Jun 2005

T ransactions of N anjing U niversity of A eronautics & A stronautics

Vol 22No 2

NEW CLOSED-LOOPDRIVING CIRCUIT OF
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Abstract: A newv closed-loop driving scheme for the silicon micromachined vibratory gyroscope (MV G) ispro-

posed Thepush-pull driving is adopted and in-phaseA C and reverse-phase DC voltages are applied in the driving

electrodesplaced in both sidesof the active combs, regectively. D riving performance analyses show that the fre-

guency gpectrum betw een drivingmoments and noise signals is separated Therefore, themodel of the closed-loop

oontrol is set up with the phase lock loop (PLL ). The requirements for phases and gains of the sinusoidal self-

drive-oscillation aremet by PLL, thus the closed-loop circuit reaches the self-drive-oscillation Phase conditions

of the sinusidal self-drive-oscillation and the characteristic of phase discrimination of the PLL are used to elmi-

nate the coupling betw een driving and sense signals, and noise signals Finally, experimental results show that

the variationsof both the driving frequency and the anplitude are all under 0. 02%. T he precision and the reliabil-

ity of the gyroscope are greatly mproved
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INTRODUCTION

Silicon micromachined vibratory gyroscopes
(SMV Gs) are snall in volume, light in weight
and low in cost T heir production technics is com-
patible with that of the micro-electronics Pro-
duction in great numbers is possible to be used
w henever the precision isnot strictly required, o

the potential application of MV Gs is promis
i1 3]

ing
gpplication in tem s of the precision and reliabili-

But MV Gs cannot meet the practical

ty. One rean is that the precision of the fre-
guency and the amplitude of MV G driving is
low, thus resulting in poor reliability. W hen
open-loop driving is adopted, the frequency and
the amplitude stability of the driving signal source
affect the stability of the MV G directly. M ean-
w hile, it is influenced by the temperature varia-
tion Even if there is a driving signal source of
high performance, the driving signal cannot auto-
matically adjust itself according to the gyroscope
driving ocondition because of open-loop driv-
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inl4 5]

ing
sense signals are usually fed back as driving sig-

nals But the driving signal will be coupled into
Il

W hen closed-loop driving is adopted,

the sense signal The coupled signal is of the
sane frequency as the sense signal T herefore,
the interference cannot be eliminated in conven-
tional filteringways Furthemore, sense signals
arew eak and the signal-to-noise ratio of the cir-
cuit is low, 9 the driving of the MV G is not
satisfactorily effective
In this paper,
scheme is introduced PLL technique is adopted
to satisfy the requirment of the phase angle and
the gain of the sinusoidal self-drive-oscillation In
thisway, self-drive-oscillation of the loop is set
up and closed-loop control is realized PLL traces
the sense signals instead of the coupled driving

a nev closed-loop driving

ones, which elminate the interference of the
shared frequency. PLL itself can be regarded as a
narrow band filter Noise signals of the majority
of frequency channels are filtrated in the circuit

Besides, PLL can trace the variations of the
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closed-loop frequency and the closed-loop phase
angle, and adjust then. Then the amplitude and
the frequency of the driving circuit are stabilized,
and the precision and the reliability of the MV G
are raised

1 DRIVING STRUCTUCE AND
CONTROL PRINCIPL E

The structure of the MV G is shown in
Fig 1 The schane adopts the push-pull driving,
i e, inphase AC and reverse-phase DC voltages
are applied in the driving electrodes which are
placed in both sides of the active combs, regec-
tively as shown in Fig 2 Themotion equation of
the driving mode is

10+ DB KO= M (1)
where I, D and K refer to themoment of the in-
ertia, danping constant and the stiffness coeffi-
cient, regectively. They are decided by the driv-
ing structure M refers to the electrostatic mo-
ment of the driving axis and 0 the vibratory angle
digplacement W hen driving voltages

Vi= Va+t VmsSinmt V2= - Vat+ VmSinut

are applied to the driving electrodes, w e have
M = 2Ry o sinat 2)

w here € is the dielectric constant; d the distance
betw een the fixed comb and the active comb; h
the thickness of the comb; and R the equivalent
sam idianeter of the gyro driving by electrostatic
moment V4, VmsSinwt are the dc-bias voltage and
AC driving voltage A coording to the motion e
guation, w e have

0= Gsin(wt- P (3)
under the vacuum condition, Pequals to 90°

Fig 1 SBEM pictureof MV G
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Fig 2 Principle diagran of closed-loop control

2 DRIVING ANALY SIS

The driving voltages applied to the driving
electrode alw ays contain noise signals To analyze
the influence of the noise signals on the driving
performance, driving voltages can be expressed as
follow s

Vi= Va+ Vasinut + ni(t) (4)

Va2=- Va+ Vmsinwt+ nz2(t) (5)
where n: (t) and nz (t) are noise signals of the
driving voltage The experiments show that ni(t)
and n2(t) are mainly 1/f low frequency noises
The driving moment can be expressed in the fol-
low ing

M = ﬂ;fwdvmsinaﬁ Na(ni(t) + na(t)) +

A msinat(ni(t) - n2()) + ni(t) - n3(1)]

(6)

The dc-bias voltage is supplied by the preci-

sion voltage source, therefore, the noise signals

can be neglected The majority of the noise sig-

nals resulted from the AC, and the ACs applied

to the driving electrodes are the same n:(t) and
n2(t) can be equal to each other

4R
d

w here the first iten of Eq (7) is the driving mo-
ment, w hich is of the sane frequency as the in-

