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The present invention proposes a single-axis-control-input
gyroscope system having imperfection compensation, which
comprises a gyroscope and a state observer. The gyroscope
includes a mechanical structure, and the dynamic behavior of
the mechanical structure is described with a plurality of sys-
tem parameters and a plurality of dynamic equations. The
system parameters include a mass of the gyroscope, two
main-axis spring constants, a cross-axis spring constant, two
main-axis damping coefficients, a cross-axis damping coef-
ficient and an angular velocity. The mechanical imperfections
cause the system parameters to deviate from the designed
values and become unknown values. The gyroscope receives
a single-axis control signal and outputs a plurality of gyro-
scopic system dynamics. The single-axis control signal
includes at least two frequency signals. The state observer is
coupled to the gyroscope to receive the gyroscopic system
dynamics as the inputs thereof to feed back compensations to
the state observer. Thereby is estimated an angular velocity.
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SINGLE-AXIS-CONTROL-INPUT
GYROSCOPE SYSTEM HAVING
IMPERFECTION COMPENSATION

FIELD OF THE INVENTION

[0001] The present invention relates to a gyroscope system,
particularly to a single-axis-control-input gyroscope system
having imperfection compensation, which can detect and
evaluate the dynamic effect alteration caused by mechanical
imperfections to obtain a correct angular velocity.

BACKGROUND OF THE INVENTION

[0002] Gyroscopes are inertial sensors for orientation,
stable control and navigation. Because of bulkiness and
expensiveness, the traditional gyroscope is hard to be widely
used. The advanced MEMS (Mirco Electro Mechanical Sys-
tem) technology has greatly favored the design and fabrica-
tion of MEMS gyroscopes in the recent years. The emerging
MEMS gyroscopes have been extensively applied to elec-
tronic products, such as game machines, 3D mice, image
stabilization systems of video cameras, navigation systems of
vehicles and the like.

[0003] The fabrication process of the MEMS gyroscopes
includes many steps. The steps inevitably cause some imper-
fections. The imperfections include mechanical structure
imperfections (such as structural asymmetry and dimensional
errors) and circuit imperfections (such as parasitic capaci-
tors). Because of miniaturization of electro mechanical com-
ponents, tolerance for the imperfections is greatly reduced in
MEMS systems, and the imperfections are especially signifi-
cant in MEMS systems. The present invention intends to
compensate for the mechanical imperfections caused by
design and fabrication of the electro mechanical components
and reduce the instability of the dynamics so as to correctly
estimate angular velocities.

[0004] In the conventional technology, in order to enhance
the performance of the gyroscopes, especially the mechanical
imperfections significantly affecting the precision of MEMS
devices, post-processes are usually used to perform correc-
tion. However, such a prior art is complicated and expensive,
and has high technical threshold. There are also few methods
using feedback control to offset the effect caused by mechani-
cal imperfections in gyroscopes to obtain correct angular
velocities. These methods generally are applied to two-axes-
control-input gyroscopes. However, most of the commercial
MEMS gyroscopes use single-axis-control-input and thus
cannot be corrected by those existing feedback control meth-
ods.

[0005] AnU.S.Pat.No. 6,928,874 disclosed “Dynamically
Amplified Micro-Machined Vibratory Angle Measuring
Gyroscopes, Micro-Machined Inertial Sensors and Method
of Operation for the Same”, which adopts a two-axes-control-
input gyroscope to replace a ring structure with an inner ring
and an outer ring to reduce the interference between two axes.
However, the mechanical structure of the prior art is very
complicated. Besides, the prior art has to measure positions
and velocities of the two axes at the same time. An U.S. Pat.
No. 6,934,660 disclosed a “Multi Stage Control Architecture
for Error Suppression in Micro-Machined Gyroscopes”,
which designs a two-stage controller. Theprior artis based on
hypotheses that the damping coefficient of the gyroscope is
symmetric and there is no coupling term existing. However,
the hypotheses are too impractical. Similar to the above-
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mentioned patent, this prior art also adopts two-axes-control-
input and thus has to measure positions and velocities of the
two axes at the same time.

SUMMARY OF THE INVENTION

[0006] One objective of the present invention is to provide
a simple, low-cost and high-precision gyroscope system,
which adopts single-axis-control-input and compensates for
the mechanical imperfections of the gyroscope via signal
processing of the control system, and which uses a gyroscope
mechanical structure having a cross-axis damping coefficient
and a cross-axis elastic coeflicient to input signals having at
least two frequencies by a single axis to estimate the param-
eters of the gyroscope system and the angular velocities.

