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Abstract: The present paper is focused on the theoretical and experimental analysis

of a three-axes MEMS gyroscope, developed by ST Microelectronics, implement-

ing an innovative feedforward PI quadrature compensation architecture. The gyro-

scopes structure is explained and equations of motion are written; modal shapes

and frequencies are obtained by finite element simulations. Electrostatic quadrature

compensation strategy is explained focusing on the design of quadrature cancel-

lation electrodes. A new quadrature compensation strategy based on feedforward

PI architecture is introduced in this device to take into account variations of de-

vice parameters during lifetime. Obtained results show a significant reduction of the

quadrature error resulting in a improved performance of the device. Fabrication and

test results conclude the work.

Keywords: Quadrature error, MEMS, Gyroscope, FEM modeling, Electrostatic

quadrature compensation, Feedforward PI.

1 Introduction

Gyroscopes are physical sensors that detect and measure the angular rotations of

an object relative to an inertial reference frame. MEMS gyroscopes are typically

employed for motion detection (e.g. in consumer electronics and automotive con-

trol systems), motion stabilization and control (e.g. antenna stabilization systems,

3-axis gimbals for UAV cameras) [1]. Combining MEMS gyroscopes, accelerome-

ters and magnetometers on all three axes yields an inertial measurement unit (IMU);

the addition of an on-board processing system computing attitude and heading leads

to a AHRS (attitude and heading reference system), highly reliable device, in com-

mon use in commercial and business aircrafts. Measurement of the angular position
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in rate gyroscopes can be achieved by numerical integration of the gyroscope’s out-

put; the time integration of the output signal, together with the associated errors and

noise, leads to orientation angle drifts [2]-[4]. Among all the major error sources, the

undesired sense-mode vibration resulting from the coupling of drive-mode displace-

ment and sense mode of the gyroscope is the mechanical quadrature signal [5]-[11].

Since its magnitude can reach thousand degrees per second, the measurement of

a low electric signal generated by very small Coriolis force in presence of a much

bigger electric signal becomes a difficult problem [12]. Several techniques, based ei-

ther on mechanical or electronic principles, have been proposed for quadrature error

compensation; among all, an efficient approach able to provide a complete quadra-

ture error cancellation is the electrostatic quadrature compensation. This approach is

based on the electromechanical interaction between properly designed mechanical

electrodes and the moving mass of the gyroscope: electrostatic forces, mechanically

balancing quadrature forces, are generated biasing electrodes with differential dc

voltages [13]-[18]. In most devices, the magnitude of biasing dc voltages is deter-

mined in order to nullify an experimentally measured quadrature error. In this way,

however, it is not possible changing the dc voltages during the lifetime of the de-

vice to accomplish variations of structural device properties. A possible solution to

this problem is addressed in the present paper, where an innovative feed-forward PI

quadrature compensation architecture implemented on a novel three-axes MEMS

gyroscope, manufactured by ST Microelectronics, is discussed.

2 Gyroscope Structure And Dynamics

2.1 Structure

The three-axes Coriolis Vibrating Gyroscope presented in the following is a compact

device, manufactured by ST Microelectronics, combining a triple tuning-fork struc-

ture with a single vibrating element. The device is fabricated using ThELMA-ISOX

(Thick Epipoly Layer for Microactuators and Accelerometers) technology platform,

a surface micromachining process proprietary of ST Microelectronics. This platform

allows to obtain suspended seismic masses electrically isolated but mechanically

coupled with high and controlled vacuum inside the cavity of the device. The struc-

ture (Fig.1) is composed of four suspended plates (M1,2,3,4) coupled by four folded

springs, elastically connected to a central anchor by coupling springs. The funda-

mental vibration mode (driving mode) consists of a planar oscillatory radial motion

of the plates: globally, the structure periodically expands and contracts, similarly to

a ”beating heart”. Plates M1,2 are actuated by a set of comb-finger electrodes and

the motion is transmitted to the secondary plates M3,4 by the folded springs at the

corners. The sensing modes of the device consist of two out-of-plane modes (Roll

and Pitch) characterized by counter-phase oscillation of plates M1,2 (M3,4) and one

in-plane counter-phase motion of the yaw plates (M3,4) (Yaw mode). Rotation of
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yaw plates (M3,4) is measured by a set of parallel-plate electrodes, PP1,2, located

on the yaw plates. Pitch and roll angular rotations are measured sensing the ca-

pacitive variations between each plate and an electrode placed below (respectively

R1,2 and P1,2 for roll and pitch masses); the driving mode vibration is measured by

additional comb-finger electrodes SD1,2. Electrostatic quadrature compensation is

implemented on Roll (Quadrature Compensation Roll, QCR) and Pitch axis (QCP)

by means of electrodes placed under each moving mass. Yaw axis quadrature com-

pensation electrodes (QCY) are slightly different from the ones of other axis since

they are not placed underneath the moving mass and have height equal to the gyro-

scope’s rotor mass.

