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Abstract: A new clo sed2loop driving schem e fo r the silicon m icrom ach ined vib rato ry gyro scope (SM V G) is p ro2
po sed. T he push2pull driving is adop ted and in2phase A C and reverse2phase DC vo ltages are app lied in the driving

electrodes p laced in bo th sides of the active com bs, respectively. D riving perfo rm ance analyses show that the fre2
quency spectrum betw een driving mom ents and no ise signals is separated. T herefo re, the model of the clo sed2loop

con tro l is set up w ith the phase lock loop (PLL ). T he requ irem ents fo r phases and gains of the sinuso idal self2

drive2o scilla t ion are m et by PLL , thus the clo sed2loop circu it reaches the self2drive2o scilla t ion. Phase condit ions

of the sinuso idal self2drive2o scilla t ion and the characterist ic of phase discrim ination of the PLL are used to elim i2
nate the coup ling betw een driving and sense signals, and no ise signals. F inally, experim ental resu lts show that

the varia t ions of bo th the driving frequency and the amp litude are all under 0102%. T he p recision and the reliab il2
ity of the gyro scope are greatly imp roved.
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INTROD UCT ION

Silicon m icrom ach ined vib ra to ry gyro scopes

(SM V Gs) are sm all in vo lum e, ligh t in w eigh t

and low in co st. T heir p roduct ion techn ics is com 2
pat ib le w ith that of the m icro2electron ics. P ro2
duct ion in great num bers is po ssib le to be u sed

w henever the p recision is no t st rict ly requ ired, so

the po ten t ia l app lica t ion of SM V Gs is p rom is2
ing [1- 3 ]. Bu t SM V Gs canno t m eet the p ract ica l

app lica t ion in term s of the p recision and reliab ili2
ty. O ne reason is that the p recision of the fre2
quency and the amp litude of SM V G driving is

low , thu s resu lt ing in poo r reliab ility. W hen

open2loop driving is adop ted, the frequency and

the amp litude stab ility of the driving signal sou rce

affect the stab ility of the SM V G direct ly. M ean2
w h ile, it is inf luenced by the temperatu re varia2
t ion. Even if there is a driving signal sou rce of

h igh perfo rm ance, the driving signal canno t au to2
m atica lly adju st itself acco rd ing to the gyro scope

driving condit ion becau se of open2loop driv2

ing [4, 5 ]. W hen clo sed2loop driving is adop ted,

sen se signals are u sually fed back as driving sig2
nals. Bu t the driving signal w ill be coup led in to

the sen se signal[6 ]. T he coup led signal is of the

sam e frequency as the sen se signal. T herefo re,

the in terference canno t be elim inated in conven2
t ional f iltering w ays. Fu rthermo re, sen se signals

are w eak and the signal2to2no ise ra t io of the cir2
cu it is low , so the driving of the SM V G is no t

sa t isfacto rily effect ive.

In th is paper, a new clo sed2loop driving

schem e is in troduced. PLL techn ique is adop ted

to sa t isfy the requ irm en t of the phase angle and

the gain of the sinu so idal self2drive2o scilla t ion. In

th is w ay, self2drive2o scilla t ion of the loop is set

up and clo sed2loop con tro l is rea lized. PLL traces

the sen se signals in stead of the coup led driving

ones, w h ich elim inate the in terference of the

shared frequency. PLL itself can be regarded as a

narrow band filter. N o ise signals of the m ajo rity

of frequency channels are filt ra ted in the circu it.

Besides, PLL can trace the varia t ion s of the
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clo sed2loop frequency and the clo sed2loop phase

angle, and adju st them. T hen the amp litude and

the frequency of the driving circu it are stab ilized,

and the p recision and the reliab ility of the SM V G

are ra ised.

1　D R IV ING STRUCTUCE AND

CONTROL PR INC IPL E

T he structu re of the SM V G is show n in

F ig. 1. T he schem e adop ts the pu sh2pu ll driving,

i. e. , in2phase A C and reverse2phase DC vo ltages

are app lied in the driving electrodes w h ich are

p laced in bo th sides of the act ive com b s, respec2
t ively as show n in F ig. 2. T he mo tion equat ion of

the driving mode is

I Η
¨

+ D Η
õ

+ K Η= M (1)

w here I , D and K refer to the mom en t of the in2
ert ia, damp ing con stan t and the st iffness coeff i2
cien t, respect ively. T hey are decided by the driv2
ing structu re. M refers to the electro sta t ic mo2
m en t of the driving ax is and Η the vib ra to ry angle

disp lacem en t. W hen driving vo ltages

V 1 = V d + V m sinΞt　V 2 = - V d + V m sinΞt

are app lied to the driving electrodes, w e have

M = 2
ΕhR

d
V dV m sinΞt (2)

w here Ε is the dielectric con stan t; d the distance

betw een the fixed com b and the act ive com b; h

the th ickness of the com b; and R the equ ivalen t

sem idiam eter of the gyro driving by electro sta t ic

mom en t. V d, V m sinΞt are the dc2b ias vo ltage and

A C driving vo ltage. A cco rd ing to the mo tion e2
quat ion, w e have

Η= Η0 sin (Ξt - Υ) (3)

under the vacuum condit ion, Υequals to 90°.

