wO 2010/100334 A1 1N I A0F 000 0 0

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization

International Bureau

(43) International Publication Date
10 September 2010 (10.09.2010)

(10) International Publication Number

WO 2010/100334 Al

(51)

(21)

(22)

(25
(26)
(30)

(71)

(72)
(75)

International Patent Classification:
GOIC 19/56 (2006.01) B81B 3/00 (2006.01)
GOIP 3/14 (2006.01)

International Application Number:
PCT/FI20 10/050 160

International Filing Date:
1 March 2010 (01.03.2010)

Filing Language: English
Publication Language: English
Priority Data:

20095201 2 March 2009 (02.03.2009) Fl
20095903 2 September 2009 (02.09.2009) Fl

Applicant (for all designated States except US): VTI
TECHNOLOGIES OY [FI/FI]; Pl 27, Myllynkivenkuja
6, FI-0 1621 Vantaa (FI).

Inventors; and

Inventorg/Applicants (for US only): BLOMQVIST,
Anssi [FI/FI]; Saarenmaankatu 4 a 13, FI-00980 Helsinki
(F1). RUOHIO, Jaakko [FI/FI]; Maununnevantie 34 B,
FI-00430 Helsinki (FI).

(74)

(81)

(84)

Agent: BORENIUS & Co Oy Ab; Tallberginkatu 2 A,
FI-OO0I 80 Helsinki (FI).

Designated States (unless otherwise indicated, for every
kind d national protection available): AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
Dz, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
NO, NZ, OM, PE, PG, PH, PL, PT, RO, RS, RU, SC, SD,
SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (unless otherwise indicated, for every
kind d regional protection available): ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
ZW), Eurasan (AM, AZ, BY, KG, KZ, MD, RU, TJ,
TM), European (AT, BE, BG, CH, CY, CZ, DE, DK, EE,
ES, FI, FR, GB, GR, HR, HU, IE, IS IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, SE, Sl, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
ML, MR, NE, SN, TD, TG).

[Continued on next page]

(54) Title: VIBRATING MICRO-MECHANICAL SENSOR OF ANGULAR VELOCITY

(57) Abstract: The invention relates
to measuring devices used for measur-
ing angular velocity, and more pre-

5 cisely, to vibrating micro-mechanical
/ sensors of angular velocity. The sen-
sor of angular velocity according to
the invention comprises at least two
™~ 16 seismic mass structures (1), (2), exci-
14 tation structures (3), (4) and coupling
seesaw type springs (6), (7). The ob-
24 jective of the invention is to provide
] an improved sensor structure, which
enables reliable measuring with good
30 efficiency particularly in smal vibrat-
™ ing micro-mechanical angular velocity
N4 sensor solutions.
13
26
~—18




WO 2010/100334 A1 W 0000000 0000 R0 A

Published:
—  with international search report (Art. 21(3))



10

15

20

25

30

WO 2010/100334 PCT/F12010/050160

1

Vi brating M cro-nechani cal Sensor of Angular Velocity

Field of the |Invention

The invention relates to neasuring devices used for the
nmeasuring of angular velocity, and, nore precisely, to

vi brating mcro-mechanical sensors of angular velocity. The
object of the invention is to provide an inproved sensor
structure enabling reliable measuring wth good efficiency
particularly in small vibrating mcro-mechanical angul ar

vel ocity sensor solutions.

Background of the Invention

Measuring based on a vibrating sensor of angular velocity has
proved to be a nethod of neasuring angular velocity having a
sinmple concept and being reliable. In a vibrating sensor of
angul ar velocity, a certain known primary notion is produced
and it is maintained in the sensor. The notion desired to be
measured with the sensor is then detected as a deviation of

the primary notion.

Central features required of sensors of angular velocity are
resi stance to shaking and inpact. Particularly in demanding
applications, such as e.g. driving control systenms in the car
i ndustry, these requirenents are extrenely tight. Even a
sharp blow, Iike for instance an external inpact caused by a
stone, or the vibration caused by a car stereo should not

i nfluence the output of the sensor of angular velocity.