Fig. 1: Case-study gyroscope layout

2.2 Dynamics

The gyroscope’s equations of motion are derived in the general case in [4, 19]. The

coordinate-system model shown in Fig. 2 consists of three coordinate frames re-

spectively defined by their unit vectors Σi = [X,Y, Z]; Σp = [x, y, z]; Σ =
[x̂, ŷ, ẑ]. The frame Σi represents the inertial reference system, Σp is the inertial

platform frame, Σ is a body-frame with origin at a point P of a moving body (for

a 3-axes gyroscope the considered body is one of the four moving suspended plates

and the platform frame is usually assigned to the fixed silicon substrate). For a de-

coupled three axes gyroscope simplifying assumptions (constant angular rate inputs,

operating frequency of the gyroscope much higher than angular rate frequencies)

can be done [19, 20], and the equations of motion (EoM) become:
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mr̈x + cxṙx + kxrx = −2mΩy ṙz + 2mΩz ṙy + FDx
(1a)

mr̈y + cy ṙy + kyry = 2mΩxṙz − 2mΩz ṙx + FDy
(1b)

mr̈z + cz ṙz + kzrz = −2mΩxṙy + 2mΩy ṙx + FDz
(1c)

Fig. 2: Coordinate system model for the derivation of kinematic equations

2.2.1 Modal analysis

The device eigenfrequencies are determined by FEM simulation (Fig. 3). As im-

posed by mechanical design the fundamental mode of vibration consists of an in-

plane inward/outward radial motion of the plates in which the structure cyclically

expands and contracts. Several spurious modes at higher frequencies, not reported

here for brevity, have been also identified.

3 Electrostatic quadrature cancellation

3.1 Quadrature force

The dynamics equations of a linear yaw vibrating gyroscope can be expressed, con-

sidering the off-diagonal entries of the mechanical stiffness matrix, as
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Fig. 3: Fundamental vibration modes (drive, pitch, yaw, roll)

[

m 0
0 m

]

p̈(t) +

[

dx 0
0 dy

]

ṗ(t) +

[

kx kxy
kyx ky

]

p(t) =

[

Fd

FC

]

(2)

where p(t) = [x(t), y(t)]T is the position vector of the mass in drive and sense

direction, m represents the Coriolis mass, dx (dy) and kx (ky) represent the damping

and stiffness along the X-axis (Y-axis); kxy (kyx) are the cross coupling stiffness

terms bringing the quadrature vibration response; Fd is the driving force and FC is

the Coriolis force. The dynamic equation in sense direction can be expressed as

mÿ + dy ẏ + kyy = FC + Fq (3)

where FC = −2mΩzẋ is the Coriolis force and Fq = −kyxx is the quadra-

ture force. The Coriolis mass is usually actuated into resonant vibration with con-

stant amplitude in drive direction, thus the drive-mode position can be expressed

by x(t) = Ax sin(ωxt). Introducing the sinusoidal drive movement, Coriolis and

quadrature force can be expressed as

FC = 2mΩzωxAx cos(ωxt), Fq = −kyxAxsin(ωxt) (4)

3.2 Quadrature cancellation electrodes design

Quadrature compensation electrodes for out-of-plane Roll (Pitch) motion are shown

in Fig. 4; the electrostatic force generated by the i-th electrode is given by
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FR,P i
= ±

1

2
ǫ0

(

H0

2
±Ax sin(ωxt)

)

L0

(g)2
(V ±∆V )2 (5)

where Ax sin(ωxt) = x(t) is the drive movement, H0 and L0 are respectively width

and length of quadrature compensation electrodes and g is the air gap. The voltage

sign is chosen either positive (V + ∆V ) or negative (V − ∆V ) according to the

electrode biasing, whereas the x sign is chosen according to the overlap variation

among the proof mass and quadrature compensation electrodes (QCE) as shown in

Fig. 4. The total force is obtained as the product of the force generated by a single

electrode by the number n of electrodes: Ftot =
∑

i Fi · n.

