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Abstract: A novel closed-loop control strategy of a silicon micro-
gyroscope (SMG) is proposed. The SMG is sealed in metal can
package in drive and sense modes and works under the air
pressure of 10 Pa. Its quality factor reaches greater than 10 000.
Self-oscillating and closed-loop methods based on electrostatic
force feedback are adopted in both measure and control circuits.
Both single side driving and sensing methods are used to simplify
the drive circuit. These dual channel decomposition and
reconstruction closed loops are applied in sense modes. The
testing results demonstrate that useful signals and guadrature
signals do not interact with each other because of the decoupling
of their phases. Under the condition of a scale factor of 9.6
mV/((°)+s),in a full measurement range of =+ 300 (°)/s, the
zero bias stability reaches 28 (°)/h with a nonlinear coefficient
of 400 x 10 ° and a simulated bandwidth of more than 100 Hz.
The overall performance is improved by two orders of magnitude
in comparison to that at atmospheric pressure.

Key words: silicon micro-gyroscope ( SMG); self oscillating;
dual-channel closed-loop detection; scale factor; zero bias stability

he SMG is a kind of important inertial sensor. The iner-
T tial instruments attached to them are widely used in aer-
ospace measurement, balance control, and vehicle navigation
systems. At present, the gyroscope designed by many domes-
tic institutes is only working in the atmospheric pressure en-
vironment. Obviously, it not only severely limits the
sensor’s sensitivity and system precision, but it also needs a
more complicated matching circuit to detect an extraordinary
weak varying capacitance signal(0. 01 aF level)"'™'. Because
open-loop detection can simplify the detection circuits, it is
favorable for the integration and miniaturization of the meas-
urement-control circuits, and it can meet the requirements of
low-precision SMG specifications. Moreover, this method
has been
scopes'”™ . However, in order to ensure a certain measure-
ment bandwidth and no resonance peak during open-loop
testing, it is essential that there should be a certain frequency
difference between drive and sense modes. Meanwhile, it
will inversely limit the quality factor of the detection mode
and the whole mechanical sensitivity even if the bandwidth
is acquired, and it probably also causes a relatively low SNR
of the interface circuit. So gyroscopes with the above meth-
ods will have low precision. Furthermore, the open-loop de-
tection is likely affected by the nonlinear characteristics be-

successfully applied in many foreign gyro-
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tween detection displacement and its corresponding capaci-
tance, which makes it have a limited measurable angular
range. Especially, the application circumstances of the gyro-
scope are complicated and it is usually affected by many
kinds of disturbances such as outer interference, over shock,
vibration and so on. The open-loop detection cannot ensure
the stability and reliability of SMG’s output. Therefore, in
order to improve accuracy and reliability, a novel dual-chan-
nel closed-loop detection method is presented and success-
fully implemented in this paper.

1 Design Schemes of the SMG in Drive and Sense
Modes

1.1 Self-oscillating scheme in drive mode

Currently most SMGs utilize capacitive electrostatic exci-
tation” ™, which can guarantee that the driving frequency w,
approaches the natural frequency w,, in the drive mode as
closely as possible, and the amplitude is as stable as possi-
ble. To satisfy these requirements, the closed-loop control
must be achieved in the actuation of the SMG. Nowadays,
the closed-loop actuation of the SMG commonly adopts au-
tomatic gain control( AGC), which implements the closed-
loop driving by means of a nonlinear control, thus reducing
the closed-loop gain of the entire loop to one. This paper
suggests an improved scheme of self-oscillation of the
SMG, which achieves the closed-loop control utilizing a
nonlinear relationship between DC voltage used for control
and the driving force. The scheme succeeds in decoupling
the phase angle and gain of the self-oscillation, where the
angle and gain can be optimized and adjusted separately. It
can increase the stability of the drive frequency and the am-
plitude. From the analyses above, the role of the closed-loop
control of the driving circuit is to make relative deviation
| Aw/w, | as small as possible and to increase the stability of
the driving frequency and the amplitude.

As shown in Fig. 1, a whole scheme of the driving circuit
method is realized by composition of SMG’s transfer func-
tion in the drive mode, the K module( the transfer coeffi-
cient from combo finger displacement to its equivalent ca-
pacitance) , the K_ module( the transfer coefficient from ca-
pacitor to voltage) , the AGC loop, the phase shifter module,
and the force feedback generator module. In the AGC loop,
the PID controller module can ensure that the oscillating am-
plitude of the gyroscope in the drive mode is equal to the
setting value by adjusting V_;, and the absolute value circuit
can complete the rectification of the demodulated AC sig-
nal.