The principle of operation of vibrating sensors of angul ar
velocity nost often used is the so called tuning fork
principle. In the tuning fork principle the primary notion is

a vibration of two linear resonators vibrating in opposite
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phase on a conmmon axis. An external angular velocity
affecting the sensor in a direction perpendicular to the
direction of notion of the resonators causes Coriolis forces

influencing the masses in opposite directions.

A Coriolis force proportional to the angular velocity is
detected either directly from the masses, or the nmasses are
connected on the sanme rotational axis, whereby the detection
nmotion is angular vibration in the direction of the angul ar
velocity axis. The angular vibration to be detected is,

however, susceptible to external nechanical interference.

Inevitably, from inpact events and vibrations, instances of
angul ar acceleration, due to vibrations of the material and
the substructure, are generated also to the detection axis of
the sensor of angular velocity. Then the notion of the
detection resonator is disturbed and deviations are caused to
the output signal of the sensor of angular velocity,
particularly when the frequency of the interference is close

to the operating frequency of the sensor.

Several sensor solutions of prior art have been presented in
order to conpensate for interference signals. Such a sensor
has often been made by using so called differential

detection, whereby a sensor structure can be achieved, which
is considerably less insensitive to external mechanical
interference. One such prior art sensor solution, for
exanmple, is described in the US patent publication US

6, 705, 164, wherein two seism c masses, positioned alongside
each other, are linearly vibrating in opposite phases in the
surface plane and in the same direction. Thus, the detection
resonator axis is comon for both masses and perpendicular to

the primary notion.
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In differential detection, a compbn axis of npbtion for the
centers of gravity of the detection resonators provides
optimal insensitivity to external mnechanical disturbance.
Differential detection with tw masses cancels external

linear accelerations and, in the special case of a conmon
detection axis, also instances of angular acceleration, since
the sensitivity to angular acceleration of a traditional
tuning fork gyro is proportional to the distance between the

detection resonators axes.

Thus, this inplenentation of a sensor of angular velocity
according to the so called reversed tuning fork principle
operates significantly nore reliably in shaking conditions in
conparison with e.g. a traditional tuning fork. However, the
greatest weakness of the reversed tuning fork principle is

the primary notion's susceptibility to external disturbances.

In the structure according to the US patent publication US
6, 705, 164 nentioned above, the coupled linear resonators are
nore easily mobile in a common phase than in opposite phase.
Then, the linear acceleration along the primary axis can
fairly easily disturb the operation of the sensor, since the
masses are physically displaced, although the differential
detection of them to a major extent mtigates the thereby

caused signal.

A better solution than the differential detection for
conpensati on of nechanical disturbances is the so called dual
differential detection. Such a prior art sensor solution is
i.a. described in the US patent publication US 6,122,961,
wherein, in Figure 3, a dual differential tuning fork
structure is presented, which structure also includes the
reverse tuning fork operating principle with parallel nasses

presented above.
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In the US patent publication US 6,122,961, four nasses are
coupled together into a dual differential tuning fork
structure, in which tw pairs of differential nasses
according to the tuning fork are vibrating in opposite phase
in parallel. This prior art structure thus contains two

opposite phase reversed tuning forks.

The dual differential tuning fork is, in fact, the nost
reliable angular velocity sensor structure based on |inear
notion in one plane. |Its greatest weakness is, however, an
extremely conplicated and bulky spring structure. The
excitation structures are also difficult to design and they

also take a lot of space.

Anot her significant challenge in designing a good sensor of
angul ar velocity is the capacitive crosstalk of electrostatic
drive, particularly into Coriolis detection. The drive signal
of the primary motion is in phase with the speed of the
masses, and then the crosstalk signal is nost often observed
precisely in phase with the Coriolis signal. This causes a
di sturbance in the value of the zero point of the sensor
dependent on the anplitude of the drive signal, which causes

an error dependent on i.a. the tenperature.