M= 2 [V &V msinwt + Vani (1) ] (7

herent driving frequency of the gyro. It drives the

gyro to oscillate hamoniously; the second item
the noissmoment It ismainly 1/f low frequency

noises, which ismuch different from that of the
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driving frequency and has no effectson the driv-
ing

3 CLOSED-LOOP CONTROL
PRINCIPL E

Fig 2 illustrates the closed-loop control prin-
ciple Firstly,
electrodes are pre-amplified Secondly, the useful
AC signals are chosen by the bandpass filter
(BPF). Thirdly, these signals are rectified by the
phase-shift anplifier The target signalswill be
traced by the PLL. Finally, AC signalswill be
amplified and applied to the driving electrodes
w ith the dc-bias voltage The dotted frane is the
PLL. The theories of the PLL are as follow s

signals detected from the sense

firstly, instantaneous phase angles of output and
input signals are contrasted by the phase discrim i-
nator (PD). Then the high frequency signals are
filtrated by the low pass filter (L PF). Finally,

the driving signals are exported by the voltage
controlled oscillator (v CO). W hen the tracing is
locked, the input signals are of the same frequen-
cy as theoutput signals’, and the phase difference
is invariable This closed-loop control circuit is
equivalent to a sinusidal self-drive-oscillation
circuit To realize the self-drive-oscillation, two
requirenentsmust be met: (1) The phase angle
of the circuit should be 6= 2n1 (n should be an in-
teger).
beA> 1 Fig 3 is the transfer function frame of
the closed-loop control systen. In Fig 3, Kcis
the proportion factor of the cepacitance C, that is
transferred from the angular digplacenent ©
Kv the proportion factor of the voltage that is

(2) The gain of thew hole circuit should

transferred from the capacitance Ko and K2 are
the gain factors of the AC. Inside the dotted
frame is the phase model of the PLL circuit
¢ and P are the input and output phase angles

| Is+Ds+K | |
U,sin(@ t+¢,) ¢ K |« 1 | u/ft) — 4 !
L:K, ] T sl pam e @@:—

Fig 3 Transfer function frane of closed-loop control system

4 CLOSED-LOOP CONTROL
ANALY SIS

Sense checking isweak signal detection The
gain range of the circuit iswider. The surround-
ing signals are coupled into sense signals and the
useful signal is influenced The most mportant
coupling signals are those input driving ones'®.

A ssuming that the sense signal is

Ug = U goosux (8)
and the total noise is
Un = Ugoos(wt- &) + n(t) (9)

w here n(t) is the low frequency noise, and & the
phase shift of the sense signal to the input driving
ones

The input driving signals and the sense sig-

nals are of the sane frequency. Therefore, the in-
terference cannot be filtrated by the nomal filter.
This kind of interference is restrained by satisfy-
ing the phase angles of the self-drive-oscillation

Fig 4 is the phase model of the whole cir-
cuit If &+ 6+ &= 360N (N isan integer), the
phase angle of the self-drive-oscillation is sa-
tisfied, and the circuit oscillates A s to the cou-
pled signals, they cannot realize the self-drive-os-
cillation of the circuit for a lack of phase angle &
U nder the vacuum condition &= 90°, if we choose
the PLL with the phase shift 6= 0° the interfer-
ing signals in the succeeding circuit of the PLL
w ill be restrained after being locked
alyzed as follow s

The voltage of input signals is

It can be an-
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Gyro and Phase-shift i i
pre-amplifier BPF amplifier of the MV G is greatly mproved
Phase-shift Phase-shift Phase-shift 4802.5
8 180 b 4802.4
Amplifier PLL 4802.3
Phase-shift Phase-shift N 480227
180° 0: T 480211
~
4802.01
Fig 4 Phasemodel of closed-loop circuit 4801.91
4801.87
480170570 20 30 40 50 60
Uin(t) = Ko[Ugoos(tt + B) + Ugqoos(wt- 90°+ i
8) + n(1)] (10)
the voltage of output signals after being locked is Fig 5 Frequency curve of driving signal for 1 h
Uout (1) = KaKdJgoos(wt + 6) (12)

w here Ka is the gain coefficient of the PLL.
Through the phase discriminator (multiplica-

tor)
us () = uin(t) * uou(t) =
Kak i, K2 [Ugcos(2ut + 261) + Ug +
Uqoos(2wt- 90°+ 26) + ocos(wt+ 8)n(t)]
(12)
through the filter
ue(t) = &A&Zm (13)

From the abovementioned equations, we can
oconclude that w hether there are interfering sig-
nals or not, the signal frequency and the phase
angle output by theV CO isnot changedw hen the
circuit is locked A nd the interfering signals in
the succeeding circuit of the PLL are restrained
Besides, the tracking capacity of the frequency
and the phase of the PLL can sense the driving
variationsof the SV G The feedback signal can
adjust the driving signalsof the MV G If the in-
put signals disappear, the PLL can maintain the
output of the signalsfor some time It has certain
quality of robustness It can be applied even there
is too much noises

5 EXPERM ENTAL RESULTS

Figs 5, 6 are the frequency and the anplitude
of AC signals for 1 h in the closed-loop driving
circuit From Fig 5, we can see that during 1 h,
the frequency variation is no higher than 1 Hz
From Fig 6, we can see that in 1 h theA C signal
variation is no more than 1.3mV. The precision
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Fig 6 Amplitude curve of driving signal for 1 h

6 CONCL USION

The closed-loop control realized by the PLL
can effectively eliminate the interference of the
driving signal to the sense signal, and restrain the
low frequency noises to a certain degree, by
w hich the driving is of stable amplitude and fre-
guency. Experimental results show that the pro-
ject is feasible because the circuit is simple
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