = ey fm)y = (dy )5 = iy f)§ = 2007
0
0 12x1
H 0100 0
=g 001 [0]rxs

[0038] Therefore, both of the “system dynamic” and the
“system parameters” are integrated into a single dynamic
systen. In the present embodiment, since the actual value of
the system para.meters (S SV dx.x, d,.d, Qz, and .m)
are fixed value, i.e. these actual value will not be varied during
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the operation of the MEMS gyroscope, the aforementioned
state observer can be represented as:

X=AY+BULLHX-X)

7=HX formula (4)

[0039] Wherein, X represents the estimated value of the
system parameters, L. is the observer gain. In the present
embodiment, the observer gain L. is obtained through the
Lyapunov method.

[0040] As described above, the control module of the
MEMS gyroscope according to the first embodiment of the
present invention calculates the rotating angle of the DUT, to
which the MEMS gyroscope according to the first embodi-
ment of the present invention is attached, by applying a gyro-
scope control method (as shown in FIG. 2). Detailed applica-
tion steps of the gyroscope control method are described
below:

[0041] First, the control module 13 outputs a preliminary
control signal (Uy) including a first extra frequency signal (
) and a second extra frequency signal () to the gyroscope
module 11. The preliminary control signal (U,) can be rep-
resented as:

1| duk+ dyd + ki +hyy - K+, formaula (3)
Uy =

Edl

Zixy)*c + 8W§ + /nyfc+ fcyy& -k + @y

[0042] Wherein, after being controlled by the control signal
of formula (5), the gyroscope module 11 has a characteristic
frequency

Besides, the aforementioned first extra frequency signal (e, )
and the second extra frequency signal (e,) are smaller than
the characteristic frequency. In the present embodiment, the
first extra frequency signal () is a sine function signal of
450 Hz, while the second extra frequency signal (&, ) is a sine
function signal of 500 Hz.

[0043] Then, the control module 13 estimates the estimated
value of the aforementioned 8 system parameters, using the
aforementioned state observer and basing on the system
dynamic (x, y and/or %, ¥) of the gyroscope module 11 sensed
by the sensing module 12. Moreover, comparing with the 8
system parameters used for calculating the preliminary con-
trol signal (Uy), at least one of the 8 system parameters is
varied.

[0044] Later, the control module 13 calculates a first com-
pensation signal (U, ) based on the estimated value of these
system parameters, wherein the first compensation signal
(U,) still includes the first extra frequency signal (e, ) and the
second extra frequency signal (e,). The first compensation
signal (U,) can be represented as:
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Aok + A+ hod +hd - k2 + formula (6)

1
i fixy)*c+8yyj1 +I2Xy5v+fcwj1 -ky+w,

[0045]  After that, the control module 13 outputs the first
compensation signal (U,) to the gyroscope module 11, for
driving the gyroscope module 11. Then, the control module
13 estimates another estimated value of the aforementioned 8
system parameters, using the aforementioned state observer
and basing on the system dynamic (x. y and/or %, y) of the
gyroscope module 11 sensed by the sensing module 12 once
again.

[0046] Then, the control module 13 calculates a second
compensation signal (U,) based on the another estimated
value of these system parameters, wherein the second com-
pensation signal (U,) also includes the first extra frequency
signal (e,) and the second extra frequency signal (es,). The
second compensation signal (U,) can be represented as:

Aok +dy§ +hod +hyy - k3 + o, formula (7)

U=

| =
o

xyfc + ﬁyyjz + /nyj- + /Acyyy -ky+ oy,

[0047] At the moment, the control module 13 compares the
second compensation signal (U,) with the first compensation
signal (U,). When they are different from each other, the
control module 13 outputs the second compensation signal
(U,) to the gyroscope module 11, for driving the gyroscope
module 11.

[0048] Then, following the process described above, the
control module 13 calculates a third compensation signal
(Us) and compares the third compensation signal (Us) with
the second compensation signal (U,). It should be noted that,
the control module 13 will execute the same process above
continuously, i.e. calculating different compensation signals
(U,) and outputting the compensation signals (U,) to the
gyroscope module 11, until the compensation signal calcu-
lated out at the next time point (U, . ,) equals to the compen-
sation signal calculated out at the current time point (U,,).

