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Fig. 1 Structure diagram of double-drive and double-sense

micro-gyroscope
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Fig.2 Dynamic model of 4-DOF micro-gyroscope
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velocity feedback control
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Fig.4 Steady amplitude-frequency responses of micro-gyro-

scopes under different feedback gains

I /N AR L R (EL B BR: | 22 AR A5 i O B R L Bl 22 9 2K
RO E RS o Y 8 S 5 0 4 O B (I,
Tt 785 ) O 5 {10 0 8 R i R i 1 1% 38 i T 5, AR

LMk YRR A B 2 1G5, R 8 R BT R R X
LR REN R

T AETUBE MR AR L Bl g 2 5 AR (4) v, B i R
JFE R U T RS BB i, AT R G B e I, A
I HL A R ZR GEBHJE 1 VR T A 2 X6 i 7 S i 4 4
il AE L AT R B BR Sy B R R 4 o Y 9 BHL
PEHM.

EERAMD) (D, G=—3500f 5K — 5
G 4 e 5, S 2 A A v (L ) S 38 DX HL X iz
T WA 3 L B R Y R R R T AR
B4 R I T 3 A R G R A AR o B s A S
B W R R AR, H B RGBT TR 1. S T A
JH B s TR s A 3k — R A5 TR B R D A R Y R A
FE BB bE A SCER T — R R L ) S
S g5 AR5 5 I, A DR A RO Bl e N I
ANBEAR A S E T, 45 T B0 55 W BE AR v 5 e, 1
T e 98 SR R A M Y vk o

4 G E R REERE TR

F T 7 P 7 0 {2 5 T sl 9 8 ) 3 L 114 B K
K2R, T LA S ao 3 > B8 v i v g LB T i) 7
(B I 5 Tt 0y B AR IR A, SR 5 G G B i R 1
A AT, 255 2 I R R Rl B, f s 1
M) 7 3k 1) o s L [ i e L g 52 A e e M
SRR M T BRI EE 3E 26 1 o Bl B R R AR Bh A
R PR A 98 (5

R UE X — 7 vk S E o [ R R A5 25
(B, SR I B 7 L 16 25 T 8RR g I R R 2 o 5 B T
M 56 28, 45 300 0 07 9% 1 35 30 38 T W S T 5 1 i E
JIMEAE , fe o LB v e 5 0 Ok R ) BT A iR
WRE AL, AT A A0 9 8 T 5 it o 70 8 Pl g e B 2
T4 25 -

Ve o I R A5t B 25 fH 475 B — 350, £ e SR 5K 2 —
R TN A e 0, 5 R R T R B Y O R N 8T 5 T
o DL AT A it o 3 R Bt B 3K Bl A Y
KMEAE g 3> 10 CJtma i ), A6 I — %y 1 i) o K i
B A 4.3 X 1077, B i b R 1 RS e R . IR
it 11 5 Ca) AT 0 3K 3 i 11 e 1k 38 b AR K W A T 5
B IR AE R 5.05 < 107 N, B 8 Jiti hin 12 5 e,
JIE B 2 8K Bl — 7 38 B R 45 45 1 25 48 R A7 AT 3R A
AH L Y 52 B8R 5 [ B, AR A0 1 5 () oG T — Fey 114 i)
I AT 3 A I 2 S5 K WA T R 04 R R 0 IR B
4.66 X 10 ° No (e AS 2] T W A6 2 45 1 i i vl g
WER FL L5 30 o X6 L v 1 O B R 1 st 2 R
i 3 e AR ) %



232 & 3 T

034 %

M E T IE L 5.05 X 10 ° N, 6 3 3 =2 ik
TRV 00 S B 2 At 4 i) 2% A4 T K sl i+ 00 A ) 7 R ARG
)y R N S 2R A0 6 TR .

a,/ (10° m)
(3]

ok . I5.05 . .
2 3 4 5 6
F/(10°N)
(a) SRSyt e
(a) Drive output response
6

b,/ (10° m)