[0007] Another objective of the present invention is to pro-
vide a gyroscope system having imperfection compensation,
the gyroscope system includes a state observer uses the signal
processing of the control system to feed back and compensate
for the mechanical imperfections of the gyroscope system,
whereby the angular velocity is correctly measured, and the
correction is exempted from expensive post-processes.

[0008] The present invention proposes a single-axis-con-
trol-input gyroscope system having imperfection compensa-
tion, which comprises a gyroscope and a state observer. The
gyroscope includes a mechanical structure. The dynamic
behavior of the mechanical structure can be described by a
plurality of system parameters and a plurality of dynamic
equations. The gyroscope receives a single-axis control sig-
nal and outputs a plurality of system dynamics to two axes.
The single-axis control signal includes at least two frequency
signals. The state observer is coupled to the gyroscope and
receives two of the system dynamics as the inputs thereof so
as to feedback compensation to the state observer. Thus, the
angular velocity of an object is measured by the gyroscope
system of the present invention with the mechanical imper-
fections being compensated.

[0009] The technical contents of the present invention are
described in detail in cooperation with the drawings below.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] The embodiments of the present invention are
described with the following drawings.

[0011] FIG. 1 is a diagram schematically showing a
mechanical structure model of an MEMS linear vibratory
gyroscope;

[0012] FIG.2isablock diagram schematically showing the
architecture of a single-axis-control-input gyroscope system
having imperfection compensation according to one embodi-
ment of the present invention;

[0013] FIGS. 3A-3E are diagrams schematically showing
that the single-axis of the gyroscope inputs system dynamics
(u,) with two frequencies to the state observer, and the state
observer outputs values of the positions at the x axis and y axis
and the velocities in the x axis and y axis of the model system
dynamics to gradually approach real gyroscopic system
dynamics; and

[0014] FIGS. 4A-4H are diagrams schematically showing
that eight system parameters which are estimated by a state
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observer, including k. k., k. d, . d ., d, , mand the angu-
lar velocity €2, and the eight system parameters converge to
preset values.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0015] Below, the embodiments are used to exemplify and
demonstrate the present invention. However, the embodi-
ments are not intended to limit the scope of the present inven-
tion. Although the persons skilled in the art can easily make
modifications or variations according to the embodiments
and spirit implied in the embodiments, any modification or
variation according to the embodiments and spirit implied in
the embodiments is to be also included within the scope of the
present invention.

[0016] Referto FIG. 1 for a mechanical structure model of
an MEMS linear vibratory gyroscope. In FIG. 1, a gyroscope
has a proof mass 1 (denoted by m), and the proof mass 1 has
acentroid set in the origin of the x axis and y axis of a rotation
coordinate. The proof mass 1 is coupled to a fixed frame 2 by
a spring 3 having two-axes elastic coefficient. Thereby, the
movement of the proof mass 1 is confined to the x-y plane,
thus is formed a spring-mass-damper system. In practice, the
spring 3 is usually realized with a serpentine structure, and a
cross-axis spring constant is often introduced into the serpen-
tine structure.

[0017] One of the x axis and y axis of the rotation coordi-
nate functions as a driving axis, and the other functions as a
sensing axis. For example, if the x axis functions as the
driving axis and outputs driving force to make the proof mass
1 generate vibration with the same frequency along the x axis.
If the fixed frame 2 rotates at the same time at an angular
velocity €, the proof mass 1 senses a Coriolis force in pro-
portion to the product of the vibration speed on the driving
axis (the x axis) and the angular velocity of the z axis, wherein
the product is expressed by Q_%. The Coriolis force makes the
proof mass 1 ofthe gyroscope vibrate on the sensing axis (the
y axis). The signal of the angular velocity €2_ can be obtained
via processing the y axis.

[0018] The system dynamics of the proof mass 1 of the
gyroscope in the x-y axes can be deduced from dynamics and
simplified to the following equations:

mx+D,, 3D, K, K p =iyt 2med, y (1)

mp+D, X+D, 4K, X+K y=u ~2mQ5% 2
wherein m is the mass of the proof mass 1, and

wherein D, and D,,, are respectively the x-axis and y-axis
damping coefficients, and

wherein K, and K, are respectively the x-axis and y-axis
spring constants, and

wherein D, and K, are respectively cross-axis damping
coeflicient and cross-axis spring constant, and

wherein u, and u, are respectively the x-axis and y-axis con-
trol inputs.