[0049] FIG. 4 displays the variation trend of the estimated
value of the system dynamic of the gyroscope module of the
MEMS gyroscope according to the first embodiment of the
present invention, when the control module thereof applies
the gyroscope control method. In the figure, every estimated
value of the parameters of the system dynamic (x, y and/or X,
¥) converge to their actual convergence value respectively and
rapidly. Besides, FIG. 5 displays the variation trend of the
estimated value of the 8 system parameters of the gyroscope
module of the MEMS gyroscope according to the first
embodiment of the present invention, wherein the estimated
value of these 8 system parameters (K. k,,, Ky, dyy 4,0 dy
Q,, and m) converge to their actual convergence value in 0.3
second.

[0050] When the estimated value of the parameters of the
system dynamic and the 8 system parameters of the gyro-
scope module converge to their actual convergence value, the
control module 13 applies a filter unit and an angle calculating
unit in sequence, for calculating the rotating angle of the DUT
which the MEMS gyroscope according to the first embodi-
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ment of the present invention is attached thereto, based on the
system dynamic used for calculating out the second compen-
sation signal (U,).

[0051] In the present embodiment, the aforementioned fil-
ter unit is a band-pass filter, whose frequency response is
shown in FIG. 6. As shown in FIG. 6, the pass-band of the
band-pass filter unit is between 2.5 kHz and 3.5 kHz, wherein
the characteristic frequency of the gyroscope module 11 is
within the pass-band of the band-pass filter unit, for filtering
the signal having the frequency near the characteristic fre-
quency. At this time, the system dynamic of the gyroscope
module 11 can be expressed as:

X=BPF(%), ¥=BPF(%)

y=BPF(§), 7=BPF() formula (8)

[0052] Then, the control module 13 brings these 4 param-
eters into the aforementioned angle calculating unit, for cal-
culating the rotating angle (¢) of the DUT which the MEMS
gyroscope according to the first embodiment of the present
invention is attached thereto. In the present embodiment, the
angle calculating unit can be represented as:

formula (9)

2k-%-V+ iy
k@ -y + (3 -3)

[0053] The comparison between the calculated rotating
angle (¢) of the DUT and the actual rotating angle of the DUT
is shown in FIG. 7. In the figure, the rotating angle calculated
by the control module 13 of the MEMS gyroscope according
to the first embodiment of the present invention coincides
with the actual rotating angle of the DUT. Besides, the cal-
culating result responds rapidly to the change of the variation
of the actual angle, preventing any “lag” in response from
happening. Therefore, by applying the gyroscope control
method of FIG. 2, the MEMS gyroscope according to the first
embodiment of the present invention can on-line compensate
the error introduced by the sensing circuit defect and by the
mechanical structure defect of the gyroscope module thereof,
and calculate the rotating angle of the DUT which the MEMS
gyroscope according to the first embodiment of the present
invention is attached thereto without the execution of a com-
plex integration process.

[0054] In the MEMS gyroscope according to a second
embodiment of the present invention, the actual value of all
the system parameters (k,,, k,, k.., ., d,, d., £, and m)
are unknown, and some of the system parameters are not fixed
value, i.e. their value will be varied during the operation of the
MEMS gyroscope. Besides, since the gyroscope control
method applied by the control module of the MEMS gyro-
scope according to the second embodiment of the present
inventionis the same as the gyvroscope control method applied
by the control module of the MEMS gyroscope according to
the first embodiment of the present invention, detailed
description regarding the gyroscope control method will be
omitted hereinafter.

[0055] However, unlike the first extra frequency signal (3, )
and the second extra frequency signal () of the first embodi-
ment, the first extra frequency signal (e, ) and the second
extra frequency signal (@, ) of the present embodiment are not
limited to be smaller than the characteristic frequency of the
gyroscope module any more, they are merely limited to be
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different from the characteristic frequency of the gyroscope
module. Besides, in the present embodiment, the first extra
frequency signal (e,) is a sine function signal of 450 Hz,
while the second extra frequency signal (e,) is a sine function
signal of 500 Hz.