1.2 Dual-channel closed-loop detection of SMG

The output signals of the SMG are complicated. They
principally contain two parts, the quadrature signal and the
Coriolis signal, which are orthogonal to each other”™ . The
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Fig.1 Scheme of driving circuit method

quadrature signal contains the quadrature coupling signal
and one part of the displacement coupling signal. The Cori-
olis channel contains the Coriolis signal and the other part
of the displacement coupling signal. For the gyroscope with
changing-distance detection, the displacement coupling sig-
nal is much weaker than the guadrature coupling signal so

2Axwdcos( wy + 900)

that it is easy to separate the interfering signal from the Co-
riolis signal. According to the theory of signal processing,
the only optimal way of separating the interfering signal
from the Coriolis signal is phase modulation and demodula-
tion. The dual-channel closed-loop detection block diagram
of the kind of the SMG mentioned above is given in Fig. 2.
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Fig.2 The block diagram of dual-channel closed-loop control

As shown in Fig. 2, the Coriolis signal S, and the quad-
rature signal S,,, are expressed respectively as

S_.(1)

cor

=2A w,cos(w,t) 0, (1)

S (D) =24 w,c08(w,t +90°) 2, (2)

qua

where A is the oscillation amplitude in the drive mode; w,
is the driving frequency which is the same as its natural fre-
quency w,, according to the designed structure parameters;
£, and (2 are the input angular rates of the Coriolis sig-
nal and the equivalent quadrature signal, respectively, and
they are 90° out-of-phase. According to the superposition
principle in control theory, both of them can be separately
analyzed. The common forward part, including the transfer
function of the gyroscope in the sense mode, the Y/C mod-
ule( the conversion coefficient from displacement in the
sense direction to variable capacitor), K( the total gain of
amplifiers), the BPF ( band-pass filter), the rectification

module( for the first demodulation of both two signals), and
the LPF(low-pass filter) can pick off these two mixed sig-
nals. There are two channels including the quadrature chan-
nel and the Coriolis channel, which are both composed of
the second demodulation module, LPF, PID regulator, and
electrostatic force feedback generator F,(s), which can be
adjusted by changing the preload voltage V,, . Thus, the
whole block diagram constructs the dual closed-loop detec-
tion of a gyroscope in the sense mode.

2 Simulation of System Bandwidth Calibration

According to the front block diagram of the dual-channel
closed-loop control, Fig. 3 shows the simplified control scheme
of closed-loop detection only in the Coriolis signal channel be-
cause the two channels have the same systematic framework.
Through this control strategy, the final effect is that the quad-
rature part is completely suppressed and the output signal can
automatically follow the input angular signal (2.
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Fig. 3  The simplified block diagram of Coriolis signal
closed-loop detection

As shown in Fig. 3, 20)(s) x is the Coriolis acceleration;
N,(s)/M, is equivalent to the input angular rate noise; KK
is the actuator and adjustable feedback gain; G(s, w,) U,
U Koo Fooe (8) K K i (5) is the forward path transfer func—
tion; and G,(s)is a PID regulator model.

In fact, the principle of the dual-channel closed-loop detec-
tion achieved by the guadrature channel is the same as the one
achieved by the Coriolis channel. Both the processed signals
have the same frequency that is equal to the natural frequency
in the SMG’s drive mode; the differences between them are
the phase angle and the changing trend. So the closed-loop de-
tection with these two channels, essentially, is an AC feedback
servo system. It should be controlled to maintain the balance of
the AC force which means that there is an almost null dis-
placement for proof mass in the sense direction. Considering a
special AC force feedback, these two channels need both mod-
ulation and demodulation, which can achieve a quick closed-

loop servo control. This is different from traditional servo sys-
tems. These two channels are orthogonally decoupled and do
not interfere with each other, so we can analyze the closed-
loop control performance of the two channels, respectively. For
the useful signal channel, the Coriolis channel, the closed-loop
transfer function of the gyro is calculated as follows':

Let G (S) - G(S a)d) U dechcachac(S)K cdc(s) a‘nd
K\L
G(s,w,) = E Q}s+w,l),then
G (s)
G = ° £
) =16 (9K G(s)
Kv-vU Udsm cear Ld(.(s) cac Ld(.(s)( Kpl )
+ +K 75
5 tw, /Qs+a)m T, s P
K' ’U Uem ccar LdL s K cde S K
1+—= ¢ (KK (5) f( +JL+KTS)
s +a)n)/QS+a) T s P
(3)
K, 1
where the PID regulator G(s) =K, + T" ot K, 7s.