A conventional solution to this problem is the so called
carrier detection. In carrier detection an AC voltage, i.e. a
carrier wave, is applied across a capacitance to be neasured.
In this arrangenent, the variable capacitance is nmade to
nodul ate the anplitude of the output signal of a

preanplifier, and a voltage dependent on the capacitance is
obtai ned by denodulating with the carrier. Then the
interference signal caused by capacitive crosstalk wll be

nodul ated away from the signal band at the carrier frequency.
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However, <carrier detection conplicates the already quite
conplicated electronics of the sensor of angular velocity,
which then contributes to increasing cost and size of the
electronics and inpairs its reliability. 1t is actually
worthwhile to design the capacitive sensor elenent in such a
way, that crosstalk of the drive signal caused by stray
capacitances wll cancel out as thoroughly as possible in

differential Coriolis detection.

The objective of the invention is, indeed, to achieve a
structure of a vibrating sensor of angular velocity suitable
for a small size, and being resistant to interference, by
means of which angular velocity perpendicular to the surface

pl ane can be neasured in a reliable manner.

Surmary of the Ilnvention

The objective of the invention is to provide such an inproved
vi brating sensor of angular velocity, which enables

measuring, reliably and with good performance, of angular
velocity perpendicular to the surface plane, particularly in
solutions of small vibrating sensors of angular velocity, and
which, in conparison with prior art solutions with two
masses, is remarkably much less sensitive to mechani cal

i nterference .

According to the invention, a vibrating mcro-nmechanical

sensor of angular velocity is provided, which conprises at

| east two seismic mass structures such, that the sensor of
angul ar velocity additionally conprises excitation structures
and coupling seesaw type springs in such a way, that said at
| east two seismic mass structures are positioned apart and

are supported to the excitation structures by neans of
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springs such, that said excitation structures are supported
to anchoring points at l|least at one of their ends by neans of

the coupling seesaw type springs.

Preferably, said seesaw type springs are arranged such, that
the stiff support structure of the spring is allowed to turn
in the surface plane about a fixed axis. Preferably, said
seesaw type springs are arranged such, that the springs force
the excitation structures conprising said at least two
seismc mass structures into vibration in the surface plane
in opposite phases. Preferably, the paths of notion of the
vibration in opposite phases of said excitation structures

formtw parallel arcs in opposite directions.

Preferably, the sensor of angular velocity further conprises
excitation conb structures positioned between the excitation
structures conprising said at |least two seismc mass

structures. Preferably, said excitation conb structures are

supported to a centrally located anchoring structure.

Preferably, the sensor of angular velocity further conprises
quadrature notion conpensating conb structures positioned
between the excitation structures conprising said at |east
two seismc mass structures. Preferably, the sensor of

angul ar velocity further conprises detection conb structures,
whi ch detection conb structures are adapted to differenti al
detection of the primary notion. Preferably, the sensor of
angul ar velocity further conprises Coriolis detection conb
structures, which detection conb structures are adapted to
dual differential detection of the Coriolis notion caused by

angul ar velocity.
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Brief Description of the Draw ngs

Bel ow, the invention and preferable enbodinents thereof are
described in detail with exemplifying reference to the

acconpanying figures, of which:

Figure 1 shows a diagram of the functional structure of a
vibrating mcro-nechanical sensor of angular velocity
according to the invention,

Figure 2 shows a diagram of an alternative functional
structure of a vibrating mcro-nechanical sensor of
angul ar velocity according to the invention,

Figure 3 shows a diagram of a second alternative functional
structure of a vibrating mcro-nechanical sensor of
angul ar velocity according to the invention.

Figure 4 shows a diagram of a third alternative functional
structure of a vibrating mcro-nechanical sensor of
angul ar velocity according to the invention.

