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Abstract — The mode of primary oscillations of
micromechanical gyroscopes sensor is provided by the
electrostatic comb-drive actuator in which the
interaction between the micromechanical structures
and electronics occurs by means of a single or
differential capacitive sensors. The paper presents a
new approach to the primary oscillation control
system of the two-component micromechanical
gyroscope. The method of calculating natural
resonant frequency is based on measurements of the
total current passing through the comb-driver
actuator capacitances and the lock-in detection is
suggested.

I. INTRODUCTION

Micromechanical gyroscopes (MMG) have a vibrating
structure based on the energy transmission at an angular
rate of rotation of the gyroscope's support frame between
two normal directions (primary oscillation and secondary
oscillation channels) [1-3]. MMG includes two
subsystems, namely: electromechanical ~ sensor
represented by a silicon structure with movable
electrodes; stationary electrodes connected with the glass
support; and the electronic subsystem depending on such
MMG properties as operable time upon its actuation,
ratios of the angular rate transformation into
the output signal and their stability at disturbing factors,
conversion errors.

The mode of primary oscillations of MMG sensor is
provided by the electrostatic comb-drive actuator in
which the interaction between the micromechanical
structures and electronics occurs by means of a single or
differential capacitive sensors. With MMG power on, the
sensor exposed to electrostatic forces in gaps between the
comb electrodes, reciprocates along the selected axis at
frequency close to that of the excitation source.

The general structure of the primary oscillation control
system can be conventionally divided into two parts. The
first is the excitation force shaper of sensor represented
by an electrostatic actuator. The second is the parameter
control system of the inertial mass primary oscillations
that provides the amplitude and frequency stabilization,
since the relevant data on sensitive axes are proportional,
due to Coriolis forces, not only to the angular rates but
also the amplitude of primary oscillations [4—6].
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The maximum vibrational amplitude of mechanical
vibrating system or MMG sensor subjected to the
periodic force, is achieved at coincidence of its excitation
and resonant frequencies. Micromechanical gyroscopes
are very sensitive to temperature changes [7-9]. Hence,
changes are observed in resonance frequencies and tuning
of the primary oscillation channel and the scaling factor.
Thus, at disturbing factors, the primary oscillation control
system must provide and maintain the value trimming
resulting in the simultaneous stabilization in frequency
and amplitude of primary oscillations [10-11].

Il. GYROSCOPE STRUCTURES

The authors suggest a new approach to the primary
oscillation control system of the two-component
micromechanical gyroscope with decoupling frames (Fig.
1). The sensor comprises frame 1 which executes primary
oscillations together with decoupling frames 2 and 3
along X-axis. Comb electrodes with capacitances C1 and
C2 excite primary oscillations. Differential capacitances
C6 and C7 can be used to retrieve data on primary
oscillation. At the angular rate Q, and Coriolis force, the
decoupling frame 2 executes secondary (sensor)
oscillations along Y-axis and transfers them to inertial
mass 4. The angular rate Q, induces oscillations of
inertial mass 5 through the decoupling frame 3 along Z-
axis. Capacitances C3, C4, C5 are capacitive sensors of
the signal processing system for angular rates Q, and Q,.

The micromechanical gyroscope sensor is implemented
in its design shown in Fig. 2. For creation MMG is very
important to perform the proximity natural frequencies
primary and secondary oscillations of axes.

c4

Cl1

c2
1 — frame; 2, 3 — decoupling frames; 4, 5 — inertial
masses.

Fig. 1. Function circuit of MMG sensor:



Fig. 2. Schematic drawing of silicon sensor

The results of modal analysis of the MMG are shown in
Fig. 3,4 and 5.

The modal analysis shows that the sensor elements
oscillate along the axes of the primary and secondary
oscillations with close frequencies.