Obviously, the closed-loop transfer function is a high-order
system. It can be computed through Matlab tools. The effect of
the PID regulator’s parameters on the system bandwidth is
shown in Tab. 1, and Fig.4 shows the simulation results.

Tab.1 Effect of the PID regulator’s parameters on the system bandwidth

2
PID regulator’s parameters 0.0025” +0. 55 +1

0.001 55 +2s +1
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Fig.4 The simulated Bode graph of the whole closed-loop system

It can be seen from Tab. 1 that changing the transfer
function of the calibration module ( just changing the PID
parameters: the proportional coefficient K, time integral
constant T, time differential constant 7) can influence the
closed-loop system bandwidth of a gyroscope. Fig. 4 illus-
trates the changes of the closed-loop system bandwidth with

different calibration models, and the system Bode graph

shows the changes in amplitude margin and phase margin.
So when designing the calibration model, we should not on-
ly meet the system bandwidth requirements, but also consid-
er the stability of the system. The closed-loop system shown
in Fig. 4 is stable and reliable with the phase margin greater
than 45° and the amplitude margin greater than 30 dB.
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3 Experimental Results

An SMG with a structure of changing-distance capacitor
detection is adopted in this paper. The SMG named as E17
is sealed in metal can package so that it works under an air
pressure of 10 Pa with a quality factor of above 10 000. A
miniature prototype scheme based on PCB technology has
been realized with a volume size of 40 mm x 40 mm x 30
mm and a power consumption of less than 300 mW. The
testing results at 25 C demonstrate that the useful signal
and the quadrature signal do not interact due to their phase
decoupling. Under the condition of a scale factor of 9.6
mV/((°) +s), the zero bias stability reaches below 28(°)/h

with a nonlinear coefficient less than 400 x 10 ~° and a sim-
ulated bandwidth more than 100 Hz. The overall perform-
ance is improved two orders of magnitude compared with
that at atmospheric pressure. The engineering work is in
progress at present.

A miniature prototype of the SMG based on PCB and its
testing platform are shown in Fig. 5, and the performance
index of E17 summarized in Tab. 2 is tested to resolve ther-
mal design, power, and electromagnetic compatibility. The
experimental results testify that the miniature prototype of
the SMG can be realizable without changing its original
performance. The testing results for scale factor and zero bi-
as stability are shown in Fig. 6 and Fig. 7.

Tab.2 Performance index of E17

Technical data Value
Bias stability/((°) -h~!) 28
Noise/((°) »s ™' +Hz"7) 0.002 4
Noise equivalent rate/((°) +s ") 0.05
Performance . o1
(25 ) Dynamic range/((°) *s™") +300
Sensitivity/((°) -s~!) 0.02
Linearity <400 x 10 ¢
Bandwidth/Hz >100
Supply voltage/V +5
Power supply Lo
Current dissipation/mA 30
Envi . Bias stability/((°) -s -1 3
nvironmen
Shock ival 1 000
( —40 10 80 ) ock survival g
Temperature drift/((°)-s~'-C 1) <0.03
3r + Original curve
2t — Fitting curve

Fig.5 The graph and testing platform of miniature prototype
microgyro

4 Conclusion

The application circumstances of the gyroscope are com-
plicated, usually affected by many kinds of disturbances
such as interference, over shock, vibration and so on. In ad-
dition, the bandwidth of an SMG is approximately deter-
mined by the designed frequency difference between drive
and sense modes. In order to improve the accuracy and reli-
ability and broaden the system bandwidth, a novel dual-
channel closed-loop detection method is adopted in this pa-
per, which ensures the stability and reliability of the silicon
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Fig.7 Zero bias stability testing

micro-gyroscope’s output by testing some kinds of perform-
ance of an SMG. Finally a miniature prototype of an SMG
based on PCB is successfully designed, and the performance
list is tested to resolve thermal design, power, and electro-
magnetic compatibility. The experimental results testify that
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the miniature prototype of an SMG is realizable without
changing its performance. Nevertheless, some important per-
formances such as the temperature characteristics of an
SMG’s zero bias output and scale factor will be perfected
through further efforts''*™""!
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