Figure 5 shows an exanple of an enbodinment w thout a

secondary coupling in detail.

Detail ed Description of the Invention

Figure 1 shows a diagram of the functional structure of a
vi brating mcro-nechanical sensor of angular velocity
according to the invention. The depicted vibrating mcro-
mechani cal sensor of angular velocity according to the

i nvention conprises two mass structures 1, 2 positioned

apart, which mass structures 1, 2 are supported to excitation

structures 3, 4 by nmeans of springs 27-30. Said excitation

structures 3, 4 are supported by neans of coupling seesaw
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type springs 6, 7 to anchoring points 8-21 of a frame 5

bordering the sensor.

The vibrating mcro-nechanical sensor of angular velocity
according to the invention further conprises capacitive conb
structures 2326 supported to the seismc nmasses 1, 2, and
excitation conb structures 12, 13 connected to the excitation
structures 3, 4. Said excitation conb structures 12, 13 are
posi tioned between the excitation structures 3, 4 conprising
the mass structures 1, 2, and said excitation conb structures
12, 13 are supported to a centrally Ilocated anchoring

structure 14.

The vibrating mcro-nechanical sensor of angular velocity
according to the invention further conprises capacitive
excitation notion detecting comb structures 17, 18 supported
to anchoring points 21, 22, and quadrature notion

conpensation conmb structures 31, 32.

In the vibrating mcro-nechanical sensor of angular velocity
according to the invention, the primary notion is excited

el ectrostatically by the opposite excitation conb structures
12, 13 by nmeans of a common node signal, and it is

differentially detected by the detection conb structures.

The vibrating mcro-nechanical sensor of angular velocity
according to the invention conprises two seismc mnBss
structures 1, 2 positioned apart, which mass structures 1, 2
are suspended by neans of the excitation structures 3, 4 and
the coupling springs 6, 7 to anchoring points 8-11 fastened

to the cover and/or bottom of the sensor.

The coupling springs 6, 7 according to the invention are

designed such, that the stiff support structure is allowed to
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turn in the surface plane about a fixed axis. Thus, the
primary notion suspension 6, 7 forces the excitations 3, 4 of
the seismc masses 1, 2 into vibration in opposite phases in
the surface plane. The notion paths of the excitations 3, 4

formtw parallel arcs in opposite directions.

In the vibrating mcro-nmechanical sensor of angular velocity
according to the invention, the seismc nmasses 1, 2 are
suspended to the excitations 3, 4 such, that the suspension
2730 enables a deviation in the surface plane from the
primary notion of the mass, caused by a Coriolis force. The
deviation can be detected by the detection conb structures
1548, which detect the deviation in the surface plane in
opposite directions of the masses 1, 2, in a direction

perpendicular to the excitation direction.

Figure 2 shows a diagram of an alternative functional
structure of the vibrating mcro-nechanical sensor of angular
velocity according to the invention. The depicted alternative
vi brating mcro-nmechanical sensor of angular velocity
according to the invention conprises two nmass structures
positioned apart, which mass structures are supported to
excitation structures by nmeans of springs. Said excitation
structures are supported to the sensor' s anchoring points by
means of coupling seesaw type springs. The alternative

vi brating mcro-nmechanical sensor of angular velocity
according to the invention conprises capacitive conb
structures supported to the excitation structures and
excitation conb structures connected to the excitation
structures. Said excitation conb structures are positioned
between the excitation structures conprising the mass
structures, and said excitation comb structures are supported
to a centrally |ocated anchoring structure. The alternative

vi brating mcro-nmechanical sensor of angular velocity



10

15

20

25

30

WO 2010/100334 PCT/F12010/050160

10

according to the invention conprises capacitive excitation
notion detection conb structures and quadrature notion

conmpensation conb structures.

In the alternative vibrating mcro-nmechanical sensor of

angul ar velocity according to the invention, in addition to
the coupling springs, the excitation structures are supported
to the sensor' s anchoring points by neans of primary notion

di nensi oni ng springs.