[0019] Normalize Equation (1) and Equation (2) to obtain

the following equations:

Bt duk + dyd + kX +hyy = wdm + 28,3 3

P+ dyk + dyy§ + kg + kyyy = uylm —2Q,% 4
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wherein

d = Dy
dyy = Dyylm;
dy, = Dyyim;
ke = Koofm,
kyy = Kyylm;

by = Ky/m

[0020] InEquations (3)and (4),d,, andk, are respectively
the cross-axis damping coeflicient and the cross-axis spring
constant, which are originated from the asymmetry of the
mechanical structure or dimensional errors and cause the
dynamic coupling of the x axis and the y axis. Similarly, the
system parameters, such as m, d_, d km w CfC., are
different from the original designedvalues basedon the effect
of the mechanical imperfections. Therefore, there are eight
unknown system parameters affected by the mechanical
imperfections, including d,,d, ., d,,, k. k .k, m, and Q .
[0021] Rewrite Equations (3) and[v (4)into matrlxes

X=AX)+BU )
Z=CX+noise (6)
wherein
}(::[X %»}rjrgg XX )g’lix} XX }}’(Lx III alld
wherein

x
—hX =k y = Aok =,y + 20,3
y
FX) = | —kgx—kyy —dot—dyy - 20k
0

12x1

e 0 1/m0 0 r
‘[0 0 0 I/m [OJM}

[0022] To simplify the system, the noisein Equation (6) can
be ignored and suppose that all d,, d,,, ., k.. ko Ko,

and Q_are constants and can be simulated.

[0023] Refer to FIG. 2 for a single-axis-control-input gyro-
scope system having imperfection compensation according
to one embodiment of the present invention. The gyroscope
system of the present invention comprises a single-axis-con-
trol-input gyroscope 4 and a state observer 5. The single-axis-
control-input gyroscope 4 includes a mechanical structure 41.
The above-mentioned single-axis-control-input gyroscope is
synonymous to the single-axis-control-input MEMS vibra-
tory gyroscope. For the single-axis-control-input gyroscope
of the present invention, there is no y-axis control input u,, but
only the x-axis control input v, in Equations (2), (4), and the
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matrix U in Equation (5), as shown in FIG. 2. Thus, u, is the
single-axis control signal, and the gyroscope is the single-
axis-control-input gyroscope. For simplicity and convenient
illustration, the single-axis-control-input MEMS vibratory
gyroscope is abbreviated to the single-axis-control-input
gyroscope in the specification and claims of the present
invention.

[0024]  As shown in FIG. 2, the state observer 5 is coupled
to the single-axis-control-input gyroscope 4. The state
observer 5 is a device simulating the real system, wherein the
input signals and output signals of the real system are used to
estimate the internal states of the real system.

[0025] In one embodiment, the state observer 5 includes a
single-axis-control-input gyroscope model 51, an error cor-
rection unit 52, and a subtractor 53. In the single-axis-control-
input gyroscope model 51, the y-axis control input u,, of
Equations (2), (4) and (5) is neglected to construct and model
the mechanical structure of the single-axis-control-input
gyroscope 4. The single-axis-control-input gyroscope model
51 can be described by a plurality of system parameters and a
plurality of dynamic equations, wherein the system param-
eters include the gyroscope proof mass m, the spring con-
stants k,, k., and k, , the damping coeflicients d , d,,, and
d,, and the angular velocity €2,.

[0026] The single-axis-control-input gyroscope 4 receives
a single-axis control signal (of the x axis) u, as the input
thereof and generates a plurality of gyroscopic system
dynamic outputs O. The gyroscopic system dynamic out-
puts O can be obtained by measurement. The single-axis-
control-input gyroscope model 51 also receives the single-
axis control signal (of the X axis) u, as the input thereof and
generates a plurality of model system dynamic outputs O,,,
which are corresponding to the gyroscopic system dynamic
outputs Og. The gyroscopic system dynamic outputs Oy
include the position at the x axis (x), the position at the y axis
(y), and/or the speed in the x axis (k), and/or the speed in the
y axis (S), and/or the acceleration in the x axis (X), and/or the
acceleration in the y axis (¥), and/or higher order two-axes
dynamics. The term “corresponding” refers to the fact that the
single-axis-control-input gyroscope model 51 generates a
one-to-one correspondent output with the gyroscopic system
dynamic outputs Og.