7 3 4 5 6
F/(10°N)
(b) A0 4 L o 7
(b) Sense output response

KI5 G=—350mF, Rl A th e S5 i R ¢ &

Fig.5 Relationship between output response of micro-gyro-

scope and amplitude of electrostatic force when G=
—350

P & 6 AT AT, 24§ iR (R 5.05 X 107 N,
Jit 00 42 ) i ) I S it ) R £ W {5 S 2
o ) 7 0 R B — 2, ¥ R 3 <100 m, Wi Ak S 1
ARG 00 2 S o 3 0 (T Aok T DA DU A ) e 7 D . BIR
By FORG I o L O E DR AR TS AR R RN AR A
v 1 AT SR R 4 52 B R M R B X 5
M) 5 b i 0y R D A Sy — S 0, S R MR R
il 22 i B S A s ER T R T I Y B T e R X A
e BB A iR AE AL A P o a4 Ak s AR Ltk
F14) 5 T 45 1) 555, AS R DX sl 2 /0N LS8 5 5 9 31 L, )
REFEMEN TS T HEEEM .

2 HL IR R 4.66 X 10° N, B 2 i s
U O 7 A D i S A e 7 5 D e 2 1 % L O 2R
K7 PR .

F L7 AT, M D MR 4.66 X 107 NI,
A P ARG 00 S 7 4 D T R JEr A I o i 0 A
), #4954 4.3 1077 m, 1M A8 A6 5 A9 5K Sl i H i 17 06
B WS AIS T T 3K 30 B e e I W . 5 IRT 6 YRR AIE 2
AL, I h ARG W00 14 i O R PR TS SR AR SRR

—— BN
—o— AL 7
4| e - Huliing

a,/ (10° m)

00 30 31 32 33 34 35
®,/(10*rad * s
(a) DRBh 4 H i A5 B

(a) Drive output amplitude response

—— JEI L
5F —— AR AL
fE A

Ao

b,/ (10° m)
(98]

0 A S

29 30 3.1 32 33 34 35
,/(10*rad * s™)

(b) LIy H 18 AT B2

(b) Sense output amplitude response
BI6 F=5.05X10 " Nl Be 8R4 i i 5500 17 -5 5 i J37
H X HE &
Fig. 6 Comparison of output amplitude-frequency response

with original of microgyroscope when F=5.05X
10 °N

AR TET G R AT AS 32 JE 42 M AR X3 52 )
SR Uy A e A Sy — AN i, SRR R MR AL
B A, IR XA 9 AR 0 e A T 4
HE Ak S5 FE e P Y 52 M Bl ) 85 L R R E X AR /N
I8 B I R X R e e MR PR TR B TR

FEEL 6 FN 7, H T iR 0 24 A8 Sy — A 0 TRk
PR R T RE BB VR A 238 B A T 38 kg L iR W ()
XoF R AR AT A AR UE AR E 0 TR R AR AR R K R
%,

#reg 7 BRAE R 5.05 X 1077 NI, 3K 3 F kS I
th e R U (B 2R T R R ) IR (S 4.66 X
107 N A% B0, 3 02 A0 A 1% 33 B & e A% I H
B o 3 TR I 200 RS U i 1 o 06 34 AN A T D
M) JO7 08 L, 440 P 3 R A P R T T, L R R R
IR T R T8 AR 2 AR e 5 ) S AR AH (W], 349 0T
FELRAEAS I 47 5 Y AT 4 T B2 3R Gk W BE AR L M 1Y
BUME v B St A T e Ry Y RO RS E M . AR
L 3 #E 5.05 X 1077 N A i 17 i {EL RS &5, {HLAH B T i
B IR A I K T 68.35% Al T AR KR B 7
7 B F 7 AE 4.66 X 1077 NIRRT He T 0 1 7 DR i
B4 KT 55.38%6 , B K i BE LT /N, I EE A F R



TR, A R SR 22 R (R R R Al e A 5 i i 4 233

—— R
—— AL
Hle o HfEi

a,/ (10° m)

,/(10*rad * s™)
(a) JEZ i ) R A3 L

(a) Drive output amplitude response

6 p——cTy
st ——fR AW
R T
Y
S 3
3 o)
1k

0 A ; i

29 3.0 3.1 32 33 34 35
,/(10*rad * s™)

(b) LIy H 18 AT B2

(b) Sense output amplitude response
Bl 7 F=4.66X10 ° NI, b S 4 i g 4500 o7 5 Js o 7
X L 5]
Fig.7 Comparison of output amplitude-frequency response

with original of microgyroscope when F=4.66X
10 °N

UKl 7y fig m APERE , AL PR J) R 4.66 X 10 ° N
B ) i BIDAR ARG I v H S e R
O FR i PR R 0 B A