F ig. 1　SEM p ictu re of SM V G

F ig. 2　P rincip le diagram of clo sed2loop con tro l

2　D R IV ING ANALY SIS

T he driving vo ltages app lied to the driving

electrode alw ays con ta in no ise signals. To analyze

the influence of the no ise signals on the driving

perfo rm ance, driving vo ltages can be exp ressed as

fo llow s

V 1 = V d + V m sinΞt + n1 ( t) (4)

V 2 = - V d + V m sinΞt + n2 ( t) (5)

w here n1 ( t) and n2 ( t) are no ise signals of the

driving vo ltage. T he experim en ts show that n1 ( t)

and n2 ( t) are m ain ly 1öf low frequency no ises.

T he driving mom en t can be exp ressed in the fo l2
low ing

M =
ΕhR
2d

[ 4V dV m sinΞt + 2V d (n1 ( t) + n2 ( t) ) +

2V m sinΞt (n1 ( t) - n2 ( t) ) + n2
1 ( t) - n2

2 ( t) ]

(6)

　　T he dc2b ias vo ltage is supp lied by the p reci2
sion vo ltage sou rce, therefo re, the no ise signals

can be neglected. T he m ajo rity of the no ise sig2
nals resu lted from the A C, and the A C s app lied

to the driving electrodes are the sam e. n1 ( t) and

n2 ( t) can be equal to each o ther

M = 2
ΕhR

d
[V dV m sinΞt + V dn1 ( t) ] (7)

w here the first item of Eq. (7) is the driving mo2
m en t, w h ich is of the sam e frequency as the in2
heren t driving frequency of the gyro. It drives the

gyro to o scilla te harmon iou sly; the second item

the no ise mom en t. It is m ain ly 1öf low frequency

no ises, w h ich is m uch differen t from that of the
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driving frequency and has no effects on the driv2
ing.

3　CLOSED -LOOP CONTROL

PR INC IPL E

F ig. 2 illu st ra tes the clo sed2loop con tro l p rin2
cip le. F irst ly, signals detected from the sen se

electrodes are p re2amp lif ied. Secondly, the u sefu l

A C signals are cho sen by the bandpass filter

(BPF). T h ird ly, these signals are rect if ied by the

phase2sh if t amp lif ier. T he target signals w ill be

traced by the PLL. F inally, A C signals w ill be

amp lif ied and app lied to the driving electrodes

w ith the dc2b ias vo ltage. T he do t ted fram e is the

PLL. T he theo ries of the PLL are as fo llow s:

f irst ly, in stan taneou s phase angles of ou tpu t and

inpu t signals are con trasted by the phase discrim i2
nato r (PD ). T hen the h igh frequency signals are

filt ra ted by the low pass filter (L PF ). F inally,

the driving signals are expo rted by the vo ltage

con tro lled o scilla to r (V CO ). W hen the tracing is

locked, the inpu t signals are of the sam e frequen2
cy as the ou tpu t signals′, and the phase difference

is invariab le. T h is clo sed2loop con tro l circu it is

equ ivalen t to a sinu so idal self2drive2o scilla t ion

circu it. To realize the self2drive2o scilla t ion, tw o

requ irem en ts m u st be m et: (1) T he phase angle

of the circu it shou ld be Η= 2nΠ (n shou ld be an in2
teger). (2) T he gain of the w ho le circu it shou ld

be A > 1. F ig. 3 is the tran sfer funct ion fram e of

the clo sed2loop con tro l system. In F ig. 3, K c is

the p ropo rt ion facto r of the capacitance C , tha t is

t ran sferred from the angu lar d isp lacem en t Η.
K v the p ropo rt ion facto r of the vo ltage that is

t ran sferred from the capacitance. K 0 and K 2 are

the gain facto rs of the A C. In side the do t ted

fram e is the phase model of the PLL circu it.

<1 and <2 are the inpu t and ou tpu t phase angles.

F ig. 3　T ransfer function fram e of clo sed2loop con tro l system

4　CLOSED -LOOP CONTROL

ANALY SIS

Sen se check ing is w eak signal detect ion. T he

gain range of the circu it is w ider. T he su rround2
ing signals are coup led in to sen se signals and the

u sefu l signal is influenced. T he mo st impo rtan t

coup ling signals are tho se inpu t driving ones[6 ].