[0027] The subtractor 53 performs a subtraction operation
between at least two model system dynamic outputs O,, and
the two corresponding gyroscopic system dynamic outputs
O to obtain the relative errors and sends the errors to the error
correction unit 52. After receiving the errors, the error cor-
rection unit 52 works out the corresponding compensation
values and feeds back the compensation values to the single-
axis-control-input gyroscope model 51, whereby the single-
axis-control-input gyroscope model 51 can correct the model
system dynamic outputs O,, thereof, and the model system
dynamic outputs O, , can gradually approach the gyroscopic
system dynamic outputs O, and the eight system parameters
can be estimated, including the estimated angular velocity .
ofthe gyroscope. Herein, the term “dynamic output” refers to
that the output signal is a function of time. Therefore, the
abovementioned “estimate” refers to a time-dependent itera-
tion or feedback. In other words, the (n+1)th estimate of the
system parameter is corrected by the dynamic output of the
nth estimate. Thus, the final system parameters and the esti-
mated angular velocity Q,' can gradually converge to the
corresponding real values.
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[0028] The two gyroscope system dynamic outputs that are
input to the subtractor 53 are selected from the position at the
x axis (x) and the position at the y axis (y), the speed in the x
axis (X) and the speed in the y axis (V), the acceleration in the
x axis (X) and the acceleration in the y axis (¥), and the higher
order differentials of the two corresponding axes.

[0029] Before constructing a state observer, the observabil-
ity of the gyroscope coupled to the state observer should be
confirmed first. If observability matrix of a system presents a
full rank state, the system has observability. According to
Equations (5) and (6), the observability matrix W, of the
gyroscope may be arranged into:

[Cilixa  [Olyg } €))

Wo = [
[0Jga  [Wialses

wherein
0 1 0 0
0 0 0 1
Q=0 —ky O
—ky O —ky O
and
wherein
2y -x 0 -y =X 0 -y ¥
=23 0 -y —x 0 - —% y|3)
Zym _% 0 -y ¥ _y'3) o
W e 0 -y -3 0 _y(3) _® yl4)
“- 2 x® g B gy
—2x4 0 _y(3» —x® 0 _y(4) x4 yls)
2_)/(5) _x(4) 0 _y(4) _x(5) 0 _ygs) xm)
-2 0 —y(4’ X% _y(S) —x y16)

wherein x* and y* respectively represent the nth order dif-
ferentials of x and y.

[0030] Via examining W, ,, it is found that if x=y'&=y'%=y"
..., W, ,is in a full rank state. In other words, if the control
input of the gyroscope system includes the dynamics with at
least two frequencies, W, is in a full rank state. The state
observer 5 can estimate and obtain the eight system param-
eters of the gyroscope system, including the mass m, the
spring constantsk,_,k  andk, , the damping coefficientsd_,

X2

d,, and d,, and the angular velocity £2,.
[0031] Incomparison with Equations (5) and (6), the state
observer 5 can be designed into:
X=Alo+BUrLC(X-X) ®)
7=CX (9)

wherein L is the gain of the state observer 5. The gain can be
obtained via the conventional construction method of the
state observer 5. Thus, the single-axis-control-input gyro-
scope system having imperfection compensation of the
present invention can obtain an angular velocity Q, with the
mechanical imperfections being compensated for. In other
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words, the estimated angular velocity €' will gradually
approach the correct angular velocity Q..

[0032] When the selected control inputs are signals each
having at least two frequencies, the system of the gyroscope
4 has observability. Therefore, the control input of the gyro-
scope 4 can, be expressed as the following signal including at
least two frequencies:

_ [ sin(w 1) + sin(wo1) } (10)
- 0

wherein w, and w, are two frequencies selected arbitrarily.
[0033] Inone embodiment, perform a simulation using the
parameters with the values listed in Table.1 to verify the
performance of imperfection compensation of the present
invention.

TABLE 1

parameter values for simulation

Parameter Value

Q, sin(2 x ; x 100 t) rad/sec
kK (2 x 7 x 3000)% sec ™2
k, (2 x % 900)? sec?

k, (2 x 7w x 3000 sec™

de 10 sec™!

dy, 0sec!

d, 10 sec™!