In the alternative vibrating mcro-nmechanical sensor of
angul ar velocity according to the invention, the suspension
of the excitation structures can be strengthened and the
resonance frequency and the radius of curvature of the
primary notion can be adjusted by means of the separate

primary notion dinensioning springs.

Figure 3 shows a diagram of a second alternative functional
structure of a vibrating mcro-mechanical sensor of angular
velocity according to the invention. The depicted second
alternative vibrating mcro-mechanical sensor of angular
velocity according to the invention conprises two nass
structures positioned apart, which nmass structures are
supported to excitation structures by neans of springs. Said
excitation structures are supported to the sensor's anchoring
points by means of coupling seesaw type springs. The second
alternative vibrating mcro-mechanical sensor of angular
velocity according to the invention conprises capacitive conb
structures supported to the excitation structures and
excitation conb structures connected to the excitation
structures. Said excitation conb structures are positioned
between the excitation structures conprising the mass
structures, and said excitation conmb structures are supported

to a centrally located anchoring structure. The second
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alternative vibrating mcro-nmechanical sensor of angul ar
velocity according to the invention conprises capacitive
excitation notion detection conb structures and quadrature

noti on conpensation conb structures.

In the second alternative vibrating mcro-nechanical sensor
of angular velocity according to the invention, in addition
to the coupling springs, the excitation structures are
supported to the sensor' s anchoring points by nmeans of
primary notion dinmensioning springs, and also, by nmeans of
second primary notion dinmensioning springs, to the frame 5

bordering the sensor conponent.

In the second alternative vibrating mcro-nechanical sensor
of angular velocity according to the invention, the

suspension of the excitation structures can be strengthened
and the resonance frequency and the radius of curvature of
the primary notion can be adjusted by neans of the separate

primary notion dinmensioning springs.

In the second alternative vibrating mcro-nechanical sensor
of angular velocity according to the invention, the
excitations are suspended, in addition to the coupling
springs, at all four corners by neans of the primary notion
di mensi oning springs, which increase the radius of curvature
of the primary notion to beconme alnost infinite and thus
[imt its notion to becone essentially linear in the surface

pl ane .

Figure 4 shows a diagram of a third alternative functional
structure of a vibrating mcro-nechanical sensor of angular
velocity according to the invention. The depicted third
alternative vibrating mcro-nmechanical sensor of angul ar

velocity according to the invention conprises two nmass
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structures positioned apart, which nass structures are
supported to excitation structures by neans of springs. Said
excitation structures are supported to the sensor' s anchoring
points by means of coupling seesaw type springs. The third
alternative vibrating mcro-mechanical sensor of angular
velocity according to the invention conprises capacitive conb
structures supported to the excitation structures and
excitation conmb structures connected to the excitation
structures. Said excitation conb structures are positioned
between the excitation structures conprising the mass
structures, and said excitation conmb structures are supported
to a centrally located anchoring structure. The third
alternative vibrating mcro-mechanical sensor of angular
velocity according to the invention conprises capacitive
excitation notion detection conb structures and quadrature

notion conpensation conb structures.

In the third alternative vibrating mcro-nmechanical sensor of
angul ar velocity according to the invention, in addition to
the coupling springs, the excitation structures are supported
to the sensor' s anchoring points by nmeans of primary notion
di mensioning springs and also to the frame of the sensor
conponent at anchoring points by nmeans of second primary
notion dinensioning springs. In the third alternative

vi brating mcro-mechani cal sensor of angular velocity
according to the invention, the suspension of the excitation
structures can be strengthened and the resonance frequency
and the radius of curvature of the primary notion can be
adjusted by nmeans of the separate primary notion dinmensioning

springs.