Wk bR R, E T TR R A —
B, 38 5 35 Y 48 T i e T R R RT E R R R A e s e
D7 7 [7i) 45 R A0S RIATY B AR A BT 4 1Y) R RS B
FEHEL bR

5 & i

D)8 T — i M) P B2 5 5t 16 i 30 L A R 4
] ok P R e O WS L ) 07 9 o %7 T T R A R
L 0 T S 5 A B 25 P T TR ARUE TR IR
Bt SR EE Y TR R g G S AR AR E T W AR R
PERZ W

2)) T I S At 4 i o AR R A0V 1) 2 Wi A R
AL X IR A /N SE MR b o R st 45 O SE L AR
A T 7 (LRI R SR8 I O 4 i 260 X A 8 o i
%, ELARZRAE 10 ik s B 22 sl 58 5 e 28 B 3 B 150 4
{ELRFEE A I/, AR L P i (ELBEBR | 22 A 25 il O B R A
BEZ IR, ARG R FFAERUE RS . It 3 i T4 £
{14 BHLEC(E AT 58 271 BR W RE AR AR A S . TE A9 3

JEE I A 2 TR AR LR AR B 2, AR 40 BB Y A AR E
DX, 2R R AR R 0 B E R

S E Xk

[1] Boxenhorn B, Greif P. A vibratory micromechanical gy-
roscope [C]. ATAA Guidance, Navigation and Control
Conference, Minneapolis, MN, USA, 1988: 1033-
1040.

[2] Tatar E, Mukherjee T, Fedder G K. Nonlinearity tun-
ing and its effects on the performance of a MEMS gyro-
scope[ C]. 2015 18th International Conference on Solid-
state Sensors, Actuators and Microsystems, 2015:
1133-1136.

[3] HanJ X, Zhang Q C, Wang W. Static bifurcation and
primary resonance analysis of a MEMS resonator actuat-
ed by two symmetrical electrodes[ J]. Nonlinear Dynam-
ics, 2015, 80(3): 1585-1599.

[4] Shao S, Masri K M, Younis M L. The effect of time-de-
layed feedback controller on an electrically actuated res-
onator[J]. Nonlinear Dynamics, 2013, 74 (1-2) -
257-270.

[5] Yamasue K, Hikihara T. Control of microcantilevers in
dynamic force microscope using time delayed feedback
[J]. Review of Scientific Instruments, 2006, 77 (5) :
53703.

[6] Nayfeh A H, Nayfeh N A. Time-delay feedback control
of lathe cutting tools[J]. Journal of Vibration and Con-
trol, 2011, 18(8): 1106-1115.

[7] Mehta A, Cherian S, Hedden D, et al. Manipulation
and controlled amplification of Brownian motion of mi-
crocantilever sensors[J].
2001, 78(11): 1637-1639.

(8]  Z=Jikolk, B T4, RS . Z80M Ui Dulfing-Van del Pol
P& 1~ 19 2y Iy 2 W K R s s il [T, 0 F ey 7  °
2006, 27(12): 1387-1396.

LI Xin-ye, CHEN Yu-shu, WU Zhi-giang. Response

Applied Physics Letters,

of a parametrically excited Duffing-Van der Pol oscilla-
tor with delayed feedback[J]. Applied Mathematics and
Mechanics, 2006, 27(12): 1387-1396.

(9] 2Rkl kIR, 5K €% . Dulfling-Van del Pol #& ¥ /) i

i B it R W 5T (T AR B 5 ekl 2010, 29 (10) -
118-121.
LI Xinye, ZHANG Zhenmin, ZHANG Hua biao.
Feedback control with time delay on Duffing-Van der
Pol oscillators[J]. Journal of Vibration and Shock,
2010,29(10): 118-121.

[10] Morrison T M, Rand R H. 2: 1 resonance in the de-
layed nonlinear Mathieu equation[ J]. Nonlinear Dynam-
ics, 2007, 50(1-2): 341-352.

[11] Alsaleem F M, Younis M 1. Stabilization of electrostat-



234

& @ L

034 %

[13]

[14]

ic MEMS resonators using a delayed feedback controller
[J]. Smart Materials and Structures, 2010, 19 (19) :
35016.

