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De-noising method of MEMS gyroscope based on variational mode

decomposition combined generalized morphological filter
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Abstract: In order to effectively eliminate a large number of different types of noise in the output signal of the MEMS
gyroscope while preserving the effective signal characteristics, a multi-scale adaptive combined generalized morphological
filter (CGMF) denoising method based on the variational mode decomposition (VMD) is proposed in this paper. Firstly,
the original output signal of the MEMS gyroscope is decomposed into a number of high and low frequency discrete band
limited intrinsic mode functions (BLIMFs) of different scales with special sparsity by VMD. Then, the adaptive denoising
is performed on the BLIMFs of different scales by selecting appropriate structural elements (SEs) length and geometric
structure in CGMF. Finally, the denoised BLIMFs is reconstructed to obtain the denoised signal. Compared with the existing
signal denoising methods, the main advantages of this method are as follows: 1) it solves the adaptive selection of key
parameters such as the SEs length and geometric structure in CGMF; 2) effective separation and denoising are carried out
for different types of noise.
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(wavelet transform, WT)1® | 75 /R1A45— 45 e (Hilbert-
Huang transform, HHT)PVR1 5 56 45 25 43 fif (empirical
mode decomposition, EMD)!'O/Z5 MF 7 2% I k5 #E 4
A2 38 P P 7 T A2 I £ X S8 A 25 EL

TERENUE 5 FIBTRER LT, RN FFT VA € &
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BAR S ANz R i& I E.
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PR UFTRAE S R gt i KSEK A &) S 80T
JEEALBR R S L, T A R P52 DU AN REAA R BE 7 0 M
FeH; SERTHRRL) LT RFAE AT DLA RAcb AT 45 i ST e
T AL, 40 = /A 5544 70 & (triangle structure el-
ements, TSE) i& & A Wl fik e 75, 2[5 45 1) o0 3=
(semicircle structure elements, SSE) 7] LA %4 V8 Bx &
g A U B b o] RV 22 2 AT TR E
7T, R MFREAT 1 AR 2 (et in Sk (141K ME.WT
14K Bl 42 56 A5 45 4 R (ensemble empirical mode de-
composition, EEMD)i# 17 45 & & 51 17 MF 2% M 1
SCRR 1514 Y — i i 32 4% A€ 5 0% [ (teague energy
kurtosis, TEK)#fi & SEs ]~ JE FE UG S RHER 35 2
MG ME, 3Pt 7 MFR) L EERE; SCER[16]
NIEIRMFZ 5 % B|SEs K B2 1 B3R tH — it
FIMFSLELSE . X SerfE i3y LLE— B MR PE RE O,
FEHK.

SR, A& GEHIMF H & BYBCR I R IRV A 1521
fiEtuk. B ATE MR A SEs K B IR R AR A& 2 RS
Bk A5 B R BT €, IS K T 2 It %
(5 H N8 e hh, T SEs T S5 MEx e — 2K
R S AR H G 7, T AR SO ST FRIMEMSS BEARA E Hefi
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HHIMEMS FE 8245 a0 AR 2 VA5 5 b 3 A B B AR
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R 7 — M A RNE.

EFXFMFIISEs K FEE AT LT 2504 5 H £ 1n)
R, S SCE R R e R X AN TSEMISSE R K
BT R AL B, EE S TSEsFISSEs 51/ 5/ F
BT MRS & @ HEGT OB A ER AT (combined ge-
neralized morphological filter, CGMF) % 2% ¥ % 4t 11
T 2.

BEX S 2 i A HJGT2 A0 H S R 7y 1 1)
AR AR 43 1525 77 fif (variational mode decomposi-
tion, VMD )& 5 A5 570 A B R R M PR A —
I EeE IR 755, B S R R AR

4 (band-limited intrinsic mode function, BLIMFs), iX
PRGBS 0 8, R E S R T
1 FIMFREAT AL B,

25 L RTIR, AR SCOE I ks T R E S b
HRE AR A AR (VMD) S MEAHZS SR T —
FhIETVMDI 2 REE HIERN G T ST 8%
(VMD-CGMF). % J5 %181 VMD¥ MEMS BE B2 4 H
S S S H G R RN B R FR B — &R
H i AR 0 FRT5 5, i A e JE PESEs
14 )5 FICGMF43 73l %t = IR ARBLIMFs 2 47 25 1 Ak 2,
i BLIMFs 5 15 21 5 2 2 B [FIMEMS BB 48 A (5 5,
FERH #2177 MR 17 % (root mean squared error, RMSE)Fll
DR %65 (power spectral entropy, PSE) 36 1EHA &
2 ETVMDANZ REBENHE) X