Fig. 3. 1st own mode of MMG sensor oscillations
(fz = 9996,6 Hz)

Fig. 4. 2nd own mode of MMG sensor oscillations
(fx = 10015 Hz)

I1l. THE ANALYSIS OF PRIMARY OSCILLATION

CHANNEL

Traditionally, two groups of the comb capacitor
structures are used to provide the mode of primary
oscillations and their stabilization in MMG sensor [12—
17].
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Fig. 5. 3rd own mode of MMG sensor oscillations
(fy =10017 I'y Hz)

Fig. 6. Schematic of balance actuator of MMG sensor

The first group implies comb electrodes with
capacitances C1 and C2 that excite primary oscillations
(Fig. 1). The second group implies drive feedback
electrodes with differential capacitances C6 and C7 that
are used to retrieve data on primary oscillations for their
further control and stabilization. With this view, the
structural optimization of the comb-drive actuator results
in the use of only the first group of capacitances C1 and
C2 that will be the elements of the comb-drive actuator of
sensor and perform measuring functions. Actually, owing
to the mechanical movement of MMG sensor, the
capacitance values of parametric elements are time
functions. Taking these variables into account, a
capacitance/voltage converter can be designed, the output
voltage of which will give information necessary for
control and stabilization of primary oscillations.

For linearization of the total electrostatic force, comb
electrodes are actuated by a combination of DC and AC
voltages. The schematic of the balance actuator of MMG
sensor on the excitation axis is presented in Fig. 6.

The electrostatic analysis carried out for the MMG
structure shows that capacitance C13 does not practically
depend on the modal coordinate, so 113 = 0. The law of
capacitance variation for C1 and C2 can be represented

by:

C1(t) = a+bx(t);

C2(t) = a—bx(t), @)

where a, b are scaling factors; x(t) is the law of motion.
The motion x(t) of the MMG sensor on the axis of



primary oscillations that can be obtained from:

2
X w—%ﬂo x—iF(t)
Qat m,

a @
where Q is the quality factor of the primary oscillation
channel; Fx(t) is the excitation force of primary
oscillations.

We will find solution of the equations (2) at sinusoidal
excitation force in the form:

X(t) = X,, sin(ot +@,), 3)

where Xp, is the amplitude of sensor movement.

Then the primary oscillation amplitude and phase are
determined by the following equations:

4)

@, = —arctan

(D (O]
Qo —o')
The electrostatic force is calculated as the derivative of
the capacitance function:

10C,(t) 1 6C ,()
F(t)— x ——Ul () + x —2=UZ();
Ul(t):U0+Umsm(mt), (5)
U, (t)=U,-U,,sin(ot).
Substituting (1) in (5), we get:
F. (t) =2bU U, sin(ot). (6)

From (6), the amplitude of the primary oscillation
excitation force does not depend on coordinate x(t) while
the differential equation of the sensor motion on the axis
of primary oscillations is linear under these conditions.

The amplitude of primary oscillations under at
resonance is obtained from:

X - F.Q 2buU Q %
mxmxm m o’
then:
X m,w
M, = m (8)
2bQ

Let us assume that wx = ® and Uy = 10V, then the
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voltage Un can be obtained at different quality factors
(see Table 1).

Table 1. Voltage from quality factors

Q 10 100 200 500 1000
Un (V) 162 16.2 8.1 3.24 1.62
The comb-drive actuator should be selected with regard
for the energy relationships that provide the oscillation of
inertial mass with the selected amplitude Xp.

IV. PRIMARY OSCILLATION CONTROL SYSTEM

Currents passing through capacitances C1 and C2 of
the balance actuator can be obtained from:

ac1(t)

au, (t)
at

i eat) =

le, (1) = U, )+

meUm sin(2ot +@,) +
= (O]
+bX U, cos(wt + ¢,) +U,, cos(wt)

9)
acz(t) au, (t)
at

le,(t) = —.C2() =

|

The total current passing through capacitances can be
obtained from:

U, (1) +

meU m SIN(2ot +¢,) —
.
—bX, U, cos(ot +¢,) —U,, cos(ot)

Io (1) = 1o, (t) + 1o, (t) = 2bwU,_ X, sin(2et +¢,) . (10)

Provided the resonance tuning of the primary
oscillation channel oy = ®, o = —90°. In case of changing
the resonant frequency, the angle @0 is changed also. To
stabilize the primary oscillation frequency and achieve
the amplitude close to its maximum, it is necessary to
measure the in-phase and quadrature components of the
current passing through one of the comb-drive actuator
capacitances or 2o frequency total current.