Fig. 4: Roll (Pitch) quadrature compensation electrode; detail of Fig. 1 (QCR and QCP electrodes)

The quadrature force FQ (Eq. (4)) is balanced by the drive dependent component

of the electrostatic force, properly tuning the ∆V potential applied to the pitch (roll)

quadrature compensation electrodes:

kyxAxsin(ωxt) =
1

2
ǫ0
Ax sin(ωxt)L0

(g)2
(V ±∆V )2 (6)

Quadrature compensation electrodes for the in-plane yaw motion are shown in Fig.

5. The electrostatic force generated by the i-th electrode is given by

FYi
= ±

1

2
ǫ0h

(LOV ± x)

(g ± y)2
(V ±∆V )2 (7)

where h denotes the electrodes height and g the air gap between the moving mass

and the quadrature compensation electrode.

Design parameters of quadrature cancellation electrodes for the three-axes gyro

are reported in Tab. 1 respectively for roll (pitch) and yaw electrodes. Quadrature

compensation forces are regulated tuning the differential voltage ∆V such that the
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Fig. 5: Yaw quadrature compensation electrode; detail of QCY2,3 electrodes in Fig. 1

Table 1: Quadrature compensation electrodes parameters

Axis g [µm] H0 [µm] L0 [µm] LOV [µm] h [µm]

Roll

(Pitch)

1.2 20 1200 - -

Yaw 1.1 - - 25 24

residual quadrature is canceled out; the ∆V value corresponding to the minimum

residual quadrature is denoted by ∆VOpt. Residual quadrature signals are reported

in Tab. 2

3.3 Feedforward PI architecture

Quadrature is measured for each device during the electric wafer sorting test, here

tension variation ∆Vopt is set for each device during the calibration phase. A seri-

ous limit of this approach is that structural parameters of devices can change unpre-

dictably during lifetime, causing variations of quadrature error. The value of ∆VOpt

is therefore no longer an optimal value for the new operating conditions. A pro-

posed solution to this problem is to adopt a closed loop architecture, based on feed-

forward PI in which the optimal ∆VOpt is the feedforward action and PI controller

compensates for lifetime quadrature variations. This procedure results in a further

optimization of residual quadrature values, as shown in Tab. 2.

Table 2: Residual quadrature results

Axis Residual quadrature OL [Nm] Residual quadrature CL [Nm]

Pitch 6.46 · 10−12 2.04 · 10−16

Roll 9.09 · 10−12 2.87 · 10−16

Yaw 3.66 · 10−13 1.15 · 10−17
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4 Fabrication and test results

All individual devices present on the wafer are tested for functional defects by elec-

tric wafer sorting (EWS). The quadrature amplitude is evaluated for each gyroscope

of the wafer, as shown in Fig. 6.

Fig. 6: EWS Testing: quadrature distribution (Yaw axis) on wafer

4.1 Experimental quadrature cancellation

The quadrature compensation strategy has been electrically simulated for an isolated

device inside the wafer. Applying a differential dc voltage to quadrature compensa-

tion electrodes quadrature error variation is observed and ∆VOpt value is obtained

by interpolation; in Fig. 7 results for roll axis are shown.

Fig. 7: Residual quadrature amplitude (Roll axis) for different voltages applied to Roll quadrature

cancellation electrodes
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5 Conclusion

In this paper a theoretical and experimental analysis of a three-axes MEMS gyro-

scope, developed by ST Microelectronics, has been presented. Exploiting the equa-

tions of motions for a 3-DoF gyroscope structure provided an estimation of the

drive and sense motion amplitude. Natural mode shapes and frequencies of the de-

vice have been obtained by finite element simulations to characterize the device.

Equations for the design of quadrature compensation electrodes have been derived,

and residual quadrature calculated with open loop architecture. A new quadrature

compensation strategy, based onan innovative feedforward PI architecture, accom-

plishing for changes of device parameters during lifetime of device has been intro-

duced and results discussed. Finally, fabrication details and measurement results of

test devices have been reported.
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