A ssum ing that the sen se signal is

ug = U g co sΞt (8)

and the to ta l no ise is

un = U qco s (Ξt - Η0) + n ( t) (9)

w here n ( t) is the low frequency no ise, and Η0 the

phase sh if t of the sen se signal to the inpu t driving

ones.

T he inpu t driving signals and the sen se sig2

nals are of the sam e frequency. T herefo re, the in2
terference canno t be filt ra ted by the no rm al f ilter.

T h is k ind of in terference is rest ra ined by sat isfy2
ing the phase angles of the self2drive2o scilla t ion.

F ig. 4 is the phase model of the w ho le cir2
cu it. If Η0+ Η1+ Η2= 360°N (N is an in teger) , the

phase angle of the self2drive2o scilla t ion is sa2
t isf ied, and the circu it o scilla tes. A s to the cou2
p led signals, they canno t rea lize the self2drive2o s2
cilla t ion of the circu it fo r a lack of phase angle Η0.

U nder the vacuum condit ion Η0= 90°, if w e choo se

the PLL w ith the phase sh if t Η1= 0°, the in terfer2
ing signals in the succeeding circu it of the PLL

w ill be rest ra ined after being locked. It can be an2
alyzed as fo llow s[7 ].

T he vo ltage of inpu t signals is
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F ig. 4　Phase model of clo sed2loop circu it

u in ( t) = K 0 [U g co s (Ξt + Η1) + U qco s (Ξt - 90°+

Η1) + n ( t) ] (10)

the vo ltage of ou tpu t signals after being locked is

uout ( t) = K A K 0U g co s (Ξt + Η1) (11)

w here K A is the gain coeff icien t of the PLL.

T h rough the phase discrim inato r (m u lt ip lica2
to r)

ud ( t) = u in ( t) õ uout ( t) =

　
K A K 2

0U g

2
[U g co s (2Ξt + 2Η1) + U g +

　U qco s (2Ξt - 900 + 2Η1) + co s (Ξt + Η1) n ( t) ]

(12)

th rough the filter

u c ( t) =
K A K 2

0U
2
g

2
(13)

　　F rom the above m en t ioned equat ion s, w e can

conclude that w hether there are in terfering sig2
nals o r no t, the signal frequency and the phase

angle ou tpu t by the V CO is no t changed w hen the

circu it is locked. A nd the in terfering signals in

the succeeding circu it of the PLL are rest ra ined.

Besides, the track ing capacity of the frequency

and the phase of the PLL can sen se the driving

varia t ion s of the SM V G. T he feedback signal can

adju st the driving signals of the SM V G. If the in2
pu t signals d isappear, the PLL can m ain ta in the

ou tpu t of the signals fo r som e tim e. It has certa in

quality of robu stness. It can be app lied even there

is too m uch no ises.

5　EXPER IM ENTAL RESUL TS

F igs. 5, 6 are the frequency and the amp litude

of A C signals fo r 1 h in the clo sed2loop driving

circu it. F rom F ig. 5, w e can see that du ring 1 h,

the frequency varia t ion is no h igher than 1 H z.

F rom F ig. 6, w e can see that in 1 h the A C signal

varia t ion is no mo re than 113 mV. T he p recision

of the SM V G is great ly imp roved.

F ig. 5　F requency curve of driving signal fo r 1 h

F ig. 6　Amp litude curve of driving signal fo r 1 h

6　CONCL USION

T he clo sed2loop con tro l rea lized by the PLL

can effect ively elim inate the in terference of the

driving signal to the sen se signal, and rest ra in the

low frequency no ises to a certa in degree, by

w h ich the driving is of stab le amp litude and fre2
quency. Experim en ta l resu lts show that the p ro2
ject is feasib le becau se the circu it is simp le.
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硅微陀螺仪的一种新型闭环驱动方案

杨　波, 苏　岩, 周百令
(东南大学仪器科学与工程系,南京, 210096,中国)

摘要: 介绍了一种新的硅微陀螺仪闭环驱动方案。该方案

采用推挽驱动方式,即在陀螺仪活动梳齿两边的驱动电极

上分别施加同相交流电压和反相直流电压。对驱动性能进

行了分析,结果表明驱动力矩的频段与噪声信号频段是分

离的。在此基础上,利用锁相技术满足正弦自激振荡的相

角和增益条件,建立环路的自激振荡,实现了闭环控制。同

时在闭环回路中利用正弦自激振荡的相角条件和锁相环的

鉴相特性,消除了驱动信号对驱动检测信号的同频干扰,抑

制了环路中的噪声干扰。试验结果显示,驱动电压的频率

和幅度的变化量均在 0102%以下,实现了驱动稳幅稳频的

目的,陀螺仪精度和可靠性得到了显著提高。

关键词: 锁相环;闭环;硅微陀螺仪;自激振荡
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