[0056] FIG. 8 displays the variation trend of the estimated
value of the system dynamic of the gyroscope module of the
MEMS gyroscope according to the second embodiment of
the present invention, when the control module thereof
applies the gyroscope control method. In the figure, the angu-
lar velocity (€2,) varies into a sine wave from the square wave
at the beginning, after 0.55 second. Besides, the damping
coeflicients (d,,, d,,, and d, ) vary rapidly and dramatically.
However, even though such a variation in angular velocity of
the gyroscope module happens, these 8 system parameters
Kok, k,,d,d,,d 8, andm)of the gyroscope module
of the MEMS gyroscope according to the second embodi-
ment of the present invention can still converge to their actual
convergence value rapidly.

[0057] Similar to the control module of the MEMS gyro-
scope according to the first embodiment of the present inven-
tion, when the estimated value of the plurality of system
parameters are the same with the previously estimated value
of the plurality of system parameters, i.e. while the estimated
states converge to their correct values, the control module of
the MEMS gyroscope according to the second embodiment
of the present invention applies a filter unit and an angle
calculating unit, for calculating the rotating angle of the DUT
which the MEMS gyroscope according to the second embodi-
ment of the present invention is attached thereto, based on the
system dynamic used for calculating out the second compen-
sation signal (U,).

[0058] In the second embodiment of the present invention,
the control module applies an angle calculating unit, for cal-
culating an estimated value of the rotating angle (¢), based on
the system dynamic used for calculating out the second com-
pensation signal (U, ). Besides, the angle calculating unit can
be represented as:

1 2(k3¢j/+;c;) formula (10)
¢ = zarctan| —8M8M8M8 —————
2 2 a2y (22 2R
k(¥ —y)+\\x —y/l

[0059] Then, a low-pass filter unit is used for filtering the
estimated value of the rotating angle (¢), for calculating the
rotating angle of the DUT (¢), which the MEMS gyroscope
according to the second embodiment of the present invention
is attached thereto. Thus, the rotating angle of the DUT can be
represented as:

¢=LPF($)

[0060] As showninFIG. 9, which is the frequency response
diagram of the low-pass filter, the cut-off frequency of the
low-pass filter is 0.2 kHz. Therefore, the upper limit of the
variation frequency of the angular velocity of the gyroscope
module is 0.2 kHz.

[0061] The comparison between the calculated rotating
angle (¢) of the DUT and the actual rotating angle of the DUT
is shown in FIG. 10. In the figure, even though the angular
velocity of the DUT (Q,) varies into a sine wave from the
square wave at the beginning after 0.55 second, and the damp-
ing coefficients (d,,, d,,, and d, ) vary dramatically at 0.45
second, the rotating angle calculated by the control module of

formula (11)
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the MEMS gyroscope according to the second embodiment
of the present invention coincides with the actual rotating
angle of the DUT. That is, the MEMS gyroscope according to
the second embodiment of the present invention can control
the error value to be within an acceptable range (on-line error
compensation), thus precluding the requirement to shut down
the operation of the MEMS gyroscope, for executing an off-
line calibration process.

[0062] Therefore, by applying the gyroscope control
method of FIG. 2, the MEMS gyroscope according to the
second embodiment of the present invention can on-line com-
pensate the error introduced by the sensing circuit defect and
by the mechanical structure defect of the gyroscope module
thereof, and calculate the rotating angle of the DUT which the
MEMS gyroscope according to the second embodiment of
the present invention is attached thereto without the execution
of a complex integration process.

[0063] As described above, since the control module of the
MEMS gyroscope of the present invention applies a gyro-
scope control method to control the gyroscope module and to
calculate the rotating angle of a DUT, to which the MEMS
gyroscope of the present invention is attached, wherein the
control module outputs the control signal to the gyroscope
module based on the gyroscope control method. The control
signal, such as a preliminary control signal, a first compen-
sation signal, a second compensation signal, and the contin-
ued control signal hereinafter, includes a first extra frequency
signal and a second extra frequency signal, wherein the first
extra frequency signal and the second extra frequency signal
are both different from the characteristic frequency of the
gyroscope module. The MEMS gyroscope of the present
invention can on-line compensate the error introduced by the
sensing circuit defect and by the mechanical structure defect
of its gyroscope module. Thus, the MEMS gyroscope of the
present invention can calculate the rotating angle of the DUT,
to which the MEMS gyroscope of the present invention is
attached, without the execution of an off-line calibration pro-
cess, and the execution of an integration process.

[0064] Although the present invention has been explained
in relation to its preferred embodiment, it is to be understood
that many other possible modifications and variations can be
made without departing from the scope of the invention as
hereinafter claimed.