In the third alternative vibrating mcro-nmechanical sensor of
angul ar velocity according to the invention, the excitations

are suspended, in addition to the coupling springs, at all



10

15

20

25

30

WO 2010/100334 PCT/F12010/050160

13

four corners by means of the primary notion dinensioning
springs, which increase the radius of curvature of the
primary notion to becone alnost infinite and thus limt its

notion to becone essentially linear in the surface plane.

In the third alternative vibrating mcro-nechanical sensor of
angul ar velocity according to the invention, the dual
differential detection conb structures are further supported

to the excitation structures by neans of spring structures.

In the solution according to the invention, a primary notion
excitation structure with one end is positioned between the
masses. In the solution according to the invention, further,
the Coriolis force detection structures are differential and
they are |ocated symmetrically on both sides of the sensor
conponent far away from the excitation structures and they
are fastened to the frame of the sensor conponent on its both
sides, as close together as possible. Additionally, the
quadrature signal conpensation structures are positioned
between the excitation structure and he detection structures
as symetrically as possible. Thus, there will be as little
as possible of excitation signal crosstalk into the
detection, caused by stray capacitances, and additionally it

will be cancelled out in differential |istening.

According to an enbodi ment the sensor structure conprises a
common-node drive conbs structure attached to a drive
structure between masses. According to an enbodi nent of the
invention the sensor structure conprises a symmetric doubl e-
differential sense conbs within masses. According to an

enbodi nent of the invention According to an enbodi ment of the
invention the excitation structure is inplemented by a frane
as an excitation frame structure. According to such an

enbodi mrent the structure conprises a closed frame structure.
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In addition to the described exenplifying structures, wthin
the scope of the invention a nultitude of nodifications can
be presented of the sensor of angular velocity with two axes

according to the invention.
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Patent d ai ns

1. A vibrating mcro-nmechanical sensor of angular velocity
conprising at least two seismic mass structures (1), (2),
characterized in, that the sensor of angular velocity further
conprises excitation structures (3), (4), and coupling seesaw
type springs (6), (7) such, that said at least two seismc
mass structures (1), (2) are positioned apart, and they are
supported to the excitation structures (3), (4 by neans of
springs (27-30) in such a way, that said excitation

structures (3), (4 are supported at least at one end of them

to anchoring points (8-21) by nmeans of the coupling seesaw

type springs (6), (7).

2. Sensor of angular velocity according to claim 1,
characterized in, that said seesaw type springs (6), (7) are
arranged such, that the stiff support structure of a spring

is allowed to turn in the surface plane about a fixed axis.

3. Sensor of angular velocity according to claim 1 or 2,
characterized in, that said seesaw type springs (6), (7) are
arranged such, that the springs force the excitation
structures (3), (4 conprising said at |least two seismc nass
structures (1), (20 into opposite phase vibration in the

surface plane.

4. Sensor of angular velocity according to any one of the
preceding clainms 1-3, characterized in, that the paths of
motion of the opposite phase vibration of said excitation
structures (3), (4 form two parallel arcs in opposite

directions

5. Sensor of angular velocity according to any one of the

preceding clainms 14, characterized in, that the sensor of
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angul ar velocity further conprises excitation conb structures
(12), (13) positioned between the excitation structures (3),

(4 conprising said at least two seismc nmass structures (1),

(2) .

6. Sensor of angular velocity according to any one of the
preceding clains 1-5 characterized in, that said excitation
conb structures (12), (13) are supported to a centrally

| ocated anchoring structure (14).

7. Sensor of angular velocity according to any one of the
preceding clains 1-6, characterized in, that the sensor of
angul ar velocity further conprises quadrature notion
conpensation conb structures (31), (32) positioned between
the excitation structures (3), (4 conprising said at |east

two seismic mass structures (1), (2).

8. Sensor of angular velocity according to any one of the
preceding clainms 17, characterized in, that the sensor of
angul ar velocity further conprises detection conb structures
(23—26), which detection conb structures (23-26) are arranged
for dual differential detection of the Coriolis forces caused

by angul ar velocity.
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