Stabilization of primary  oscillations  shown
schematically in Fig. 7, is based on measurements of the
total current that passes through the balance actuator
capacitances.

Thanks to the properties of the Op-amp, the actuator
capacitances are grounded to a virtual point
(complemented input of the Op-amp) rather than
connected with the ground. The in-phase and quadrature
components of 2® frequency current after the lock-in
detection and filtering with a low-pass filter are obtained
from

T

U, = lim lT [Uy U, sinot)dt =boU,, X, cos(e,)
o

T

» (11)

T

U, = lim 1T [Uyy U, cos@atdt = boU,, X, sin(o,)
0

Tow
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Fig. 7. Schematic of primary oscillation stabilization: ADC — analog-digital converter; DAC — digital-analog
converter; SD - synchronous detector ; LPF — low-pass filter.

Then the amplitude and phase of the total current
passing through the capacitances have the form:

I = JUZ+UZ =2bX U, 0, (12)
U
@, = arctan —- = arctan — 00 (13)

o)

Using (4)-(6), the resonant frequency of the primary
oscillation channel can be obtained from

co(1+«,l+ 4Q% tan (¢, )’ )

=T 2Qtan(g,) ' (4

U, Q(_(Di+

After the calculation of resonant frequency, the
frequency of voltage suppliers is changed in one step.

The operating principle of the primary oscillation
stabilization circuit with lock-in technique [18-19] shown
in Fig.7 is as follows. With MMG power on,
microcontroller sets the initial frequency and amplitude
of voltages U; and U, using the digital-analog converters
DAC 1 and DAC 2. The analog-digital converter is then
used to measure the total current, while using (11)-(14),

we calculate the deviation of the set frequency from
resonant frequency of the sensor. In case of over 0.1 %
deviation, the frequency of voltages U; and U; is to be
corrected.

V. NUMERICAL ANALYSIS OF PRIMARY
OSCILLATION CONTROL SYSTEM

The numerical analysis is carried out assuming that
U0 =5V and Um = 3,24 V; Q = 1000; b = 1,6737028-10-
8 and wx = 10 kHz. Then the maximum movement of the
inertial mass Xm = 5-10-6 um.

Fig. 8, and 9 present dependence curves of @0 phase
and amplitude of the total current at 2 % change of the
MMG natural resonant frequency.

0 0.5 1 15 2
€%

Fig. 8. Dependence between total current ¢0 phase and
natural resonant frequency
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Fig. 9. Dependence between total current amplitude and
natural resonant frequency
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Fig. 10. Dependence between total current amplitude
and natural resonant frequency

The plots contained in Fig. 8 and 9 show that the
insignificant detuning of frequency results in significant
change of the phase and the amplitude of the total current.

In case 10 MOhm resistor is placed in the feedback of
Op-amp that converts the total current into voltage (Fig.
7), the dependence curve of this voltage amplitude
depending on 2 % change of the MMG natural resonant
frequency assumes the shape shown in Fig. 10.

According to Fig. 10, the voltage ranges from 500 mV
(at frequency coincidence) to 9 mV (at 2 % difference of
frequencies). Hence, the voltage digitization does not
require the additional amplifiers between the
current/voltage converter and a high resolution analog-
digital converter. A simple ten-digit analog-digital
converter with 2.56 V reference voltage will be enough
after the current/voltage conversion. Actually, the use of a
ten-digit analog-digital converter provides the minimum
voltage of 2.5 mV.

VI. CONCLUSIONS

The primary oscillation control system was designed to
provide the movement of inertial mass and the
stabilization of primary oscillations in the two-component
micromechanical gyroscope. The suggested approach
allows optimization of the comb-drive actuator structure
merely due to capacitances used for both excitation of
primary oscillations and data retrieval for their
stabilization.

The suggested method of calculating natural resonant
frequency is based on measurements of the total current
passing through the comb-driver actuator capacitances

[10]

[11]
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and the lock-in detection. This allowed tuning of the
primary oscillation frequency in one-step frequency
change of voltage suppliers and avoiding a long-term
transition process typical for the traditional frequency
stabilization circuits based on proportional-integral
derivative controllers.
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