ARSCHEH 3 T VMDA i i) 2 R BiE M A
I~ SO AS e A% 50 777 (VMD-CGMF) & 4 F1 FH ]
BRI FAS 5 U AR VMDA
A MEMS PRS0 aa i HE I E e 2 R 5 5
I3 AN B B TE Ry AR A [R50 R B AT AR 2 o 5 A
P JBLIMFs, 45 & 73 i J5 147 :& BLIMFs g /5 4 4,
X 5 IR ST 4 & I CGMFH & NTSEF
SSEK FEFR#EAL AL, H & N.CGMFXf £ AN [ BLI-
MFsit AT FH B 25 Mg Ab 2, 8 Z2 BLIMFs i £ 3k 13 ME-
MS FERE( 55 . BRSO 7 D 3R

$B1 FIFVMDIEMEMSFE 245 5 1) JE 2%
PG5 BE R N — R ERUIE S w, (k €
1,2,3, - k) o B A e 7 95 0 5 P 1 #E IR S BLI-
MFs.

k
f(x)=> BIMFs; = u; +us + -+ ug. (1)
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S22 MR &y U 1w X
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1) TSERGFIESE.

RMSE (u;41)

length(u; 1) = length(u;) x ( RMSE (u,) )2
2)
2) SSESUTHEFE.
length(u, 1) = length(u;) x (Psglgg)l)f 3)

SBT3 KB 75 [ BEMEMS FE 243 i H
5 AN R B 1 38 77 AR 1% 22 (RMSE) Al 3y 2R 3% 4
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Goc(f(z)) = (fobi-b)(x) =

[(f @ (b1 - b2))](), (6)
Geo(f(z)) = (f bioby) =
[(f & (b2~ b1)) @ (ba - b1)](), (7

b f () & U8 R AE LS 5 R AL o2 s
SR by flby A2 73l = A TR IR AR A 5]
TEHR MR AR 5, &R 73 il 28 7 2 K A0 I ik, 43l 5 e
MFH A E RO,

PRI T B IE E b oo (Goo) (b1, ba) TR
FF(B)

Y(T) = Pcoc(Geo) (b1, b2) =
[Goc(f(x)) + Gool(f(x))] . ®)
2

G S I CGMFRE % M 5 7 v Ji8 B K A3,
TR R R IR G5 5 MR, JFi&E 23 e IRGE -
ZEFFIER L ERE ).

$BS5 [ FHALICGME [ i N % BLIMFs
HHAT MM B,

SE 6  HFEBLIMFsf3 2|54 LB MEMSFE
WA S, R E VEAN R 7 A SR H I VMD-
CGMFUGIE Sy AR RS, Hh 3B 12 0 &R A it
1T MR EE, T e BT 5 5 A R R AR
ST EE LA GRS, S5 TH S50 0 FIE X
i
3 SEISUE ST
31 RS LEYERE

ARSI K FIMEMS FERRA (Y (STIM210, db b2
I8 5 N AR A R A 7)) 36 AIE A SCHE HH VMD-CGMFjE
WSOt VR .

T 26K MEMS P 82 43 & 75 35 7% #8 (Galainer,
GN-70A, £ 3€ J& /R 5 B 45 A IR A 7)) A, A B

Ji H 3 (Agilent 34401A, % $E /& &t £ A 7], Santa
Clara, CA, USA)REE T — /N ) MEMS PSR 5 46
gy HH S, IR0 T 10004 KAE 4. B H IR (Agilent
E3631A, 2 HE1E B4 A ], Santa Clara, CA, USA)[H
IS & (JDZT150E, b A KR TR AR
PEAL T SN Th R, LLO.2° /s BETE[—1°7s, 1°78]
VRS, TR RRAN R B . —/1M200 s IR
FERS1A]. A2 7R DA H, MEMS e 88430 H Fr JiR 46
5T E AR AR R T, BT LA PRIEMEMS FE RS il
HUE S AR I A 250 B 75

% 1 AT VMD%#6MEMS ¢ 3L CGMF#L it H- ik
Table 1 An improved CGMF algorithm for MEMS
gyroscope based on VMD decomposition
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i AMEMS FERR R 4e % 40 f (2);
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SBT3 PESEKE.
F A 0(2)-3) 73 T TSERISSEMC &
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FRIE R (6)-(8) 3 IHHE I/, S/ B FAIPE 171
WA
SEBES5 (FEEg
ERRAIF RN COMF il uy , ug, - - -, up BT M
$Bo HEES.
BREGENES f (z) = > BLIMFS'.