What is claimed is:
1. An MEMS gyroscope, associated with a DUT, compris-
ing:

a gyroscope module, having a plurality of system param-
eters;

a sensing module, coupled with the gyroscope module for
sensing a system dynamic of the gyroscope module; and

a control module, coupled with the gyroscope module and
the sensing module for receiving the system dynamic
sensed by the sensing module, applying a gyroscope
control method to control the gyroscope module, and
calculating the rotating angle of the DUT which the
MEMS gyroscope being attached thereto;

wherein the gyroscope control method comprises the steps
of:

outputting a preliminary control signal including a first
extra frequency signal and a second extra frequency
signal to the gyroscope module, for driving the gyro-
scope module;

estimating estimated value of the plurality of system
parameters based on the received system dynarmic, then



US 2011/0259100 A1

calculating a first compensation signal based on the esti-
mated value of the plurality of system parameters,
wherein the first compensation signal includes the first
extra frequency signal and the second extra frequency
signal,

outputting the first compensation signal to the gyroscope

module;

estimating another estimated value of the plurality of sys-

tem parameters based on another received system
dynamic, then calculating a second compensation signal
based on the another estimated value of the plurality of
system parameters, wherein the second compensation
signal includes the first extra frequency signal and the
second extra frequency signal; and

comparing the estimated value of the plurality of system

parameters with the previously estimated value of the
plurality of system parameters, and when the estimated
value of the plurality of system parameters are the same
with the previously estimated value of the plurality of
system parameters, applying a filter unit and an angle
calculating unit to calculate the rotating angle of the
DUT based on the system dynamic at the time.

2. The MEMS gyroscope as claimed in claim 1, wherein
the MEMS gyroscope is a vibrating MEMS gyroscope.

3. The MEMS gyroscope as claimed in claim 1, wherein
the system parameters includes at least two of: the mass of the
proof mass of the gyroscope module, the damping coeffi-
cients of the gyroscope module, the stiffness coefficients of
the gyroscope module, and the angular velocity of the gyro-
scope module.

4. The MEMS gyroscope as claimed in claim 1, wherein
the system dynamic includes at least one of: the position of
the proof mass of the gyroscope module, and the velocity of
the proof mass of the gyroscope module.

5. The MEMS gyroscope as claimed in claim 1, wherein
the sensing module is a position sensor device or a velocity
sensor device.

6. The MEMS gyroscope as claimed in claim 1, wherein
the control module estimates the estimated value of the plu-
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rality of system parameters based on the system dynamic of
the gyroscope module, by means of building up a state
observer.

7. The MEMS gyroscope as claimed in claim 6, wherein
the state observer has an observer gain, and the observer gain
1s obtained through the Lyapunov method.

8. The MEMS gyroscope as claimed in claim 1, wherein
the gyroscope module has a characteristic frequency.

9. The MEMS gyroscope as claimed in claim 8, wherein
the filter unit is a band-pass filter unit, and in the gyroscope
control method, the band-pass filter unit is used for filtering
the system dynamic of the gyroscope module when the esti-
mated value of the plurality of system parameters being equal
to the previously estimated value of the plurality of system
parameters, then, the angle calculating unit calculates the
rotating angle of the DUT based on the filtered system
dynamic of the gyroscope module.

10. The MEMS gyroscope as claimed in claim 9, wherein
the first extra frequency signal and the second extra frequency
signal are smaller than the characteristic frequency of the
gyroscope module, and the characteristic frequency of the
gyroscope module is within the pass-band of the band-pass
filter unit.

11. The MEMS gyroscope as claimed in claim 8, wherein
the filter unit is a low-pass filter unit, and in the gyroscope
control method, the angle calculating unit calculates an esti-
mated value of a rotating angle based on the estimated system
dynamic of the gyroscope module at the time when the esti-
mated value of the plurality of system parameters being equal
to the previously estimated value of the plurality of system
parameters, then, the low-pass filter unit is used for filtering
the estimated value of the rotating angle and calculating the
rotating angle of the DUT.

12. The MEMS gyroscope as claimed in claim 11, wherein
the first extra frequency signal and the second extra frequency
signal are both different from the characteristic frequency of
the gyroscope module, and the cut-off frequency of the low-
pass filter unit is the upper limit of the variation frequency of
the angular velocity of the gyroscope module.
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