M 0.9

[0034] Refer to FIG. 3A for a single-axis control input u,,
which is used as the input of a gyroscope system and varied
with the time. The single-axis control input u, is a combina-
tion of two frequency signals, such as the signal expressed by
Equation (10). The gyroscope 4 receives the single-axis con-
trol input u, and outputs a plurality of gyroscopic system
dynamic outputs O, including the position at the x axis, the
position at the y axis, the speed in the x axis, and the speed in
the y axis, which are represented by the dashed lines shown in
FIGS. 3B-3E. The state observer 5 receives the gyroscopic
system dynamic outputs O from the gyroscope 4, performs
a difference operation of the gyroscopic system dynamic
outputs O, and the model system dynamic outputs O, ,, and
undertakes a feedback compensation to estimate the model
system dynamic outputs O,, and eight system parameters,
including the angular velocity Q,. As shown in FIGS. 3B-3E,
the model system dynamic outputs O, (represented by solid
lines) estimated by the state observer 5 gradually approach
the gyroscopic system dynamic outputs O;.

[0035] As showninFIGS. 4A-4H, the eight system param-
eters converge to the simulated parameter values given in
Table.1 within 80 ms, including the mass m, the spring con-
stantsk, k andk, , the damping coefficientsd,,,d,, andd,,
and the angular velocity Q,.

[0036] In conclusion, the present invention proposes a
gyroscope system having imperfection compensation, which
comprises a gyroscope and a state observer, and which the
control system performs signal processing to feed back com-
pensation for the mechanical imperfections of the gyroscope,
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and which uses the cross-axis elastic coefficient or the cross-
axis damping coefficient to estimate the system parameters of
the gyroscope, including the mass m, the main-axis spring
constants k., and k,,, the cross-axis spring constant k , the
main-axis damping coefficients d,, and d,,, the cross-axis
damping coefficient d,, and the angular velocity £2,. Distinct
from the conventional technology, the gyroscope system has
advantages of simple structure, low cost and high precision,
and is exempted from expensive post-processes.

[0037] The embodiments described above are only to
exemplify the present invention but not to limit the scope of
the present invention. Instructed by the abovementioned
description and the attached drawings, the persons skilled in
the art should be able to make various equivalent modifica-
tions and variations. However, any equivalent modification or
variation should be also included within the scope of the
present invention.

What is claimed is:

1. A single-axis-control-input gyroscope system having
imperfection compensation comprising a gyroscope and a
state observer, the gyroscope further comprises a mechanical
structure, and the dynamic behavior of the mechanical struc-
ture is described with a plurality of system parameters and a
plurality of dynamic equations; the gyroscope receives a
single-axis control signal and outputs a plurality of gyro-
scopic system dynamics, and the single-axis control signal
includes at least two frequency signals; the state observer is
coupled to the gyroscope to receive at least two of the gyro-
scopic system dynamics as the inputs thereof to feed back
compensations to the state observer, whereby is estimated an
angular velocity of an object with mechanical imperfections
of the gyroscope being compensated for.

2. The single-axis-control-input gyroscope system having
imperfection compensation according to claim 1, wherein the
system parameters include a mass of the gyroscope, two
main-axis spring constants, a cross-axis spring constant, two
main-axis damping coefficients, a cross-axis damping coef-
ficient and an angular velocity.

3. The single-axis-control-input gyroscope system having
imperfection compensation according to claim 2, wherein the
state observer further comprises a single-axis-control-input
gyroscope model, and the single-axis-control-input gyro-
scope model receives the single-axis input signal as an input
thereof and generates a plurality of model system dynamic
outputs; the state observer performs a difference operation of
the gyroscopic system dynamic outputs and the model system
dynamic outputs, and works out a plurality of compensation
values and feeds back the compensation values to the single-
axis-control-input gyroscope model to estimate the system
parameters.

4. The single-axis-control-input gyroscope system having
imperfection compensation according to claim 1, wherein the
gyroscopic system dynamic outputs are confined to an x-y
plane defined by an x axis and a y axis, and the single-axis
control signal is input to the gyroscope via one of the x axis
and the y axis; there are exactly two model system dynamic
outputs input to the state observer, and the two model system
dynamic outputs are position at the x axis and position at the
y axis, or speed in the x axis and speed in the y axis.
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