32 B9 EMAILE

5 SRR DK (1R 4R 5, FIFHMATLABREAT 4L
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155 0 N an B3 BT 64 A AS R RF R A 7 1 1)
B B IR 75 S BLIMFEs BRI, W LAE H, %
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BLIMFs 3 7 F1 ] CGMF33k47 2 M Ab

SERRALR S RS 43 f# )G, & X% BLIMF1-BLIMFG6 11
HAAMNAE R B PSEMARMSE . Hd, RM-
SEAEL 5 B A 4153 Bl AL ik b Mg 75 HR A A FR A AL, %
N TSEF B 6 3 3, PSEAR T B F i vy M (3 g s
RS HIFEPRE, XN SSERIFFMERR. T PSESRM-
SE43J3 5 SSEFITSEB# IR 4RI AH 5, BT AR AH
ZBBLIMFs 2 [A] I Gt tH 5408 & DL K (2)-(3) 1A T-
SEFISSEK ¥, &5 RunzR2 K.
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Fig. 1 Flow chart of improved CGMF algorithm based on VMD decomposition
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Fig. 2 Schematic diagram of MEMS gyroscope out-
put raw data

RIS A A 2SS HBLIME LIFFAT (R 8, 3 E
HAH5 A5 R HITSE SSEMK AL, S E R H 5
T A BLIMFHITSE. SSERLf% $o% & &4k, 43 714 FH
A CGMESS )% BLIMF2-BLIMF6 34T 5
HER, WE4FT7R. AT LUE 1, 245 FIBLIMF2-BLI-
MF63 AR S 46 7 & SE T, 3% B e s 45 215 2%
I H I ANV . B e, K 25 )5 1) BLIMF1-BLIMF6

ARAEVMD HE 38 A i 4T S A4 AT 73 2IMEMS [
IR E MRS

% 2 BLIMFs#RMSE#=PSE &9 14 vA B A8 & &4

TSE#=SSEK &
Table 2 The RMSE and PSE values of BLIMFs and

the corresponding TSE and SSE lengths

RMSE PSE TSE SSE

BLIMF1 0.12 092 1

BLIMF2  0.67 200 31
BLIMF3 0.66 220 30
BLIMF4  0.69 217 33
BLIMF5 0.70 230 34
BLIMF6  0.71 224 35

~N 9 N N =

5 T 7 /2 A8 SCHR I VMD-CGME 2 i 505 43
5 B — 25/ TSE, SSEA = XA K44 SE (com-
bination SE of triangle and semicircle, CSE)fIMFLL &
HoAth 4 2 07 7% . KB 305 1T (detrended flu-
ctuation analysis) DFA—VMDU9| 3t - 25 56 45 24 75 fif
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IR B I (PRI (] 214 L 7792; (empirical mode de-
composition-grey-forward linear prediction, EMD-G—
FLP)20), (3@ & = 7R 2 I8 /7773 (adaptive robust

Kalman filter, ARKF)[ZHiEﬁ‘ PLI I 2E B, FEXT B AP
P& 2= 18 77 15 (1 PSE, RMSEA br 1 2 (standard devia-
tion, STD)HHAT T 115, 45 R UNK3FT.
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Fig. 3 Schematic diagram of original signal decomposition results of MEMS gyroscope output by VMD
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Fig. 4 BLIMF2-BLIMF6 denoising diagram
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Fig. 5 Comparison of various data denoising methods

-1.5

% 3 & AP HIEE R HRMSE, PSE£=STD
Table 3 Various data denoising algorithms of RMSE,
PSE and STD

RMSE PSE STD

JRiaES 0.0931 0.959 0.865
SSE-MF 0.0709 0.737 0.785
TSE-MF 0.0757 0.694 0.681
CSE 0.0590 0.633 0.614
DFA-VMD  0.0430 0.431 0.439
EMD-G-FLP 0.0413 0.393 0.456
ARKF 0.0274 0348 0.267
VMD-CGMF  0.0208 0.192  0.201

& 4 MEMS FE3RALE5RE 89 Allan 77 £ 9 HT4ER
Table 4 Allan variance results after MEMS gyro-
scope denoising

Q N B K R
(urad) (°/hZ) (/) (°/h2) (°/h?)

FIA(ES 5764 0.0408 11.329 6.76  4.64
SSE-MF  4.239 0.0388 11.021 628 4.63
TSE-MF  2.654 0.0291 10.829 6.37 4.61

CSE 3.766 0.0304 10.330 6.36 4.62
DFA-VMD  2.071 0.0279 9.331 6.58 4.61
EMD-G-FLP 1.768 0.0263 9.535 6.29 4.62
ARKF 1.973 0.0227 9336 6.28 4.63
VMD-CGMF 1.672 0.0203 9.017 627 4.61

4 SWRiE

ASCH T —FVMD-CGMEZ: i J7 5. il i %
F VMD¥MEMS FE 8 5 a5 s 5 i 2 AR
FE A5 X 1) P AR B S (BLIMF's )% AN [ K 254 g e 75 3347
THEBSE, SRI51EIT CGMFH 4544 702 (SEs) it &
SEA AN AT 25K Jig o b3 40 i) RS ) R BLIMIFs
18 FHFHR.CGMFEAT H 3& B 2 e A B, J J 2 BLI-
MFs3R i & 205 5 Bt seih 5 9iA HAbE 52
W VEHEAT T BB, 780 IE B A SCHRE H OB 25 e
TR BENS A RN HIMEMS BE AU g H R U 15 5 H g g
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