SRR VB B AR A AR L Pk Sl Iy 2 B HC IR S 45 4
[D]. KL Tl K2, 2011.

ZHANG Li-juan. Nonlinear dynamics and delayed feed-
back control of micro-gyroscope system [D]. Tianjin:
Hebei University of Technology, 2011.

Warminski J. Frequency locking in a nonlinear MEMS
oscillator driven by harmonic force and time delay [J].
International Journal of Dynamics and Control, 2015, 3
(2):122-136.

FEOBLERENG L, E UL AR L S RS S A )
ey T AR sl R BE B IR s 8l 0 2 e A (D). RSl S e,
2017,36(13):110-115,165.

CHENG Chun, LI Shun-ming, WANG Yong, et al.
Dynamic analysis of a high-static-low-dynamic stiffness
vibration isolator with time-delay cubic displacement
feedback control [J]. Journal of Vibration and Shock,
2017,36(13):110-115,165.

[16]

[18]

LI Shuai, ZHOU lJi-lei, REN Chuan-bo, et al. The re-
search of time delay vibration control with time-varying
parameters[J]. Chinese Journal of Theoretical and Ap-
plied Mechanics, 2018,50(1):99-108.

Wang W, Li X, Sun F. Design of micromachined vi-
bratory gyroscope with two degree-of-freedom drive-
mode and sense-mode [J]. IEEE Sensors Journal,
2012, 12(7): 2460-2464.

Alsaleem F M, Younis M I, Ouakad H M. On the non-
linear resonances and dynamic pull-in of electrostatically
actuated resonators[J]. Journal of Micromechanics and
Microengineering, 2009, 19(4): 045012.

Shao S, Masri KM, Younis M I. The effect of time-de-
layed feedback controller on an electrically actuated res-
onator[J]. Nonlinear Dynamics, 2013, 74 (1-2) :
257-270.

W A A . — U AR i K 2l R e R 0 A 2k A
B S H AR IE D] K R, 2016.

HAN Jian-xin. Nonlinear vibration and control analyses

of a class of microbeam-based resonators actuated by

(15] 2% Ui, A Ak AT AR, 25 . Ik A% 2 M0 i ool fie 42 ol 4

. two electrodes[ D ]. Tianjin: Tianjin University, 2016.
F2[1). %41, 2018,50(1) : 99-108. ! ! y

Control of the nonlinear effect of velocity feedback on multi-DOF

micro gyroscope

HAO Shuying"*, SONG Yu-hao"*, LI Wei-xiong"*, ZHANG Qi-chang’, LIU Jun",
FENG Jing-jing"*

(1. Tianjin Key Laboratory of Advanced Electromechanical System Design and Intelligent Control, Tianjin University of
Technology, Tianjin 300384, China; 2. National Experimental Teaching Demonstration Center of Mechanical and
Electrical Engineering, Tianjin University of Technology, Tianjin 300384, China; 3. Tianjin Key Laboratory of
Nonlinear Dynamics and Control, Tianjin University, Tianjin 300072, China; 4. Zhengzhou Yutong Heavy
Industry Co. Ltd., Zhengzhou 450001, China)

Abstract: To reveal the effect of velocity feedback on dynamic characteristics of multi-DOF micro-gyroscope nonlinear systems
and explore control methods for nonlinearity, a class of 4-DOF electrostatically driven micro-gyroscopes is researched. The effect
of the gain of the delay velocity feedback control on output response of micro-gyroscope is analyzed by multi-scale method. The re-
search shows that the feedback gain mainly affects the amplitude when the time delay is zero. Positive velocity feedback gain ampli-
fies the effect of nonlinearity and new unstable regions appear in the system, then the sensitivity stability is seriously damaged. The
stiffness nonlinearity can be controlled well by negative velocity feedback gain and completely eliminated by the reasonable value of
negative velocity feedback gain. A method for controlling the sensitivity stability of micro-gyroscopes by adjusting damping action
of velocity feedback gain without reducing sensitivity is proposed, which provides a theoretical basis for the optimization and con-

trol of multi-DOF micro-gyroscopes with stiffness nonlinearity.
Key words: nonlinear vibration; multi-DOF micro-gyroscope; multi-scale method; velocity feedback; stiffness nonlinearity
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